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This paper introduces a novel chattering-free terminal sliding mode control (SMC) strategy to address chaotic behavior
in permanent magnet synchronous generators (PMSG) for offshore wind turbine systems. By integrating an adaptive
exponential reaching law with a continuous barrier function, the proposed approach eliminates chattering and ensures
robust performance under model uncertainties. The methodology combines adaptive SMC with dynamic switching to
estimate and compensates for unknown uncertainties, providing smooth and stable control. Finally, the performance and
effectiveness of the proposed approach are compared with those of a previous study.
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1. Introduction
In recent years, wind energy production has seen rapid

growth, fueled by escalating concerns over the environmen-
tal impact of fossil fuel depletion and the related emissions
that contribute to climate change. Despite significant advance-
ments in wind energy technology over the past few decades,
there remains a pressing need for further innovations to de-
velop wind turbines that are not only reliable but also cost-
effective for widespread use.[1,2] A critical component of this
technology is the wind turbine’s generator, which plays a cru-
cial role in converting the kinetic energy harnessed by the ro-
tor from moving air into usable electrical energy.[3,4] As the
demand for sustainable energy sources continues to rise, en-
hancing the efficiency and affordability of wind turbines will
be essential for expanding the renewable energy landscape.

Offshore wind turbines, also known as marine wind tur-
bines, use different types of generators to convert the mechan-
ical energy generated by the movement of the blades due to
the wind into electrical energy. Among these generators are
the doubly fed induction generator (DFIG), the doubly salient
electromagnetic generator (DSEG), and the permanent magnet
synchronous generator (PMSG), each with specific character-
istics suited to different applications. The choice of generator
used in an offshore wind turbine depends on several factors,
including the specific application, power requirements, and
the operating conditions of the wind area. For example, in-

duction generators (such as the DFIG) are commonly used in
large-scale wind systems due to their ability to maintain a con-
stant frequency while allowing flexible power regulation.[4]

However, these systems may require more complex control
equipment. In contrast, permanent magnet generators, like
the PMSG, are becoming increasingly popular due to their
numerous advantages. The PMSG stands out for its features
that make it particularly well suited for modern wind turbines.
Some of its key benefits include relatively low manufacturing
costs compared to other types of generators, making it eco-
nomically viable. Additionally, it allows for high operating
speeds while maintaining great stability, which is essential for
optimizing energy production in variable wind conditions. Its
compact size also makes it an advantageous choice, especially
in installations with limited space or for small to medium-
sized turbines. Another major advantage of the PMSG is its
impressive efficiency, thanks to reduced energy losses, which
improves overall system performance. The PMSG also offers
an excellent torque-to-inertia ratio, allowing for better speed
regulation and a faster response to changes in wind speed. Its
high-power density enables the maximization of energy pro-
duction while minimizing the size of the generator. Due to
these numerous advantages, the PMSG has become a common
configuration in modern wind systems. It is also an increas-
ingly attractive option for application generators in fields be-
yond wind energy, including industrial applications and elec-
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tric vehicles. The potential for managing the PMSG, partic-
ularly in the context of hybrid power systems or advanced
control systems, has generated growing interest among re-
searchers in recent years. Many studies focus on optimiz-
ing the performance of the PMSG, improving system relia-
bility, and reducing energy production costs, which is helping
accelerate its adoption in various industrial and commercial
applications.[6]

The PMSG is a quintessential high nonlinearity, multi-
variable coupled system, exhibiting significant sensitivity to
load disturbances, frictional forces, and parameter variations
when the motor shaft is directly connected to an external
load. According to certain research, when system parame-
ters fall within a particular range, the PMSG exhibits chaotic
behavior.[7,8] PMSG’s chaotic behavior, which mostly man-
ifests as low-frequency oscillations of the motor’s rotational
speed and sporadic torque ripples, can seriously impair the
motor’s stabilization and potentially cause the drive system
to collapse. Achieving optimal dynamic performance of the
PMSG in real-world applications presents significant chal-
lenges due to all these factors.[1] The task of mitigating chaos
in PMSG has attracted considerable attention in the field of
nonlinear control for electric motors. To date, a variety of con-
trol strategies have been explored and applied to successfully
suppress and manage chaos in PMSG systems.[8–13]

Chaos theory is a field of mathematics that explores sys-
tems that appear random or unpredictable, despite being gov-
erned by deterministic laws.[14] These systems are highly sen-
sitive to initial conditions, meaning that small changes can
lead to vastly different outcomes, a phenomenon often referred
to as the “butterfly effect”.[15] In engineering, chaos theory has
significant applications across various disciplines. It helps en-
gineers understand and control complex, nonlinear systems in
fields such as control systems, mechanical vibrations, fluid dy-
namics, electrical circuits, and structural design. By applying
chaos theory, we can predict and mitigate instability, optimize
performance, and enhance the reliability of systems, even in
the face of apparent randomness. From stabilizing power grids
to improving aerodynamic designs and enhancing signal pro-
cessing, chaos theory has become an essential tool for address-
ing real-world challenges in modern engineering.[16]

Numerous researchers have given the chaos control prob-
lem a great deal of attention, since Ott et al. first consid-
ered it in 1990.[17] Nowadays, several control techniques
have been devised to regulate chaotic systems, including the
sliding mode control,[18–21] the adaptive control,[22–25] the
backstepping,[26,27] the passivity feedback control,[28–30] the
constrained generalized predictive control,[31] the predictive

control,[32–34] the impulsive method,[35–37] and the barrier

function-based sliding mode control methods,[38–40] are a few

examples.

Sliding mode control (SMC) is recognized as a power-

ful and robust strategy for managing chaos within chaotic

systems.[41,42] Nevertheless, numerous traditional SMC meth-

ods face the challenge of chattering, a phenomenon that arises

from the discontinuities present in the control input due to

the signum function. A new control technique has been cre-

ated to tackle the chattering issue found in sliding mode con-

trollers, proving to be a superior solution over conventional

methods like saturation functions and higher-order derivatives

of sliding manifolds. This cutting-edge method, termed “slid-

ing mode control based on the adaptive continuous barrier

function,” utilizes an adaptive continuous barrier function to

formulate a seamless and continuous control strategy for the

switching surface, effectively eliminating the chattering prob-

lem in sliding mode control. Its simplicity, robustness, and

real-world effectiveness distinguish it from earlier approaches.

Plestan et al. were the first to suggest the barrier function-

based SMC.[43] This strategy was later used in a variety of re-

search studies.[44–46] The suggested barrier approach ensures

that the outputs converge to the origin without overstating the

control gain, even with uncertain boundaries.

The authors in Ref. [47] took the dynamic sliding mode

surface approach established in Ref. [22] and enhanced it sig-

nificantly by integrating an adaptive continuous barrier func-

tion into the switch function. This innovative addition aims

to effectively mitigate the issue of chatter. The advancements

made in this work showcase a thoughtful progression in the

methods used for improving control system performance.

In this paper, an adaptive exponential reaching barrier

function is proposed and integrated into the switching function

previously introduced in Ref. [47], with the objective of miti-

gating chattering effects and improving the overall robustness

of the control strategy. We aim to implement this approach

in the chaotic system described in Ref. [34], which serves as

the primary objective of our research. By applying this tech-

nique, we expect to improve the stability and performance of

the chaotic system under various operating conditions.

The paper is organized as follows: Section 2 introduces

brief preliminaries on the modeling of the wind turbine. Sec-

tion 3 is devoted to giving the system description, while Sec-

tion 4 is dedicated to the proposed control and its stability syn-

thesis. Section 5 is devoted to the application of the suggested

control on the chaotic PMSG. Finally, our main conclusion

and future works are summed up in Section 6.
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2. Modeling the wind turbine
Figure 1 illustrates the configuration of a PMSG wind tur-

bine.

PMSG

NSCMSC

v
P
w V

dc

v
sabc

i
sabc

i
sabc P

e
Q
e

Network

β

Fig. 1. Schematic design of a PMSG-based wind turbine. v: wind; Pw:
wind energy; MSC: machine side converter; NSC: network side converter;
β : pitch angle; vsabc: stator three-phase voltage; isabc: stator three-phase
current; vdc: dc-link voltage; Pe: the active output power; Qe: the reactive
output power; ilabs: load current.

The variable-speed wind turbine is a sophisticated elec-
tromechanical system comprising various mechanical com-
ponents, including the direct-drive PMSG, among others.
A detailed overview of these components will be provided
below.[34]

2.1. Wind turbine aerodynamic model

The power recovered by the wind turbine rotor is given
by the following equation:

Pw =
1
2

ρπR2V 3
wCp, (1)

where ρ is the air density (in units kg/m3), R is the blade length
(in unit m), and Vw is the wind speed (in units m/s). Cp is the
power coefficient; it depends on β and λ . It is given by[4]

cp(λ ,β ) = c1

[
c2

(
1

λ +0.08β
− 0.035

β 3 +a

)
− c3β − c4

]
exp−

(
1

λ +0.08β
− 0.035

β 3 +1

)
+ c6λ , (2)

with c1 = 0.5109, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21, c6 =

0.0068. λ represents the speed ratio. It is given by[34]

λ =
wR
Vw

, (3)

where w is the rotor’s angular speed. When λ = λopt (the opti-
mum value of λ , Cp reaches its peak value Cpmax, as illustrated
in Fig. 2.
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Fig. 2. Curves of the wind turbines power coefficient Cp.[34]

Based on Eqs. (2) and (3), the optimal power captured,
denoted as Popt, can be expressed as

Popt =
1
2

ρπR2Cpmax

[(
R

λopt

)
w
]3

, (4)

2.2. The PMSG model

The DC motor exhibits outstanding control capabilities.
As a result, our goal is to transform the PMSG into a DC motor
by transitioning from a three-phase stationary reference frame
to a two-phase synchronous reference frame. The process for
this transformation is outlined below.

(i) Transform the 3-phase abc stationary reference frame
into a 2-phase α and ψ stationary reference frame. For in-
stance, consider the conversion of three-phase voltages,[34]

[
uα

uψ

]
=

[
1 −1/2 −1/2
0
√

3/2 −
√

3/2

] ua
ub
uc

 . (5)

(ii) The two-phase α and ψ systems are stationary within
a two-phase synchronous rotational reference frame. For in-
stance, consider the two-phase voltages,[

ud
uq

]
=

[
cosθ sinθ

−sinθ cosθ

][
uα

uψ

]
, (6)

It is important to note that the conversion process is analogous
to other variables as well. By applying a sequence of conver-
sions akin to those in Eqs. (5) and (6), we ultimately derive the
final mathematical models

dw
dt ′

=
p
J

(
Øfiq +

(
Ld−Lq

)
idiq
)
− f

J
w− T1

J
,

diq
dt ′

=−Rs

Lq
iq +

Ld

Lq
pwid−

pØf

Lq
w+

uq

Ld
,

(7)

where ud and uq are the control voltages for the direct and
quadrature axis stator, iq and id are the stator currents for both
the quadrature and direct axes, Ld and Lq refer to the induc-
tance values in the direct and quadrature axis of the stator, p
is the poles pairs number, Rs is the stator resistance, Øf is the
magnetic flux of the rotor linked to the stator, Tl is the load
torque, J represents the moment of inertia of the rotor, f is the
coefficient of viscous friction, t represents time.[34]
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Through the use of an affine and a temporal scaling trans-
formation, equation (7) can be reformulated as[11]

dw̃
dt

= ϕ
(
ĩq− w̃

)
+ ε ĩd ĩq− T̃ ,

d ĩq
dt

=−ĩq− w̃ĩd + γw̃+ ũq ,

d ĩd
dt

=−ĩd + w̃ĩq + ũd,

(8)

where

ε =
pbL2

qk2
(
Lq−Ld

)
JR2

s
, γ =− Øf

kLq
, ϕ =

f Lq

RsJ
,

b =
Lq

Ld
, k =

f R
Lq pØf

, ĩd =
Ld pØf

f Rs
id,

ĩq =
Lq pØf

f Rs
iq, w̃ =

Lq

Rs
w,

ũd =
1

Rsk
ud, ũq =

1
Rsk

uq, T̃ =
L2

q

JR2
s

T1,

and the time will be redefined to t = Rst ′/Lq.

we put x1 = w̃, x2 = ĩq, x3 = ĩd.

We may convert the previously PMSG model (8) into the

following normalized PMSG model
ẋ1 = ϕ (x2− x1)+ T̃ + εx3x2,

ẋ2 =−x2− x1x3 + γx1 + ũq,

ẋ3 =−x3 + x1x2 + ũd,

(9)

where the variable x represents a state vector expressed by

x = [x1,x2,x3]
T.

According to the study, the PMSG exhibits chaotic behav-

ior when the external inputs are initialized to zero, specifically

T̃ = ũq = ũd = 0, and the operational parameters ϕ and γ fall

within a specific range. Figure 3 shows the chaotic attractor of

the PMSG system with ϕ = 5.45 and γ = 20 with the initial

state values x(0) = [0.1, 0.3, 0.2]T.
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Fig. 3. State variable of the chaotic PMSG in the absence of control and the characteristic chaotic attractor.

3. System description
Nonlinear dynamics often describe chaotic systems

through the following dynamic equations:

ẋ = f (t,x)+d (t,x)+u(t) , (10)

where ẋ = [x1,x2, . . . ,xn]
T ∈ Rn denotes the system state vec-

tor, f (t,x) : R+ × Rn → Rn represents a continuous nonlin-
ear vector field, d (t,x) : R+ × Rn → Rn signifies the term
unknown uncertainty, encompassing model uncertainties, un-
modeled dynamics within the system, unforeseen external dis-

turbances, and u(t) ∈ Rn is the control input. The chaotic sys-
tem’s equation (10) assumes that the quantity of state variables
xequals the control inputs u.

The objective of this paper is to develop a robust and
adaptive TSMC law for uncertain chaotic PMSG under un-
known external disturbances, ensuring that the stability of the
overall system’s state:

‖x(t)‖= 0. (11)

Remark 1 It is evident that if f (t,x) = Bx+F(t,x) and
d (t,x) = d(t), then dynamic equation (10) reduces to the fol-
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lowing dynamic equation, defined in Ref. [18]:

ẋ = Bx+F (t,x)+d (t)+u(t) . (12)

In contrast to the term of uncertainty d(t) defined in Ref. [18],
where x is independent of time t, the problem is explained and
formulated in this article under the assumption that the vector
of the state variable x depends on the unknown time t in the
uncertainty term d (t,x).

Lemma 1[41] Let x ∈ M ⊂ Rn and ẋ = g(x)g : Rn→ Rn

is continuous in an open neighborhood M of the origin and
locally Lipshitz on M {0} and g(0) = 0, suppose there is a
continuous Lyapunov function V : M→ R such that the sub-
sequent conditions are met.

(i) V is positive-specific;
(ii) V̇ is negative-specific on M;
(iii) There exist positive real values m and a ∈ (0;1),

with a neighborhood M ⊂ M of the origin so that

V̇ +mV a ≤ 0; on the M {0} . (13)

Therefore, the origin serves as a stable equilibrium point for
ẋ = g(x), indicating that the trajectory of the system’s states
converges to the origin within a finite time frame.

4. Proposed control and its stability synthesis
To generate continuous, smooth, and differentiable con-

trol signals while weakening the chattering phenomena, the
switching component of the discontinuous sliding surface is
diverted into the control input’s first derivative. As a conse-
quence, the following sliding surface that provides a seamless
adaptive law are specified

σi (t) = ṡi (t)+λisi (t) , (14)

where λi (i= 1,2, . . . ,n) are positive constants, and sliding sur-
faces si is specified as follows:

si (t) = ki

∫ t

0
xi (τ)dτ + xi (t) , (15)

where ki are positive constants, xi (t) denotes the system’s
state variables where i = 1,2, . . . ,n. A significant advantage
of Eq. (15) is that it transforms sliding mode control (SMC)
into global sliding mode control (GSMC) by using an integral
and nonlinear switching function. This nonlinear sliding sur-
face complies with the essential conditions of GSMC, namely
s(0) = 0, s(∞) = 0. Consequently, one of the main benefits

of adopting these integral sliding manifolds is that the sug-
gested scheme achieves GSMC status, effectively eliminating
the reaching phase. By positioning the sliding surface from the
outset, the controller exhibits robust performance, effectively
countering uncertainties right from the beginning.

4.1. Optimizing the suggested controller using an adaptive
exponential reaching barrier function

This work introduces an innovative control method,
where we propose the implementation of a novel adaptive
exponential reaching control law, which is thoughtfully con-
structed on the foundational principles of the adaptive contin-
uous barrier function. This approach aims to enhance system
performance by dynamically adjusting to changes in the en-
vironment and the system’s state. By incorporating this ad-
vanced control law, we anticipate improved stability and re-
sponsiveness in various applications. Ultimately, our method
seeks to facilitate more robust control mechanisms in complex
scenarios.

The schematic diagram of the suggested control configu-
ration is displayed in Fig. 4.

x
i
(t)

u
i
(t)

σ
i
(t)

Sliding surface

Dynamical surface

Adaptation law
Experimental
reaching law

Adaptive
control input

Fig. 4. Diagram of the control method using exponential reaching law.

Before proceeding further, we assume the following.
Assumption 1 In this context, we operate under the as-

sumption that there exist unknown positive constants ci, i =
1,2, . . . ,n, such that∣∣∣∣∣ n

∑
j=1

∂di (t,x)
∂x j

ẋ j +
∂di (t,x)

∂ t

∣∣∣∣∣+(λi + ki) |di (t,x)| ≤ ci, (16)

where di (t, x) are the unknown uncertainty terms in Eq. (10)
and i = 1, 2, . . . , n.

Remark 2 It is important to note that, in contrast to
Ref. [18], we permit the upperbound parameter ci to remain
unknown.

Theorem 1[22] Based on assumption 1, if the adaptive
TSMC is

u̇i =−(λi+ki)(ui + fi (t,x))−
n

∑
j=1

∂ fi (t,x)
∂x j

ẋ j−
∂ fi (t,x)

∂ t
−λikixi− εiĉisign(σi) , (17)
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where εi > 1, and i = 1, 2, . . . , n are a set of constant param-
eters associated with the controller design, ĉi is an estimate of
ci the unknown upper bound and is given by

˙̂ci = εi |σi| . (18)

Lemma 2[40] The suggested control approach may be en-
hanced by utilizing the adaptive barrier function-based TSMC
to accurately predict the system’s unknown uncertainties, re-
sulting in increased stability within the closed-loop system. To
achieve this, the adaptation gain parameter ĉi in Eq. (17) can
be expressed as follows:[47]

ĉi (t) =

{
ĉia (t) , if 0 < t < t̄,
ĉipsd (t) , if t > t̄,

(19)

where t̄ denotes the time that the error converges to the neigh-
borhood τ of the sliding surface dynamics σi (t).

The proposed control method in Ref. [47] respectively in-
cludes an adaptation law and a positive-semi-definite continu-
ous barrier function given as follows:

˙̂cia = εi |σi (t)| , (20)

˙̂cipsd (t) =
|σi (t)|

τi−|σi (t)|
, (21)

where τ > 0.
Otherwise, in our proposed method, we draw inspiration

from Ref. [48] and implement an adaptation rule. This ap-
proach allows us to create an optimized continuous barrier
function, utilizing the exponential reaching law, as described
by the following expression:

˙̂ciopt (t) =
K |σi (t)|

σ0 +(1−σ0) e−α|σi(t)|p
, (22)

where K,α are positive scalar parameters, p is the number of
machine pole pairs and 0 < σ0 < 1.

For the case of 0 < t ≤ t̄, the proposed scheme utilizes
the control law given in Eq. (17), while in scenarios involv-
ing t > t̄, the control input is formulated using an adaptive law
grounded in the barrier function:

u̇i = −(λi+ki)(ui + fi (t,x))−
n

∑
j=1

∂ fi (t,x)
∂x j

ẋ j

− ∂ fi (t,x)
∂ t

−λikixi− εiĉiopt sign(σi) . (23)

Subsequently, as the trajectories of the system state approach
the convergence zone of the sliding surface dynamics σi (t) ,
they ultimately converge to zero. Consequently, the closed-
loop system achieves stability within a finite amount of time.

Remark 3 Based on Lemma 2, the suggested controller
uses an adaptive exponential reaching barrier function in the
SMC; this design ensures finite-time convergence and effec-
tively stabilizes the closed-loop control system in a limited
timeframe.[47]

Proof To establish the stability of the controller using
control law (23), we can utilize the following Lyapunov can-
didate function:

Vi (t) =
1
2

(
σi (t)

2 +
(
ĉiopt (t)− ĉiopt (0)

)2
)
. (24)

By applying the time derivative of Eq. (24), we obtain

V̇i(t) = σi(t)σ̇i(t)+(ĉiopt (t)− ĉiopt (0)) ˙̂ciopt (t) , (25)

where substituting σ̇i (t) and ĉiopt (0)= 0 in the above equation,
we will have

V̇i (t) = σi (t)

(
n

∑
j=1

∂ fi (t,x)
∂x j

ẋ j +
∂ fi (t,x)

∂ t
+

n

∑
j=1

∂di (t,x)
∂x j

ẋ j +
∂di (t,x)

∂ t
+ u̇i +(λi+ki)( fi (t,x)+di (t,x)+ui)+λikixi

)
+ ĉiopt (t) ˙̂ciopt (t) . (26)

Replacing the control rule u̇i of Eq. (23) in Eq. (26) and employing Eq. (26), one can have

V̇i (t) = σi (t)
(
−εiĉiopt (t)sign(σi (t))+d (t,x)

)
+ ĉiopt (t) ˙̂ciopt (t)

≤ |σi (t)|×
{
|d (t,x)|− εiĉiopt (t)

}
+ ĉiopt (t) ˙̂ciopt (t)≤ |σi (t)|×

{
|d (t,x)|− εiĉiopt (t)

}
+ ĉiopt (t)

×
K
[(

σ0 +(1−σ0) e−α|σi(t)|p
)
+ |σi (t)|(1−σ0) e−α|σi(t)|p α p |σi (t)|p−1

]
(
σ0 +(1−σ0) e−α|σi(t)|p

)2

×
[
d (t,x)− εiĉiopt (t) sign(σi (t))

]
sign(σi (t)) . (27)

Equation (27) gives the following inequality:

V̇i (t)≤ −
{

εiĉiopt (t)−|d (t,x)|
}
|σi (t)|− ĉiopt (t)

×
K
[(

σ0 +(1−σ0) e−α|σi(t)|p
)
+ |σi (t)|(1−σ0) e−α|σi(t)|p α p |σi (t)|p−1

]
(
σ0 +(1−σ0) e−α|σi(t)|p

)2

[
εiĉiopt (t)−|d (t,x)|

]
. (28)
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We have εiĉiopt (t)> |d (t,x)| and

K
[(

σ0 +(1−σ0) e−α|σi(t)|p
)
+ |σi (t)|(1−σ0) e−α|σi(t)|pα p |σi (t)|p−1

]
(
σ0 +(1−σ0) e−α|σi(t)|p

)2 > 0,

an upper boundary can be found as follows:

V̇i (t)≤ −
√

2
{

εiĉiopt (t)−|d (t,x)|
} |σi (t)|√

2

−

√
2K
[(

σ0 +(1−σ0) e−α|σi(t)|p
)
+ |σi (t)|(1−σ0) e−α|σi(t)|pα p |σi (t)|p−1

]
(
σ0 +(1−σ0) e−α|σi(t)|p

)2

×
[
εiĉiopt (t)−|d (t,x)|

] ĉiopt (t)√
2
≤−Z

(
|σi (t)|√

2
+

εiĉiopt (t)√
2

)
≤−ZVi (t)

0,5 , (29)

where Z is defined as follows:

Z =
√

2
{

εiĉiopt (t)−|d (t,x)|
}

min

1,

√
2K
[(

σ0 +(1−σ0) e−α|σi(t)|p
)
+ |σi (t)|(1−σ0) e−α|σi(t)|pα p |σi (t)|p−1

]
(
σ0 +(1−σ0) e−α|σi(t)|p

)2

 .

Consequently, based on Eq. (29), according to Lemma 2 and
Lyapunov’s stability theorem, the suggested control law will
achieve stability within a finite time.

5. Application of the suggested control on the
chaotic PMSG
This section showcases numerical simulations that

demonstrate and validate the effectiveness of the proposed
method. The simulation outcomes are derived from a 300-
kW PMSG wind turbine with the the initial states are consid-
ered as: x(0) = [0.1,0.3,0.2]. Initially, the normalized PMSG
model outlined in Eq. (9) is broken down as follows:

ẋ = f (x)+d (t,x)+u(t) , (30)

f (x) =

 ϕ (x2− x1)+ εx3x2
−x2− x1x3 + γx1
−x3 + x1x2

 , (31)

where in Eq. (4), x(t) = [x1,x2,x3]
T is the state vector of the

system, f (x) represents a specified vector field and illustrates
the dynamic system represented in Eq. (31).

To achieve stabilization of the PMSG system at its equi-

librium point (0,0,0)T, we define the control inputu(t) as fol-

lows:

u(t) = [u1,u2,u3]
T =

[
T̃ , ũq, ũd

]T
. (32)

Remark 4 It is well established that time does not

play a role in dynamics. Since Liu’s chaotic system is time-

independent, the function f (t,x) has been utilized in Eqs. (30)

and (31) in place of f (x).

Remark 5 To ensure a fair comparison of the three

controllers in this study, the initial state values were set to

x(0) = [0.1, 0.3, 0.2]T. It is important to clarify that the initial

values of a chaotic PMSG system are unique and determine

its chaotic behavior. Modifying these initial conditions can

potentially prevent the system from entering a chaotic state.

After executing the required calculations using Theo-

rem 1, we obtain the chatter-free TSMC based on the adap-

tive exponential reaching barrier function law for the above-

defined system as follows:

u̇1 =−(λ1+k1)(u1 +ϕ (x2− x1)+ εx3x2)− [−ϕ ẋ1 +(ϕ + εx3) ẋ2 + εx2ẋ3]−λ1k1x1− ε1ĉ1opt sign(σ1) ,

u̇2 =−(λ2+k2)(u2− x2− x1x3 + γx1)− [(γ− x3) ẋ1− ẋ2− x1ẋ3]−λ2k2x2− ε2ĉ2opt sign(σ2) ,

u̇3 =−(λ3+k3)(u3− x3 + x1x2)− [x2ẋ1 + x1ẋ2− ẋ3]−λ3k3x3− ε3ĉ3opt sign(σ3) ,

˙̂c1opt (t) =
K |σ1 (t)|

σ0 +(1−σ0) e−α|σ1(t)|p
,

˙̂c2opt (t) =
K |σ2 (t)|

σ0 +(1−σ0) e−α|σ2(t)|p
,

˙̂c3opt (t) =
K |σ3 (t)|

σ0 +(1−σ0) e−α|σ3(t)|p
. (33)
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In order to accurately evaluate the simulation results of
the suggested method, the controller parameters are meticu-
lously set to identical values across all three approaches. This
uniformity is essential for making a fair comparison with the
outcomes detailed in Refs. [22,47]. By maintaining consis-
tent parameters, we can ensure that any differences observed
in performance can be attributed solely to the variations in the
methods being tested. This systematic approach will enhance
the reliability of our findings and contribute to the overall va-
lidity of the evaluations conducted.

The parameters of the control law align precisely with
those outlined in Ref. [22]. They are chosen as: ε1 = 5, ε2 = 4,
ε3 = 4, λi = 1, ki = 1, i = 1, . . . ,3, and the parameter of the ini-

tial values are taken into account as: x(0) = [0.1, 0.3, 0.2]T.

The exponential reaching law parameters: δ0 = 0.08, α =

1000, p = 2, and K = 3. To conduct the simulation, we will in-

put the values of the previously mentioned control parameters

into Eq. (33).

Figures (5a), (5b), and (5c) illustrate the angular speed

ω , quadrature current iq, and direct current id, respectively, as

they controlled at t = 10 s. To demonstrate the effectiveness

of the method proposed in this paper, we compare our results

with those obtained in Refs. [22,47]. Table 1 presents numeri-

cal data detailing the overshoot and undershoots for each state

variable across the three methods.

1 2 3 4 5 6 70 8 9 10

Time (s)

1 2 3 4 5 6 70 8 9 10

Time (s)

1 2 3 4 5 6 70 8 9 10

Time (s)

0

0.1

0.2

0

0.2

↩0.1

0

0.15

0.20

ω
I q

I d

Method in Ref. [22]

Method in Ref. [47]
Proposed method

Fig. 5. Comparisons of state variables in chaotic PMSG trajectories using the proposed approach with the methods in Refs. [22,47].

Table 1. Quantitative comparisons of transient system specifications of the control methods.

PMSG Method in Ref. [22] Method in Ref. [47] Proposed method

State variables w iq id w iq id w iq id
Overshoot 0.04186 0 0 0.04529 0 0 0 0

Undershoot 0.01410 −0.2639 −0.02798 −0.01402 −0.2723 −0.02791 −0.01396 −0.00560 −0.02781

Compared to those controllers in Refs. [22,47], the sug-
gested controller provides superior performance with no over-
shoot and improved undershoot values, making it a more sta-
ble and reliable method compared to the others. The methods
proposed in Refs. [22,47] show higher overshoot and under-
shoot values, particularly for iq, indicating less stability in this
aspect. Figure 6 illustrates the influence of the control param-
eter selections on the simulation results. It is evident that the

appropriate tuning of the parameters within the adaptive expo-
nential reaching law significantly affects the system’s perfor-
mance. This highlights the critical importance of the param-
eter selections in achieving accurate and stable control out-
comes.

Based on the results presented, it is evident that the pro-
posed method outlined in this paper significantly outperforms
existing approaches in terms of effectiveness, stability, and ini-
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tial consistency. These attributes are particularly important
in applications where immediate and reliable performance is
not just beneficial, but essential for success. Therefore, the
advantages offered by this method could make a substantial

difference in real-world scenarios where users depend on fast
and dependable outcomes. Ultimately, this reinforces the rel-
evance of the proposed method for practical applications re-
quiring high standards of performance.

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

0

0.1

0.2

0.3

0

0.1

0.2

0

0.05

0.10

ω
I q

I d

α/1000, σ
0
/0.08, k/3, p/2 

α/2000, σ
0
/0.007, k/6, p/2 

Fig. 6. The effect of the adaptive exponential reaching law parameters on the simulation results.

6. Conclusion

This paper provides an in-depth analysis of controlling

a chaotic PMSG wind turbine by employing chatter-free and

finite-time sliding mode control strategies, which are funda-

mentally based on adaptive exponential reaching control as

well as Lyapunov’s stability theory. The innovative control

scheme introduced in the study utilizes a smooth and continu-

ous control law, effectively addressing and eliminating the sig-

nificant chattering problem typically associated with conven-

tional sliding mode controllers that depend on a discontinuous

sign function. Comprehensive results highlighted in the re-

search demonstrate that the proposed control method not only

successfully eradicates chattering but also sustains strong and

robust performance in chaotic systems, even in the presence

of unknown uncertainties and external disturbances. Overall,

the findings underscore the potential of this advanced control

approach for enhancing the stability and reliability of PMSG

wind turbines operating under chaotic conditions.

Appendix: Some parameters
(i) Parameters of the PMSG
Rs = 4578 Ω, Ld = 334 mH, Lq = 358 mH, P = 2,

Øf = 3 Wb, f = 0003035 Nm ·m · rad−1 · s−1, T = 8 N ·ms.
(ii) Characteristics of simulated WT
Blades = 3, R = 14 m, J = 50 kg ·m2, Pw = 300 kW,

ρ = 122, G = 23.
(iii) Control law parameters
α = 1000, K = 3, p = 2, σ0 = 0.08.
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