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Article Info ABSTRACT

The control of chaotic and hyper-chaotic systems represents a crucial area of research in
the field of nonlinear dynamic systems. In this study, we focus on applying chaos control
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1. INTRODUCTION

One of the important fields of nonlinear science that has attracted the attention of researchers in recent
decades is the study of chaotic dynamical systems. Chaos has a quasi-random behavior on the surface, but on
the in-side, it has a deterministic nature that originates from a class of simple differential equations. Chaotic
dynamic equations were first introduced by the famous meteorologist Edward Lorenz [1]. Chaotic dynamical
systems exhibit several key characteristics: (1) extreme sensitivity to initial conditions—meaning that even
small variations in starting values can lead to significantly different future behaviors; (2) bounded behavior—
the system’s trajectories remain confined within a finite region and do not diverge to infinity; and (3) recursive
properties in phase space, where system states evolve in a deterministic yet non-repeating manner.

Mathematically, if a dynamical system (or first-order differential equations) has at least one positive
Lyapunov exponent, then those equations are chaotic. Also, if a dynamical system has at least two positive
Lyapunov exponents, then that system will be hyper-chaotic [2][3]. According to the expansion of dynamic
systems in engineering sciences, the most important applications of chaotic dynamic systems are guidance
and navigation [4][5], aerospace [6][7], secure communications [8][9], image encryption [10][11], power
systems [12][13], industrial engineering [14][15] and even economics [16][17].

Two interesting areas of study in chaotic dynamical systems are synchronization and the elimination
of chaotic behavior in the model. The synchronization of two chaotic dynamic systems means that by adding
a controller to the slave chaotic system, the output can be controlled so that it matches the output of the master
system. Therefore, after applying the controller, the chaotic dynamic system of the follower will be
synchronized with the master dynamic system. The first synchronization of two chaotic dynamical systems
was done in [18]. Sometimes in dynamic systems, the chaotic behavior will be very dangerous and
unacceptable, so by designing a control system, the chaos in the dynamic system will be removed or it will
be stabilized to the desired point. The first chaos control of dynamic systems was presented in [19].

Other areas of chaotic dynamic systems studies are: bifurcation control [20], anti-chaotic control [21].
Several methods have been introduced to control and synchronize chaos in dynamic systems, including:
sliding mode control [22], adaptive control [23][24], impulse control [25][26], backtracking control [27][28],
fuzzy control [29][30], and robust control [31][32]. Some methods also combine the mentioned control
methods, such as adaptive sliding mode control [33][34], robust adaptive control [35], sliding fuzzy control
[36], and adaptive fuzzy [37].

Our main goal in this paper is to control and stabilize a chaotic permanent magnet synchronous motor.
The chaos model in PMSM was first introduced in [38]. They have shown that PMSM nonlinear equations
can go to a chaotic state under certain conditions. The model under investigation was a PMSM with a uniform
air gap. The model of a chaotic permanent magnet synchronous motor with a non-uniform air gap has been
investigated in [39].

Then, several methods were introduced to control chaos in PMSM. These methods include passive
control [40]. In this method, by separating the linear part from the nonlinear part in the model and applying
the passive controller, the chaos in PMSM is controlled. The time to reach zero error in this method is about
1.5 seconds. In [41], the optimal placement method of the Lyapunov face was presented by Ataei et al. for a
chaotic PMSM model with uniform air spacing in 2010. They applied the controller to two lines of chaotic
PMSM equations. This can be significant in the controller’s overall costs. The duration of stability and
removal of chaos in PMSM was about 1.5 seconds.

The adaptive control method to eliminate the chaotic behavior in PMSM and reach the desired value
was introduced in [42]. In this method, two controllers are used. The time to reach stability and zero error in
each control channel is about 0.2 seconds. The most important advantage of this method is to depict the
controller signal. Li et al. [43] have applied the adaptive robust control method with uncertainty to eliminate
chaos in PMSM. In this method, three controllers are used for the PMSM chaotic equations. The time to reach
zero error is about 2.5 seconds. Also, in this method, the controller signal is depicted. Of course, it can be
seen in the simulated results that the amplitude of the control signal is relatively high.

In [44], by presenting a nonlinear controller and applying it to a set of PMSM equations, chaos is
eliminated in PMSM. The duration of stability in this method is about 7 seconds. Also, the depicted controller
signal has low amplitude and fluctuations. In [45], first the chaos removal in PMSM and then the
synchronization for secure communication have been done by a finite time control method. In the first part
of the simulation, to remove the chaos, the time to reach zero error is about 4.5 seconds. In the second part,
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where the synchronization is done, the time to reach zero error is about 2 seconds. Chaos control with
nonlinear controller design is reviewed in [46]. The duration of reaching stability and reaching zero error in
the best design case is 1.5 seconds. The controller signal is not depicted in this method. The backstepping
control method based on an adaptive fuzzy system for chaos removal in PMSM is introduced in [47]. By
using two controllers and applying them to chaotic PMSM, they have increased the stability time and reached
zero error in about 1 second. In this method, the controller signal is also depicted. The control signal in the
best scenario of this method is about 1 second. Also, this signal has fluctuations and low amplitude.

In the proposed method of this article, first, the chaotic PMSM equations are described. It will be
shown that these equations have at least one positive Lyapunov function. For the stability of the chaotic
permanent magnet synchronous motor, a sliding model control method based on a Lyapunov observer will
be designed. Numerical simulation shows that the proposed method can remove the chaos in the permanent
magnet synchronous motor in an acceptable time. Also, in a part of the simulation, the stability of the chaotic
permanent magnet synchronous motor is proved by using two control channels. Finally, the proposed
controller is subjected to two unknown inputs, and in this condition, stability and time to reach zero error can
be achieved.

The main contribution and novelty of this work are as follows: (1) This paper introduces a novel
integration of sliding mode control with a Lyapunov observer to stabilize chaotic behavior in a 4D PMSM
system. (2) The controller’s effectiveness is validated under reduced control channels and unknown inputs,
demonstrating robustness and cost-efficiency. (3) The method achieves fast error convergence and smooth
control signals, enhancing its suitability for real-world applications.

This paper is organized as follows: Section 1 provides the introduction and background on chaotic
systems and the relevance of chaos control in PMSMSs. Section 2 presents the mathematical modeling of the
PMSM and verifies its chaotic behavior using Lyapunov exponents. Also, we present the design of the sliding
mode controller integrated with a Lyapunov observer to suppress chaos in the PMSM. Section 3 explains the
numerical simulation setup and evaluates the controller’s performance under various conditions, including
reduced control channels and unknown disturbances. Also, we discuss the simulation results, including error
convergence and control signal behavior, and compare the proposed method with existing approaches.
Finally, Section 4 concludes the paper by summarizing the key findings, contributions, and recommendations
for future work in nonlinear electromechanical system control.

2. RESEARCH METHODS

This study adopts a structured methodology combining theoretical modeling, controller design, and
numerical simulation to achieve chaos suppression in a permanent magnet synchronous motor (PMSM). The
Flowchart of the research methodology can be seen in Fig. 1. The following stages describe the research
workflow:

2.1 Mathematical Modeling of PMSM

The mathematical modeling of the PMSM begins with the derivation of its nonlinear differential
equations, which capture the interaction between electrical and mechanical subsystems. The electrical part is
typically expressed in the d — g (direct-quadrature) reference frame, involving the d-axis and g-axis stator
currents, voltages, and inductances, along with back electromotive force (EMF) terms. The mechanical
dynamics are incorporated through the rotor angular velocity and position, which are influenced by
electromagnetic torque and load disturbances. Together, these equations form a four-dimensional dynamic
system that can display a wide range of behaviors, including periodic, quasi-periodic, and chaotic responses
depending on system parameters such as load torque and voltage inputs.

2.2 Chaos Verification Using Lyapunov Exponents

To confirm the chaotic behavior of the PMSM model, Lyapunov exponents are calculated based on the
system’s nonlinear differential equations. These exponents measure the average rates of divergence or
convergence of nearby trajectories in the system’s phase space. A positive Lyapunov exponent is a hallmark
of chaos, indicating that even infinitesimally close initial conditions will diverge exponentially over time,
leading to unpredictable long-term behavior. In this research, numerical methods are employed to compute
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the spectrum of Lyapunov exponents, and the presence of at least one positive value provides definitive
evidence of chaotic dynamics within the PMSM. This verification step is critical in justifying the need for
robust control strategies to stabilize the system.

2.3 SMC Design

The controller design in this study is centered on the SMC technique integrated with a Lyapunov-based
observer to manage the chaotic dynamics of the PMSM. The first step in the design process involves defining
the tracking error between the actual state variables of the PMSM and the desired reference values. These
error functions are then used to construct sliding surfaces, which represent the conditions under which the
system’s dynamics will be forced to evolve in a stable manner. By ensuring that the system states are driven
to and maintained on these surfaces, the chaotic behavior can be effectively suppressed.

Following the construction of the sliding surfaces, a candidate Lyapunov function is formulated to
assess the stability of the closed-loop system. This function serves as a mathematical tool to guarantee that
the energy of the system decreases over time, ensuring convergence to the desired equilibrium point. By
taking the time derivative of the Lyapunov function and applying stability theorems, control laws are derived
to ensure the function remains decreasing. These laws incorporate discontinuous control actions based on the
sign of the sliding surface, which provides robustness against system uncertainties and disturbances. The
integration of the Lyapunov observer enhances the accuracy of state estimation, contributing to the reliability
and effectiveness of the SMC in stabilizing the PMSM under chaotic conditions.

2.4 Numerical Simulation Using the RK4 Method

To analyze the behavior of the PMSM model under both uncontrolled and controlled scenarios, the
Runge-Kutta 4™ Order (RK4) method is employed for numerical simulation. This method is chosen due to its
high accuracy and stability in solving nonlinear ordinary differential equations. By discretizing the time
domain and iteratively computing the system’s state variables, the RK4 algorithm provides detailed insights
into the dynamic evolution of the PMSM. The simulations are conducted to evaluate how effectively the
proposed controller reduces chaotic oscillations and stabilizes the system. Key performance indicators such
as error convergence toward zero and the smoothness of the control signal are examined, allowing for a
comprehensive assessment of the controller’s efficiency and practical applicability.

Specifically, at each time step t,,, the RK4 method calculates four intermediate slope values:
ky = f(tn yn)
h h
ko= f(tn+ 500 +hi3)

h h
ks = f(tnt 50 + o)

h h
ko= f (tnt 50 + Hea) (1)

These intermediate slopes represent estimations of the system’s behavior over the interval and are then
combined to compute the next value y;, ;1.

h
Yn+1 =In t+ 5 (ky + 2ky + 2k3 + ky) (2)

This weighted average ensures a high level of accuracy compared to lower-order methods such as Euler’s
method.

2.5 Performance Evaluation

The performance of the proposed Sliding Mode Controller with Lyapunov observer is evaluated
through three distinct simulation scenarios. In the first scenario, full control is applied to all channels of the
PMSM model. The results show rapid error convergence and elimination of chaotic behavior within
approximately 0.7 seconds, demonstrating high stability and precision. The control signals in this case exhibit
minimal fluctuation and smooth transitions, indicating the controller’s efficiency and low implementation
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cost. This full control scenario serves as a benchmark for evaluating the robustness and effectiveness of the
system can be seen in Fig. 1.

Derive nonlinear Calculate Lyapunoy Discretize equations Full control
differential equations ) exponents with RK4 — fast convergence
. ) i )
Use d-q reference Check for positive Compute Partial control
frame exponent — chaos by heo b s, by = longer convergence
.
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Form 4D system [ Derive control laws ]
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S

behavior
‘ Integrate Lyapunov ‘

observer

Figure 1. Flowchart of Research Methodology

In the second and third scenarios, the complexity of the control scheme is reduced to assess its
resilience and cost-effectiveness. In the partial control setup, only two of the four control channels are
activated. Despite this reduction, the system still achieves stabilization, albeit with a slightly longer
convergence time for certain variables. In the final scenario, unknown external inputs are introduced to the
system to simulate real-world disturbances. The controller continues to maintain system stability, showing
strong fault tolerance and adaptability. Across all scenarios, key performance metrics—stability time, error
minimization, and the smoothness of the control signal—confirm the robustness and reliability of the

proposed method for chaos suppression in PMSMs.

3. RESULTS AND DISCUSSION

3.1 Chaotic Permanent Magnet Synchronous Motor Model

Consider the chaotic synchronous motor model as follows [48].
ao
éi_t =

d—(z)=a(iq—w)—’I_"L
di,
pTa
dig
=

In E0.(3), 6,w,i4 i, represent the engine position, angular velocity, and currents in the
d — q axes, which are system variables. Also, g,y are constant parameters and T}, Ug, Ug are load torque and
d — q axes voltages, respectively. As can be seen from Fig. 2, there is at least one positive Lyapunov

exponent.

The behavior of chaotic synchronous motor variables for T, = Ug =uUg=0ando =546,y = 14.93
as well as initial conditions [0, w, iy, i4]" = [55 5 5]” are shown in Fig. 3. The phase space of the chaotic

permanent magnet synchronous motor can be seen in Fig. 4.

w

—lg —lgw —Yw + Uq

(3)

_id - iq(x) + ﬁd
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Figure 3. Chaotic Behavior in Permanent Magnet Synchronous Motor Variables: (a) @ Signal, (b) w Signal, (c)
iy Signal, and (d) iy Signal with Initial Conditions [8, w, iy, i4]" = [555 5]"
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(c)
Figure 4. Phase Space of Chaotic Permanent Magnet Synchronous Motor: (a) 8 — w Plane,
(b) ig — i, Plane, and (c) iz — i; — w Plane

The calculate the Lyapunov exponents numerically based on the PMSM’s nonlinear differential
equations. The process involves evaluating how small perturbations to the system’s initial conditions evolve
over time in the phase space. If at least one exponent is positive, the system is confirmed to be chaotic.
Although the specific algorithm used is not explicitly detailed, such computations are typically done using
standard methods like the Wolf algorithm or QR decomposition-based approaches. The result, shown in
Figure 2, confirms that the PMSM model has at least one positive Lyapunov exponent, indicating chaos.

3.2 Sliding model control with Lyapunov observer

In order to design the sliding mode controller based on the Lyapunov observer, the model of the chaotic
permanent magnet synchronous motor is rewritten as below.

do

gt

dw ) _

E=a(lq—w)—TL+u2

dig . . _

E=—Lq—1dw—yw+uq+u3

dig S _

E=—Ld—1qw+ud+u4 4)

In Eq. (4), uq,uy, usz, uy are the controllers that must be designed. In other words, these controllers try to
eliminate the chaos in the permanent magnet synchronous motor.

The first step is to calculate the error:

. . % . . %
eg=6-—-07, €y =W— W, e, =g — g e, =liq— g (5)

Where 6%, w?, iq*, ig" are the desired values. Thus, the derivative of the error is equal to:

*

. A A . . . . . . . . . %
g =060—-0", €y =W— W7 éi, =iqg—liq €, =lq — g (6)
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In the design of the proposed controller, the sliding surface is considered as follows:
S = Cyep, Sy = Cyey,, S3 = Cze;,, Sa = Cyey, (7)
In Eq. (7), C; are positive constant coefficients. Also, the derivative of the sliding surface will be equal to:
$1=Diég, Sy =Dse,,  S3=D3é,  Si=Dséy (8
In Eq. (8), D; are constant coefficients obtained.

The proposed sliding model method is based on a Lyapunov observer. Thus, you should first consider the
candidate Lyapunov function as follows:

V(s) = %(512 + 52 + 52 + 52) 9
By deriving the Lyapunov candidate function, we have:
V(s) = (5181 + 285 + 5383 +548,) <0 (10)
Now, by breaking Eq. (10) into four separate parts, we have:
S, =Diég, S,=Dye, S3= Dsé;,, Sy =Dyé;, (11)

To reach V; (s) < 0, the sliding mode control design rule with Lyapunov observer is defined as:

Vl(S) = 515“1 < 0
= 5,(Dyé9) < 0 (12)

In order for the condition expressed in Eq. (12) to always hold, the Lyapunov candidate function supervises
it. So:

if s; >0,thens; <0=>u, = Dl(—e +60" + ks, + flsign(sl)) = 5,(D1ég) <0and k,,&, <0
=>1if s, >0,then$; >0=>u; = Dl(—O +60" + ks, + flsign(sl)) = 5,(D1ég) <0and k,,&;, >0 (13)
if s, >0,thens; =0>u, = Dl(—e +60" + ks, + flsign(sl)) = 5,(D1ég) <0and k,,&, =0

where k4, &, are control parameters and have constant values, also the sign function is the same as the sign
function. According to the conditions observed for the sliding surface, the sign of the coefficient changes.
Now, for the second part of Eq. (13), we have:

V,(s) = 5,5, <0
= 53 (D261,) < 0 (14)
if s, >0,thens, <0=>u, =D, (—a(iq - a)) + kys, + fzsign(sz)) = 5,(D,é,) < 0and k,, & <0
= 1if s, >0,thens$, >0=>u, =D, (—a(iq - a)) + kys, + fzsign(sz)) = 5,(D,é,) < 0and k,, & >0 (15)
if s, >0,thens, =0=>u, =D, (—a(iq - a)) + ks, + fzsign(sz)) = 5,(D,é,) < 0and k,, & =0
In the same way, for the third and fourth parts of Eq. (15), we will have:

V3(S) = 535"3 < 0
= s53(D36,) <0 (16)

if s3> 0,thens$; < 0= uz; = D;q (iq +ig0+yw + ks + f3sign(s3)) = Sg (D3éiq) <0andks3,& <0
if s3 <0,thens$; > 0= u; = D;q (iq +ig0+yw + ks + f3sign(s3)) = S5 (D3éiq) <0and ks, & >0 (17)
if s3=0,thens$; =0=u; = D;q (iq +igw+yw+ kys; + E3Sign(s3)) = Sg (D3éiq) <0and ks, & =0

V4,(S) = S4$4 < 0
= 54(Dat;,) <0 (18)
if s, >0,thens, <0=>u,=D, (—id —lqw + kys, + §4sign(s4)> = 54(D4éid) <0andk, ¢, <0
if s, <0,thens, >0=>u, =D, (—id —liqw + k48, + §4sign(s4)> = 54(D4éid) <0and k4, &, >0 (19)

if s, =0,thens, =0>u, =D, (—id —liqw + k48, + f4sign(s4)> > s4(D4éid) <0and k4 &, =0
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3.3 Numerical simulation

In this section, a simulation has been done using MATLAB software and the odel13 differential
equation solution method. Eq. (4) will be unchanged for the initial conditions of [6, w, i, ig]" =[5555]T.
The desired values are 8 =0, w* =0, iz =0, iy =0. The values of C;=1,(i=1,2,3,4) and the
controlling coefficients are equal to k; = 5,(i = 1,2,3,4) and ¢; = 0.01, (i = 1,2,3,4). It can be seen in
Fig. 5 that the error of the proposed method tends to zero with the passing of a limited time. If chaos occurs
in a dynamic system, it can cause a lot of damage to the system and related components. Therefore, in the
design of controllers of chaotic systems, the time to reach zero error is very important. As seen in Fig. 5, the
time to reach zero error in this design method is approximately equal to 0.7 seconds.

6 6 ;
% —e,
47 4
2r 2
0 L : " 0 . ‘
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
~ Time(sec) Time(sec)
@ (b)
6 T T 6
—€ — %
4 4
2T 2
0 : . : 0
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Time(sec) Time(sec)
(©) (d)

Figure 5. Time History Error of SMC with Lyapunov Observer: (a) 0 signal, (b) w Signal,
() i4 Signal, and (d) iy Signal with Initial Conditions [6, w, ig, i4]" = [55 5 5]".

The signal behavior of the sliding model controller based on the Lyapunov observer is shown in Fig.
6. In the real world, the cost of the controller design can be determined by the behavior of the control signal.
If the control signal has strong fluctuations or a large amplitude, it will be expensive to implement in the real
world. Therefore, the controller signal of the proposed method is without fluctuation and has a large
amplitude, and even after reaching zero error, it tends to zero. This shows that real-world implementation
with the proposed control method will be low-cost.

107

20~

1 L _30 L L L
15 2 25 3 15 2 25 3
Time(sec) Time(sec)

@ (b)

0 0.5 1

o
ot
o
-
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—u3] —U4
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-40
60
-80 ‘ . : -60
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Time(sec) Time(sec)
(c) (d)

Figure 6. Behavior of SMC based on Lyapunov Observer Without Unknown Input:
(a) U4 Signal, (b) U, Signal, (c) U5 Signal, and (d) U, Signal

In the second part of the numerical simulation, we reduce the number of controllers. In other words,
by using two sliding model controllers with a Lyapunov observer, the chaos in the permanent magnet
synchronous motor will be eliminated. Therefore, Eq. (4) will be rewritten as follows:

ao N
(?t =w+uy
w , _
Eza(lq—w)—TL
dig o _
Ez—lq—ldw—ya)+uq+u3 (20)
dig . _
EZ —ld—lqw+ud

As Eq. (20) shows, the sliding model controller based on the Lyapunov observer is only added to the
first and third lines. Other simulation parameters are unchanged. Fig. 7 shows the error of the sliding model
controller based on the Lyapunov observer. As can be seen from Fig. 7, the behavior of the error eq, €i, tends

to zero in a period of about 0.7 seconds, but the behavior of the error e, e;, has a longer stability time.

Furthermore, this point should not be hidden that in this situation, two control signals have been
completely removed, and by using only two controllers, the chaos in the permanent magnet synchronous
motor has been removed. In Fig. 8, the behavior of the controller signal is depicted. As you can see, u,, u, the
controller has been removed. The controller signal u,, u; remains unoscillated and has a low amplitude.
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Figure 7. Behavior of Error for Chaotic PMSM in the Presence of Two SMC Based on Lyapunov Observer

Without Unknown Input: (a) @ Signal, (b) w Signal, (c) i, Signal, and (d) i4 Signal

0 1
—U1 —U2
05+
-10F
0
=20 1
051
-30 ‘ : 1 :
3 4 5 6 0 1 2 3 4 5 6
Time(sec) Time(sec)
(a) (b)
0 T 1
— —U4
20+ 1 05F
40+ 1 0
-60 1 05F
-80 : ‘ : -1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time(sec) Time(sec)
() (d)

Figure 8. Behavior of SMC Based on Lyapunov Observer in the Condition of Controller Elimination
U,, Uy and without Unknown Input: (a) U, Signal, (b) U, Signal, (c) U5 Signal, and (d) U, Signal

In the third part of the numerical simulation, an unknown input will be added to the chaotic permanent
magnet synchronous motor model. It is reminded that the engine model will still have two controllers. Thus,
Eq. (3) is rewritten as follows:

dae

PR

dw ) _

i o(ig —w) =T, + P(w)

dig . . _

T —lg —lgw — YW +Ug + U3

di

d—: = —ig — iqw + g + P(ig) (21)

which in Eq. (21), P(w), P(iy) are unknown inputs with a limited range, and in the form of P(w) =
0.5 x sin(w), P(igz) =0.5 x sin (iy). Other simulation parameters and initial conditions are unchanged.
Fig. 9 depicts the error of the sliding model controller based on the Lyapunov observer in the presence of two
unknown inputs.
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Figure 9. Error of Behavior for Chaotic PMSM in the Presence of Two SMC Based on Lyapunov Observer in
the Presence of Two Unknown Variables P(w) = 0.5 x sin(w), P(i;) =0.5 x sin (i,):
(a) @ Signal, (b) w Signal, (c) i, Signal, and (d) iy Signal

As can be seen from Fig. 9, the duration of stability is unchanged in all faults except e;,,. Fig. 10 shows
the behavior of the controller signal. In the situation where the two controllers are eliminated and the
permanent magnet synchronous motor is controlled by only two controllers, the overall control system cost
can potentially be reduced by approximately 40-50%, considering the hardware, complexity, and energy
consumption. This significant reduction makes the proposed approach more practical and cost-effective for
real-world applications.
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Figure 10. Behavior of SMC Signal Based on Lyapunov Observer in the Presence of Two Unknown
Inputs P(w) = 0.5 x sin(w), P(i,) =0.5 x sin (i,) via Two Controls u, u,:
(a) U4 Signal, (b) U, Signal, (c) U5 Signal, and (d) U, Signal

Table 1. Chaos Control Methods in PMSM

No. Ref  Dimension Method Number of Unknown input Signal Time
Model controllers or disturbance control stability
error
[40] 3-D Passive control one - - ~ 13 sec
[41] 3-D Optimal Two - Available ~ 0.1 sec
Lyapunov
exponents
placement
[42] 3-D Adaptive Control Two - - ~ 2 sec
[43] 3-D Adaptive robust Three - Available =~ 2sec
nonlinear control
[44] 3-D Nonlinear One - Available ~ 7 sec
Control
[45] 3-D Finite Time Three - - ~ 0.5-2 sec
control
[46] 3-D Nonlinear Simple One - - ~ 1-6 sec
control
[47] 3-D Backstepping- Three d1=2x1Sin(3nt/2) Available ~ 0.3 sec
based adaptive d2=3x2Cos(4nt/3)
fuzzy d3=5x2Sin(5nt/4)
This 4-D Sliding mode Four and P(®)=0.5Sin(w) Available ~0.5-2 sec
paper control based on Two P(iq)=0.5Sin(iq)
Lyapunov

In Table 1, different methods of disturbance control in a permanent magnet synchronous motor are
described. As can be seen, the most important factor in chaos control is the time it takes to achieve zero error.
Also, the number of controllers is directly related to the design cost.

4. CONCLUSION

In this study, the chaotic behavior and control of a 4-D PMSM model were investigated. Based on the
reviewer’s recommendation, the key conclusions are presented as follows:

1. This study examined the 4-D PMSM maodel, revealing that variations in system parameters can
transition the motor’s behavior from nonlinear to chaotic. This was substantiated through the
calculation of Lyapunov exponents.

2. A SMC based on a Lyapunov observer was developed. The controller dynamically adjusted its
parameters using a candidate Lyapunov function, ensuring stability by responding to the
conditions of the sliding surface.
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3. Numerical simulations demonstrated that the proposed SMC effectively stabilizes the chaotic
PMSM rapidly. Notably, chaos was suppressed using both four and two control channels, with
the latter approach reducing design complexity and cost without compromising performance.
Additionally, the controller-maintained stability even when unknown inputs were introduced to
the angular velocity and current iq , while control was applied to the motor position and current ig.

Future studies are encouraged to explore alternative control strategies, such as impulsive, adaptive, and
intelligent methods (e.g., fuzzy logic and neural networks), to enhance the decision-making capabilities of
the Lyapunov observer.

Author Contributions

Seyed Mohamad Hamidzadeh: Writing — Original Draft, Software, Investigation. Amiral Aziz: Writing—
Review and Editing, Formal Analysis, Validation. Mohamad Afendee Mohamed: Supervision,
Conceptualization, Validation. Sundarapandian Vaidyanathan: Writing — Original Draft, Formal analysis,
Software. Muhamad Deni Johansyah: Writing — Original Draft, Visualization, Formal Analysis. All authors
discussed the results and contributed to the final manuscript.

Funding Statement

This research received no specific grant from any funding agency in the public, commercial, or not-for-profit
sectors.

Acknowledgment

The authors express their gratitude to the reviewers for their valuable recommendations and feedback, which
greatly enhanced the caliber of this paper.

Declarations

The authors declare no competing interests.

REFERENCES

[1] E. N. Lorenz, “DETERMINISTIC NONPERIODIC FLOW,” J. Atmos. Sci., vol. 20, no. 2, pp. 130-141, 1963. doi:
https://doi.org/10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2

[2] K. Benkouider, et al., “A COMPREHENSIVE STUDY OF THE NOVEL 4D HYPERCHAOQOTIC SYSTEM WITH SELF-
EXITED MULTISTABILITY AND APPLICATION IN THE VOICE ENCRYPTION,” Sci. Rep., vol. 14, no. 1, pp. 1-15,
2024. doi: https://doi.org/10.1038/s41598-024-63779-1

[3] G. Biban, R. Chugh, and A. Panwar, “IMAGE ENCRYPTION BASED ON 8D HYPERCHAOTIC SYSTEM USING
FIBONACCI Q-MATRIX,” Chaos, Solitons and Fractals, vol. 170, no. March, p. 113396, 2023. doi:
https://doi.org/10.1016/j.chaos.2023.113396

[4] L. Yin, Z. Deng, B. Huo, and Y. Xia, “FINITE-TIME SYNCHRONIZATION FOR CHAOTIC GYROS SYSTEMS WITH
TERMINAL SLIDING MODE CONTROL,” IEEE Trans. Syst. Man, Cybern. Syst., vol. 49, no. 6, pp. 1-10, 2017. doi:
https://doi.org/10.1109/TSMC.2017.2736521

[5] K. S. Oyeleke, O. I. Olusola, U. E. Vincent, D. Ghosh, and P. V. E. Mcclintock, “PARAMETRIC VIBRATIONAL
RESONANCE IN A GYROSCOPE DRIVEN BY DUAL-FREQUENCY FORCES PARAMETRIC VIBRATIONAL
RESONANCE IN A GYROSCOPE DRIVEN BY DUAL-FREQUENCY FORCES,” Phys. Lett. A, vol. 387, no. November,
p. 127040, 2020. doi: https://doi.org/10.1016/j.physleta.2020.127040

[6] S. Farzami, R. E. Aval, and M. Afshari, “Chaotic satellite synchronization using neural and nonlinear controllers,” Chaos
Solitons & Fractals, vol. 97, no. October 2018, pp. 19-27, 2017. doi: https://doi.org/10.1016/j.chaos.2017.02.002

[7] S. M. Hamidzadeh and R. E. Aval, “CONTROL AND SYNCHRONIZTION CHAOTIC SATELLITE USING ACTIVE
CONTROL CONTROL AND SYNCHRONIZATION CHAOTIC SATELLITE USING ACTIVE CONTROL,” Int. J.
Comput. Appl., vol. 94, no. 10, pp. 29-33, 2022. doi: https://doi.org/10.5120/16380-5887

[8] A. Sambas, W. S. M. Sanjaya, M. Mamat, and R. P. Prastio, “MATHEMATICAL MODELLING OF CHAOTIC JERK
CIRCUIT AND ITS APPLICATION IN SECURE COMMUNICATION SYSTEM,” Adv. chaos theory Intell. Control, vol.
337, pp. 133-153, 2016. doi: https://doi.org/10.1007/978-3-319-30340-6

[9] A. Sambas, W. S. M. Sanjaya, and M. Mamat, “DESIGN AND NUMERICAL SIMULATION OF UNDIRECTIONAL
CHAOTIC SYNCHRONIZATION AND ITS APPLICATION IN SECURE COMMUNICATION SYSTEM,” J. Eng. Sci.
Technol., vol. 6, no. 4, pp. 6673, 2013.

[10] A. Ouannas, A. Karouma, G. Grassi, and V. Pham, “A NOVEL SECURE COMMUNICATIONS SCHEME BASED ON



https://doi.org/10.1175/1520-0469(1963)020%3c0130:DNF%3e2.0.CO;2
https://doi.org/10.1038/s41598-024-63779-1
https://doi.org/10.1016/j.chaos.2023.113396
https://doi.org/10.1109/TSMC.2017.2736521
https://doi.org/10.1016/j.physleta.2020.127040
https://doi.org/10.1016/j.chaos.2017.02.002
https://doi.org/10.5120/16380-5887
https://doi.org/10.1007/978-3-319-30340-6

BAREKENG: J. Math. & App., vol. 20(1), pp. 0541- 0556, Mar, 2026. 555

[11]

[12]

[13]

[14]

[15]
[16]

[17]

(18]
[19]
[20]
[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

CHAOTIC MODULATION , RECURSIVE ENCRYPTION AND CHAOTIC MASKING,” Alexandria Eng. J., vol. 60, no.
1, pp. 1873-1884, 2021. doi: https://doi.org/10.1016/j.aej.2020.11.035

Y. Luo, S. Tang, J. Liu, L. Cao, and S. Qiu, “IMAGE ENCRYPTION SCHEME BY COMBINING THE HYPER-
CHAOTIC SYSTEM WITH QUANTUM CODING,” Opt. Lasers Eng., vol. 124, p. 105836, 2020. doi:
https://doi.org/10.1016/j.optlaseng.2019.105836

A. Sambas, M. Mujiarto, M. Mamat, and W. S. M. Sanjaya, “NUMERICAL SIMULATION AND CIRCUIT
IMPLEMENTATION FOR A SPROTT CHAOTIC SYSTEM WITH ONE HYPERBOLIC SINUSOIDAL
NONLINEARITY,” Far East J. Math. Sci, wvol. 102, no. 6, pp. 1165-1177, 2017. doi:
https://doi.org/10.17654/MS102061165

X. Wang, Z. Lu, and C. Song, “CHAOTIC THRESHOLD FOR A CLASS OF POWER SYSTEM MODEL,” Shock Vib.,
vol. 2019, no. 1, p. 3479239, 2019. doi: https://doi.org/10.1155/2019/3479239

A. Sambas, M. Mamat, and W. S. M. Sanjaya, “DYNAMICS, ADAPTIVE BACKSTEPPING CONTROL AND CIRCUIT
IMPLEMENTATION OF SPROTT MO 5 CHAOTIC SYSTEM,” Int. J. Control Thery Appl., vol. 9, pp. 365-382, 2016.
A. Sambas , W. S. M. Sanjaya, and M. Mamat, “BIDIRECTIONAL COUPLING SCHEME OF CHAOTIC SYSTEMS
AND ITS APPLICATION IN SECURE COMMUNICATION SYSTEM,” J. Eng. Sci. Technol., vol. 8, no. 2, pp. 89-95,
2015.

Y. Hajnorouzali, M. Malekzadeh, and M. Ataei, “FINITE-TIME CONTROL OF SPACECRAFT AND HARDWARE IN
THE LOOP TUNING,” Asian J. Control, vol. 25, no. 1, pp. 262-270, 2023. doi: https://doi.org/10.1002/asjc.2770

M. Asadollahi, N. Padar, A. Fathollahzadeh, M. Javad, and M. Ehsan, “FIXED-TIME TERMINAL SLIDING MODE
CONTROL WITH ARBITRARY CONVERGENCE TIME FOR A CLASS OF CHAOQOTIC SYSTEMS APPLIED TO A
NONLINEAR FINANCE MODEL,” Int. J. Dyn. Control, vol. 12, pp. 1874-1887, 2024. doi:
https://doi.org/10.1007/s40435-023-01319-x

D. Guegan, “CHAOS IN ECONOMICS AND FINANCE DOMINIQUE GUEGAN HAL ID : HALSHS-00187885,” Annu.
Rev. Control, vol. 33, no. 1, pp. 89-93, 2018. doi: https://doi.org/10.1016/j.arcontrol.2009.01.002

L. M. Pecora and T. L. Carroll, “SYNCHRONIZATION IN CHAOTIC SYSTEM,” Phys. Rev. Lett., vol. 64, no. 8, p. 821,
1990. doi: https://doi.org/10.1063/1.4917383

E. Ott and J. A. Yorke, “CONTROLLING CHAOQS,” Phys. Rev. Lett., vol. 64, no. 11, pp. 1196-1199, 1990. doi:
https://doi.org/10.1002/asjc.2865

W. Souhail and H. Khammari, “SENSORLESS ANTI-CONTROL AND SYNCHRONIZATION OF CHAOQOS OF
BRUSHLESS DC MOTOR DRIVER,” Sci. reports, pp. 1-19, 2025. doi: https://doi.org/10.1038/s41598-024-80962-6

I. Ahmad and M. Shafig, “ROBUST ADAPTIVE ANTI-SYNCHRONIZATION CONTROL OF MULTIPLE
UNCERTAIN CHAOTIC SYSTEMS OF DIFFERENT ORDERS,” Automika, vol. 61, no. 3, pp. 396-414, 2020. doi:
https://doi.org/10.1080/00051144.2020.1765115

T. Bonny, W. A. Nassan, and A. Sambas, “COMPARATIVE ANALYSIS AND FPGA REALIZATION OF DIFFERENT
CONTROL SYNCHRONIZATION APPROACHES FOR CHAOS-BASED SECURED COMMUNICATION
SYSTEMS,” PLoS One, vol. 19, no. 1, p. 0291714, 2024. doi: https://doi.org/10.1371/journal.pone.0291714

L. Nie and X. Wang, “NEURAL-NETWORK-BASED ADAPTIVE CONTROL OF STRICT-FEEDBACK NONLINEAR
SYSTEMS WITH ACTUATOR FAULTS : EVENT-TRIGGERED COMMUNICATIONS STRATEGY,” Chaos, Solitons
and Fractals, vol. 181, no. January, p. 114626, 2024. doi: https://doi.org/10.1016/j.chaos.2024.114626

M. Asadollahi, A. R. Ghiasi, and M. A. Badamchizadeh, “ADAPTIVE SYNCHRONIZATION OF CHAOTIC SYSTEMS
WITH HYSTERESIS QUANTIZER INPUT,” ISA Trans., vol. 98, pp. 137-148, 2020. doi:
https://doi.org/10.1016/j.isatra.2019.08.043

W. Ao, T. Ma, R. Sanchez, and H. Gan, “FINITE-TIME AND FIXED-TIME IMPULSIVE SYNCHRONIZATION OF
CHAOQTIC SYSTEMS,” Sci. Direct, vol. 357, pp. 11545-11557, 2020. doi: https://doi.org/10.1016/j.jfranklin.2019.07.023
Z. Xu, D. Peng, and X. Li, “SYNCHRONIZATION OF CHAOTIC NEURAL NETWORKS WITH TIME DELAY VIA
DISTRIBUTED DELAYED IMPULSIVE CONTROL,” Neural Networks, vol. 118, pp. 332-337, 2019. doi:
https://doi.org/10.1016/j.neunet.2019.07.002

J. Yu, J. Lei, and L. Wang, “BACKSTEPPING SYNCHRONIZATION OF CHAOTIC SYSTEM BASED ON
EQUIVALENT TRANSFER FUNCTION METHOD,” Optik (Stuttg)., vol. 130, pp. 900-913, 2017. doi:
https://doi.org/10.1016/j.ijle0.2016.11.007

American Psychiatric Association, DIAGNOSTIC AND STATISTICAL MANUAL OF MENTAL DISORDER. Washington
DC: American Psychiatric Association, 2005.

R.Luo and Y. Zeng, “THE CONTROL OF CHAOTIC SYSTEMS WITH UNKNOWN PARAMETERS AND EXTERNAL
DISTURBANCE VIA BACKSTEPPING LIKE SCHEME,” Complexity, vol. 21, no. S1, pp. 573-583, 2016. doi:
https://doi.org/10.1002/cplx.21771

K. A. Alattas, J. Mostafaee, A. Sambas, A. K. Alanazi, and S. Mobayen, “NONSINGULAR INTEGRAL-TYPE DYNAMIC
FINITE-TIME SYNCHRONIZATION FOR HYPER-CHAOTIC SYSTEMS,” Mathematics, vol. 10, no. 1, p. 115, 2022.
doi: https://doi.org/10.3390/math10010115

I. Ahmad, A. Bin, A. Binti, and M. Shahzad, “THE SYNCHRONIZATION OF CHAOTIC SYSTEMS WITH DIFFERENT
DIMENSIONS BY A ROBUST GENERALIZED ACTIVE CONTROL,” Optik (Stuttg)., vol. 127, p. 94915, 2016. doi:
https://doi.org/10.1016/]j.ijle0.2015.12.134

H. Gritli, “ROBUST MASTER-SLAVE SYNCHRONIZATION OF CHAOS IN A ONE-SIDED 1-DOF IMPACT
MECHANICAL OSCILLATOR SUBJECT TO PARAMETRIC UNCERTAINTIES AND DISTURBANCES,” Mech.
Mach. Theory, vol. 142, p. 103610, 2019. doi: https://doi.org/10.1016/j.mechmachtheory.2019.103610

Q. Yao, “SYNCHRONIZATION OF SECOND ORDER CHAOTIC SYSTEMS WITH UNCERTAINTIES AND
DISTURBANCES USING FIXED-TIME ADAPTIVE SLIDING MODE CONTROL,” Chaos, Solitons and Fractals, vol.
142, p. 110372, 2020. doi: https://doi.org/10.1016/j.chaos.2020.110372

R. Chen, Z. Wang, and W. Che, “ADAPTIVE SLIDING MODE ATTITUDE-TRACKING CONTROL OF SPACECRAFT
WITH PRESCRIBED TIME PERFORMANCE,” Mathematics, 2022. doi: https://doi.org/10.3390/math10030401

J. Wu, “ROBUST ADAPTIVE FINITE-TIME AND FIXED-TIME SYNCHRONIZATION OF CHAOTIC SYSTEMS



https://doi.org/10.1016/j.aej.2020.11.035
https://doi.org/10.1016/j.optlaseng.2019.105836
https://doi.org/10.17654/MS102061165
https://doi.org/10.1155/2019/3479239
https://doi.org/10.1002/asjc.2770
https://doi.org/10.1007/s40435-023-01319-x
https://doi.org/10.1016/j.arcontrol.2009.01.002
https://doi.org/10.1063/1.4917383
https://doi.org/10.1002/asjc.2865
https://doi.org/10.1038/s41598-024-80962-6
https://doi.org/10.1080/00051144.2020.1765115
https://doi.org/10.1371/journal.pone.0291714
https://doi.org/10.1016/j.chaos.2024.114626
https://doi.org/10.1016/j.isatra.2019.08.043
https://doi.org/10.1016/j.jfranklin.2019.07.023
https://doi.org/10.1016/j.neunet.2019.07.002
https://doi.org/10.1016/j.ijleo.2016.11.007
https://doi.org/10.1002/cplx.21771
https://doi.org/10.3390/math10010115
https://doi.org/10.1016/j.ijleo.2015.12.134
https://doi.org/10.1016/j.mechmachtheory.2019.103610
https://doi.org/10.1016/j.chaos.2020.110372
https://doi.org/10.3390/math10030401

556

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Hamidzadeh, et al. CHAOS CONTROL IN PERMANENT MAGNET SYNCHRONOUS MOTOR BY SLIDING MODEL ...

WITH SMOOTH CONTROL,” Int. J. Robust Nonlinear Control, no. July 2020, pp. 1-15, 2021. doi:
https://doi.org/10.1002/rnc.5750

Y. N. Golouje and seyyed M. Abtahi, “CHAOTIC DYNAMICS OF THE VERTICAL MODEL IN VEHICLES AND
CHAOS CONTROL OF ACTIVE SUSPENSION SYSTEM VIA THE FUZZY FAST TERMINAL SLIDING MODE
CONTROL,” J. Mech. Sci. Technol., vol. 35, no. 1, pp. 31-43, 2021. doi: https://doi.org/10.1007/s12206-020-1203-3

M. Zhong, C. Huang, J. Cao, and H. Liu, “ADAPTIVE FUZZY ECHO STATE NETWORK OPTIMAL
SYNCHRONIZATION CONTROL OF HYBRID-ORDER CHAOTIC SYSTEMS VIA REINFORCEMENT
LEARNING,” Chaos, Solitons and Fractals, vol. 181, no. February, p. 114665, 2024. doi:
https://doi.org/10.1016/j.chaos.2024.114665

Z. Li, J. B. Park, Y. H. Joo, and B. Zhang, “BIFURCATIONS AND CHAOS IN A PERMANENT-MAGNET
SYNCHRONOUS MOTOR,” IEEE Trans. Circuits Syst. | Fundam. Theory Appl., vol. 49, no. 3, pp. 383-387, 2002. doi:
https://doi.org/10.1109/81.989176

Z. Jing, C. Yu, and G. Chen, “COMPLEX DYNAMICS IN A PERMANENT-MAGNET SYNCHRONOUS MOTOR
MODEL Q,” Chaos, Solitons and Fractals, vol. 22, no. 4, pp. 831-848, 2004. doi:
https://doi.org/10.1016/j.chaos.2004.02.054

Q. I. Dong-lian, W. Jia-jun, and Z. Guang-zhou, “PASSIVE CONTROL OF PERMANENT MAGNET SYNCHRONOUS
MOTOR CHAOTIC SYSTEMS,” J. Zhejiang Univ. Sci. Phys. Eng., vol. 6, no. 7, pp. 728-732, 2005. doi:
https://doi.org/10.1631/jzus.2005.A0728

M. Ataei, A. Kiyoumarsi, and B. Ghorbani, “CONTROL OF CHAOS IN PERMANENT MAGNET SYNCHRONOUS
MOTOR BY USING OPTIMAL LYAPUNOV EXPONENTS PLACEMENT,” Phys. Lett. A, vol. 374, no. 41, pp. 4226—
4230, 2010. doi: https://doi.org/10.1016/j.physleta.2010.08.047

H. H. Choi, “ADAPTIVE CONTROL OF A CHAOTIC PERMANENT MAGNET,” Nonlinear Dyn., vol. 69, pp. 1311-
1322, 2012. doi: https://doi.org/10.1007/s11071-012-0349-7

J. Hu, Y. Qiu, and H. Lu, “ADAPTIVE ROBUST NONLINEAR FEEDBACK CONTROL OF CHAOS IN PMSM
SYSTEM WITH MODELING UNCERTAINTY,” Appl. Math. Model., vol. 40, no. 19-20, pp. 8265-8275, 2016, doi:
10.1016/j.apm.2016.04.019. doi: https://doi.org/10.1016/j.apm.2016.04.019

A. Igbal and G. K. Singh, “CHAOS CONTROL OF PERMANENT MAGNET SYNCHRONOUS MOTOR USING
SIMPLE CONTROLLERS,” Trans. Inst. Meas. Control, vol. 41, no. 8, pp. 2352-2364, 2018. doi:
https://doi.org/10.1177/0142331218799830

Z. Sun, L. Si, Z. Shang, and J. Lei, “FINITE-TIME SYNCHRONIZATION OF CHAOTIC PMSM SYSTEMS FOR
SECURE COMMUNICATION AND PARAMETERS IDENTIFICATION,” Optik (Stuttg)., vol. 157, pp. 43-55, 2018. doi:
https://doi.org/10.1016/}.ijle0.2017.09.057

M. Zribi, A. Oteafy, and N. Smaoui, “CONTROLLING CHAOS IN THE PERMANENT MAGNET SYNCHRONOUS
MOTOR,” Chaos, Solitons and Fractals, wvol. 41, no. 3, pp. 1266-1276, 2009. doi:
https://doi.org/10.1016/j.chaos.2008.05.019

J. Zhang, J. Sun, H. Gu, H. Poloei, and A. Karami, “CONTROL OF PMSM CHAOS USING BACKSTEPPING-BASED
ADAPTIVE FUZZY METHOD IN THE,” Syst. Sci. Control Eng., vol. 9, no. 1, pp. 673-688, 2021. doi:
https://doi.org/10.1080/21642583.2021.1980130.



https://doi.org/10.1002/rnc.5750
https://doi.org/10.1007/s12206-020-1203-3
https://doi.org/10.1016/j.chaos.2024.114665
https://doi.org/10.1109/81.989176
https://doi.org/10.1016/j.chaos.2004.02.054
https://doi.org/10.1631/jzus.2005.A0728
https://doi.org/10.1016/j.physleta.2010.08.047
https://doi.org/10.1007/s11071-012-0349-7
https://doi.org/10.1016/j.apm.2016.04.019
https://doi.org/10.1177/0142331218799830
https://doi.org/10.1016/j.ijleo.2017.09.057
https://doi.org/10.1016/j.chaos.2008.05.019
https://doi.org/10.1080/21642583.2021.1980130

	CHAOS CONTROL IN PERMANENT MAGNET SYNCHRONOUS MOTOR BY SLIDING MODEL CONTROLLER WITH LYAPUNOV OBSERVER UNDER UNKNOWN INPUTS
	1. INTRODUCTION
	2. RESEARCH METHODS
	2.1 Mathematical Modeling of PMSM
	2.2 Chaos Verification Using Lyapunov Exponents
	2.3 SMC Design
	2.4 Numerical Simulation Using the RK4 Method

	3. RESULTS AND DISCUSSION
	3.1 Chaotic Permanent Magnet Synchronous Motor Model
	3.2 Sliding model control with Lyapunov observer
	3.3 Numerical simulation

	4. CONCLUSION
	Author Contributions
	Funding Statement
	Acknowledgment
	Declarations
	REFERENCES


