. mathematics

Article

Fixed-Time Adaptive Chaotic Control for Permanent Magnet
Synchronous Motor Subject to Unknown Parameters
and Perturbations

Qijia Yao (¥, Hadi Jahanshahi 2*, Stelios Bekiros 3-4(, Jinping Liu °

check for
updates

Citation: Yao, Q.; Jahanshahi, H.;
Bekiros, S.; Liu, J.; Al-Barakati, A.A.
Fixed-Time Adaptive Chaotic Control
for Permanent Magnet Synchronous
Motor Subject to Unknown
Parameters and Perturbations.
Mathematics 2023, 11, 3182. https://
doi.org/10.3390/math11143182

Academic Editors: Pedro Navas and
Bo Li

Received: 31 May 2023
Revised: 18 July 2023

Accepted: 19 July 2023
Published: 20 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Abdullah A. Al-Barakati ®

School of Automation and Electrical Engineering, University of Science and Technology Beijing,

Beijing 100083, China; gijia_yao@ustb.edu.cn

2 Institute of Electrical and Electronics Engineers, Toronto, ON M5V 3T9, Canada

3 Faculty of Economics, Management & Accountancy (FEMA), University of Malta, MSD 2080 Msida, Malta;
stelios.bekiros@um.edu.mt or s.bekiros@lse.ac.uk

LSE Health, Department of Health Policy, London School of Economics and Political Science,

London WC2A 2AE, UK

College of Information Science and Engineering, Hunan Normal University, Changsha 410081, China;
ljip@hunnu.edu.cn

Communication Systems and Networks Research Group, Department of Information Systems, Faculty of
Computing and Information Technology, King Abdulaziz University, Jeddah 21589, Saudi Arabia;
aaalbarakati@kau.edu.sa

*  Correspondence: jahanshahi. hadi@ieee.org

Abstract: It is well known that the permanent magnet synchronous motor (PMSM) exhibits chaotic
characteristics when its parameters fall within a certain range, which can lead to system instability.
This article proposes an adaptive control strategy for achieving the fixed-time chaotic stabilization of
PMSM, even in the presence of unknown parameters and perturbations. The developed controller is
synthesized by combining a parametric adaptive mechanism with a fixed-time control technique. The
stability analysis demonstrates that the system states under the developed controller can converge to
small neighborhoods around the equilibrium point within a fixed time. Thanks to the adoption of
the parametric adaptive mechanism, the developed controller is not only insensitive to unknown
parameters but also robust against perturbations. Finally, simulated studies are conducted to verify
and emphasize the effectiveness of the developed control strategy.

Keywords: permanent magnet synchronous motor; chaotic stabilization; fixed-time control; adaptive
control

MSC: 34C28; 37D45; 93C40

1. Introduction

Permanent magnet synchronous motors (PMSMs) play a crucial role in various indus-
trial applications. It is well-known that PMSMs can exhibit chaotic behavior when their
parameters fall within a certain range, which may lead to system instability. Ensuring
the safe operation of PMSMs requires the significant consideration of chaotic stabiliza-
tion [1-3]. Chaotic systems exhibit irregular and unpredictable dynamic behavior, which
is highly insensitive to initial conditions. To control or manipulate chaotic systems, two
main approaches are commonly used. The first approach involves using feedback control
techniques to regulate the system states from chaos to order. The second approach involves
estimating the system states using filtering techniques and then utilizing these estimates
for regulation. The chaotic stabilization of PMSMs falls under the first approach, where
appropriate feedback control is added to achieve the desired behavior. Various methods
have been extensively investigated for chaotic control, including adaptive control [4-6],
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backstepping control [7-14], sliding mode control [15-22], iterative learning control [23],
and intelligent control [24-35].

Notably, most of the above controllers can only achieve asymptotic stabilization or, at
best, exponential stabilization. In contrast, finite-time control can ensure that the system
states stabilize to zero or small neighborhoods around zero within a bounded settling
time. Finite-time control is mainly designed based on either the homogeneous system
theory [36] or the finite-time Lyapunov stability theory [37]. Finite-time controllers have
been utilized for the stabilization of chaotic systems in [38—46]. In [47], a finite-time adaptive
control scheme was implemented for the chaotic stabilization of PMSM with uncertain
parameters. Moreover, ref. [48] developed a terminal sliding mode controller for the
finite-time synchronization of fractional-order PMSM.

However, finite-time control has the disadvantage of having the settling time heavily
determined by the initial system states, which limits its practical application. Fortunately,
fixed-time control can overcome this weakness, as its settling time is bounded and in-
dependent of the initial system states. Fixed-time control is primarily designed based
on the bilimit homogeneous system theory [49] or the fixed-time Lyapunov stability the-
ory [50,51]. Fixed-time controllers have been developed for the stabilization of chaotic
systems in [52-57]. For instance, ref. [58] proposed a fixed-time adaptive control approach
for the stabilization of the Lorenz system, while a similar controller was applied to the
stabilization and synchronization of hyperchaotic Lii systems in [59]. However, these
studies [58,59] did not consider perturbations, and the performance of the controllers in
the presence of perturbations cannot be guaranteed.

Inspired by the aforementioned content, in this article, we propose an adaptive control
strategy for achieving the fixed-time chaotic stabilization of PMSM in the presence of
unknown parameters and perturbations. The developed controller is a combination of the
parametric adaptive mechanism and fixed-time control technique. The major contributions
of this work are two-fold.

e  The developed controller is designed within the fixed-time control framework. Stabil-
ity analysis demonstrates that the developed controller can ensure the system states
stabilize within a fixed time to small neighborhoods around the equilibrium point.

e  The parametric adaptive mechanism is incorporated into the developed controller
to estimate the unknown parameters and perturbations, respectively. Unlike the
controllers in [58,59], this design ensures that the developed controller is not only
insensitive to unknown parameters but also robust against perturbations.

The remainder of this paper is organized as follows: Section 2 describes the problem
and presents some preliminaries. Section 3 presents the main results. Section 4 conducts
the simulated studies. Finally, Section 5 summarizes the main conclusions.

2. Preliminaries and Problem Description
2.1. Preliminaries

The following lemmas can support to obtain the main results.
Lemma 1 (Ref. [51]). Consider the nonlinear system:
x=f(x), x(0) =0, x € R", (1)

where f(-) is a continuous function vector and R stands for the set of real numbers. If there is
a positive definite function V(x), such that V(x) < —pVP(x) — p2V7(x) + A, where p; > 0,
p2>0,0<p<1,g>1, and A > 0, then system (1) is practically fixed-time stable and V (x)
can stabilize to the following small neighborhood about zero:

iz < min{ <P1(1A_ 8))1' (pz(lA— 8))1}' (2)

=
&
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. . < 1 1
where 0 < & < 1, in fixed time T, < ore(1=p) + p2e(g—1)"

Lemma 2 (Ref. [60]). For x; € R, xp € R, p > 0,9 > 0, > 0, the following inequality is true:

_r
il al? < S E g e )

Lemma 3 (Ref. [60]). Forx; e R,i =1,2,...,n,0 < p <1,and q > 1, the following inequalities
are true:

n p n 1 n q n
Yolxl | < Ylxlf, a7 Y lxal ] < Yo |wl 4)
i= = i =

2.2. Problem Description
Referring to [1,2], the PMSM system can be expressed as

i = —ig+iqw,
ig = —ig — igw + Yyw, ®)
w=0(i;—w),

where i, is the quadrature-axis current, i; is the direct-axis current, w is the motor angu-
lar frequency, and <y and ¢ are the system parameters. When 7y = 20 and ¢ = 5.46, the
PMSM system has the chaotic characteristics. The chaotic phenomena are illustrated
in Figure 1 with the initial states set as i;(0) = 5, i;(0) = 1, and w(0) = —1. Let
iy = i'q = w = 0. Itis easy to find that the PMSM system has three equilibrium points

0(0,0,0), E* (19, V19, \@), and E- (19, —V19, —\@).

The PMSM system in the presence of controls and perturbations can be described as

i = —ig+iqw+uy +di,
lg = —ig — g+ YW+ up +do, (6)
w=0(ig—w)+uz+ds,

where 11, up, and u3 are the control inputs and dq, dp, and d3 are the perturbations. The
parameters 7y and ¢ and the perturbations d;, d>, and d3 are supposed to be unknown in
the control design.

35

Figure 1. Cont.
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(c) (d)

Figure 1. Chaos of the PMSM system: (a) projection on the XYZ space; (b) projection on the XY plane;
(c) projection on the YZ plane; (d) projection on the ZX plane.

The objective is to develop an appropriate controller such that the system states can
stabilize to the small neighborhoods about the specific equilibrium point in fixed time.

3. Main Results

The main results are provided in this section. First, the controller is developed for the
chaotic stabilization about the equilibrium point O(0,0,0). Then, the controllers for the

chaotic ~ stabilization about the equilibrium points ET (19, V19,V 19) and
E~ (19, —/19, —+/ 19) are designed in a similar way.

3.1. Chaotic Control about O(0,0,0)

Theorem 1. For PMSM system (6), if the fixed-time adaptive controller is developed as

uy = —kllsigp<id) — klzsigq(id) + id — iqw — dAl, A
Uy = —koysigl (ig) — kapsig? (ig) + i + igw — Jw — da, 7)
uz = —kzsigl (w) — kapsig?(w) — & (iy — w) — ds,

where k]] >0, k]z >0, k21 >0,ky»n >0, k31 >0, k32 >0,0< p < 1, q > 1, ’?, o, dAl, dAz, and
ds are the estimations of vy, o, dy, do, and ds, sigF () is defined as sig” (x) = |x|Psgn(x), and the
parametric adaptive mechanism is provided as

’:AY = =1y + wig,
0= 10+ 12 (i — w)w,
f1 = —na1d1 + 320y, (8)

5

= —Ha1d> + iy,
dy = *775153 + 152w,

where 11 > 0, 1710 > 0,121 > 0,720 > 0,431 > 0, 1130 > 0, 1121 > 0, 7120 > 0, 151 > 0, and
#j52 > 0, then the system states can stabilize to the small neighborhoods about the equilibrium point
0(0,0,0) in fixed time.

Proof. The Lyapunov function is involved as

1 1 1 1 1 1 1 1
V=24 2+ -w?+ ¥+ 72+ a2+ a2 + a2, 9
24T 2T ) 2112 2122 20 ' 2 2 2 )
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V:

id(_id + iqw +uq + d]) + iq(—iq

where 7, 7, dl, dy, and d3 are the estimation errorsof y =y — 4,0 =0 — 7, d1 =dy —dy,
d2 =dy —dy, and d3 =ds — ds. Evaluating the time differentiation of V yields

zdw+’yw+u2+d2)+w( (q w) + us + d3)

(10)
dady — L L dyds.

Lyg— Lo — *dldl

’712 22

Substituting the fixed-time adaptive controller (7) and the parametric adaptive mechanism
(8) into (10), we have

ig (*knsigp(l’d) — klzsigq(id) + 6?1) + iq <fk21sigp ( ) — kzzsigq (Zq) + yw + CTQ)
w(—karsig? (w) — Kaasigl (w) + & (iy = w) +d3 ) — ;7 (~11 + f12ige0)

_7]%0’( 7210 + Uzzw(iq — w)) — @tih( 1731611 + 77321d> (11)
*,7% (*1741d2 + 7742iq) - (*7751013 + 1152w>
*k11|ld|p+ *k12|ld|q+l k2 ’Z | *k ‘lq|q —k31|w|p+l—kgz|w|"“
+ZE Yy + Zi o0 + ’731 dldl + ’741 d2d2 + ’751 d3d3
It is not dlfflcult to derlve the followmg inequalities:
M1 ~ 4 1 11
—7y < - + , 12
mw 2 27 217127 (12)
121 ~ 4 21 2 21 o
=00 < — o+ —0", 13
22 21122 2122 13)
31 5 » 31 2, 731 »
didy < —L2df + 2, (14)
732 b 212 1 2
Mg, < - Mgz 1M p (15)
42 27742 2142
51 7 » 51 7, 151
—d3dy < ————d5 + —dj, (16)
Ms2 o0 25 0 2z
Substituting the above inequalities into (11), we have
V= kgl = knaligl "™ — ka]ig|" ko |l | — kg 0]~ ks w] T
pTH i 2 % 1 2 p2 21 =2 ;1
~. 11 = 21 % >~
() 7 () 7 - () T - ()
Pl g1 Pl g1 (17)
_ ﬂi(;&) z _(Wijﬁ) Z _(ﬂjﬁ) 2 _(ﬂcﬁ) z
(4’732 1 » dn3 71 » dnp 2 dngp 2
r q
51 72\ 2 11 2\ 2
() T - (4 B) T +a
where A is defined as
_ N 32 N 32 _ o1 z2 21 121
A= (4’7127 ) + ( 77127 » 277127 t1(477220 ) (47722 2
? g+l
i1~ 1 2\ 2 731 2\ 2 _ 131 AZ 4 32 =n 18
27 + (4’732 dl) + (47732d ) 2'732d (+4’742d ) (18)

M P\ 2 P st 2\ 2 151 2\ 2 _ 151 2
+<4,]42d) d +( d) +(4,752d) o1 2.
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ptl q+1
Consider the item (AL52) * + (/AL52) * — L3524 the above inequality. Two cases
412 7 Lot 2112 7 q Y

are discussed in the sequel. For the case that 4'7;71112 'yz > 1, we have
p£l q+1 q+1
For the case that 477%'72 < 1, recalling Lemma 2, we have
pil q+1 pil _

where p = pTH Construct a compact set ®; satisfying ®; = {7 € R||y| < 61}, where
61 > 0. Combining (19) and (20), we have the following inequality:

1 g+l
M1 ~2\ 2 < 11 ~2> z mi ~
LS + [ 1= <u, 21
(417127> 4}7127 " 2m S5 < (21)

where y; is defined as

P
p = g+l (22)
M2\ 2 _ M1 p2 12
(4’7129 ) 4771291’ 01 2 2\/ i’

Likewise, the following inequalities can be easily derived:

! 1
21 ~2 21 ~2 7721
=5 + > <, 23
(4’722 ) (47722 ) 27722 =2 (23)
s 1
1131 P2 131 3 7731
2= d < us, 24
(4'732 1) (4’732 1) 23 B < s @
£ 12
41 7 M4 41 7
—=d d — ———d5 < uy, 25
( 142 ) (47742 ) 2y 2 Ha @)
(’751 “z) = (7751 &2)@1 S (26)
415y 415y 25 0

Substituting the above inequalities into (17) and recalling Lemma 3, we have
. p+1 q+1 —
V< —pVZ —pV'ZT £+, (27)

where p1, p2, and A are defined as

pil il pil il pit
- mm{z 2t () ()7 0) T (0L e
P k e k Zﬂk M2 s 22 o 32 s Na2 5 152 S 29
p2 =82 min 122 5 K2 32’(2) (2) (2) (2) (2) ' @9)

M1 2, M2 o2+ 131 d2 41 d%+ 7151 A2 (30)

A =1+ o+ p3+ pa+ ps + + '
U1+ U2 — U3 T U4 T U5 27]127 21722 21/]32 21742 27752 3
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By Lemma 1, the closed-loop system is practically fixed-time stable and V can stabilize to
the following small neighborhood about zero:

N N
V < min 7A , 7A , 31)
p1(1—¢) p2(1 —e¢)
s . 2 2 . e
where 0 < ¢ < 1, in fixed time, T, < ore(1=p) + NZECEE Recalling the definition of V,

it follows that all error variables i4, iy, w, 7, 0, dl, dz, and d3 can stabilize to the small
neighborhoods about zero in fixed time. This completes the proof. [J

3.2. Chaotic Control about E*+(19,/19,v/19) and E~ (19, ~ /19, ~ 1)
Similarly, the controllers for the chaotic stabilization about the equilibrium points

E* (19,\/@,\/@) and E— (19,—\ﬁ,—\/ﬁ) are provided in Theorems 2 and

3, respectively.
Theorem 2. For PMSM system (6), if the fixed-time adaptive controller is developed as

u = *knsigp(id — 19) — klzsigq(id — 19) + id - iqw — d},
—koysigl (ig — V19) — kapsig? (ig — V/ 19) +ig +igw — Jw — dy, (32)
Uz = fk3lsigp w — \/E — k3zsigq w — \/E) — &(iq — w) — dA3,

Us

and the parametric adaptive mechanism is provided as

= —’7117+7712w( \/E)
&= —1010 + 12 (ig — w) (w — \@)
L:{ —n31dy + 32 (ig — 19), (33)
dy = —nnda + 7742( \/ﬁ>
ds = —151d3 + 152 (w - \/E),

then the system states can stabilize to the small neighborhoods about the equilibrium point

ET (19, V19, \/ﬁ) in fixed time.

Theorem 3. For PMSM system (6), if the fixed-time adaptive controller is developed as
uy = —knsigp(id — 19) - klzsigq(id - 19) + id - iqw - dAl,
upy = —kysigh ( iy + V19) — kopsigh iy + /19 ) + iy + igw — Jw — do, (34)
Uz = —k31Sigp w + \/ﬁ - kgzsig" w + \/E - 5’(1',7 - ZU) - d3,

and the parametric adaptive mechanism is provided as

= —’7117+7712w< + \/E)

= —110 + 122 (ig — )(w—i-\/ﬁ),

= —nad1 + 13(ias — 19), (35)
= —nad> + 1 (lq 19 )

073 —1514d3 + 7752 (w + \/E),

&.)' &0
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then the system states can stabilize to the small neighborhoods about the equilibrium point

E~ (19, —V/19, —\/E) in fixed time.

Remark 1. It is worth noting that perturbations were not considered in [58,59], and as a result, the
performance of the controllers in those studies in the presence of perturbations cannot be guaranteed.
In contrast, in this article, we have embedded the parametric adaptive mechanism (Equation (8))
to estimate the unknown parameters and perturbations. This design ensures that the developed
controller is not only insensitive to unknown parameters, but also robust against perturbations.

Remark 2. The dynamic behavior of chaotic systems, such as the PMSM system, is irregular,
unpredictable, and highly insensitive to initial conditions. Due to this inherent nature, achieving
complete stabilization of chaotic systems is impossible. In fact, the developed controller cannot
stabilize the attractor itself but can only guide the system states to achieve the desired behavior.

4. Simulated Studies

Simulated studies are carried out to demonstrate the developed control strategy in this
section. Without loss of generality, we take account of the chaotic stabilization about the
equilibrium point O(0, 0, 0). The following simulations are deployed though two scenarios.
Scenario 1 is the performance comparisons and Scenario 2 is the fixed-time stability tests.

4.1. Performance Comparisons

In Scenario 1, the performance comparisons are made to show the advantages of the
developed controller. In the simulations, the parameters are set as v = 20 and ¢ = 5.46, and
the perturbations are given as d; = 0.2sin(0.8t), d» = 0.3 cos(0.9t), and d3 = 0.2sin(0.9¢).
The parameters and perturbations are supposed to be unknown in the control design. The
initial system states are chosen as i;(0) = 1, i;(0) = 3, and w(0) = —2.

Besides the developed controller (7), the existing linear feedback controller is also
utilized for comparisons, which is presented as

up = —kqig,
Uy = —kziq, (36)
Uz = —k3w,

where k1 > 0,k, > 0, and k3 > 0.

In the simulations, the parameters of the developed controller (7) are made as k17 = 10,
k12 =10, k21 =10, k22 =10, k31 =10, k32 =10, p = 9/11, q= 13/11, m1 = 0.01, N2 = 1,
N1 = 0.01, N = 1, n31 = 0.01, N3 = 1, N41 = 0.01, N4 = 1, 51 = 0.01, al‘ld}\ 52 = 1.
The initial values of the adaptive parameters are set as §(0) = 18, 6(0) = 5, d1(0) = 0,
d>(0) = 0,and d3(0) = 0. The parameters of the existing controller (36) are made as k; = 12,
kz = 12, and k3 =12.

The simulation results of Scenario 1 are given in Figures 2—4. Specifically, Figure 2
shows the time history of the system states. It is desirable that both the developed and
existing controllers can fulfill the chaotic stabilization successfully. Quantitatively, the
steady-state state errors iy, i, and w under the developed controller are within the ranges
of £0.008, £0.016, and +0.01, and under the existing controller are within the ranges of
£0.02, £0.06, and £0.04. The existing controller can attain the much larger steady-state
state errors than the developed controller. This implies that the stabilization performance
of the developed controller is better than that of the existing controller in terms of higher
control accuracy. The time history of the control inputs is presented in Figure 3. The control
inputs under the existing controller even have a larger magnitude than those under the
developed controller. This means that comparisons are quite fair or at least not partial
to the developed controller. Figure 4 gives the time history of the adaptive parameters.
These adaptive parameters are changing smoothly with time. Owing to the utilization of
the parametric adaptive mechanism, the developed controller is not only insensitive to
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unknown parameters but also robust against perturbations. By contrast, the disturbance
rejection property of the existing linear feedback controller is really poor.

1 T T T T T T T T T
Developed controller
= = = - Existing controller
505 ,
\
ol
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
3 T T T T T T
2 005~ ~ AN |
0 N Y
o
- -0.05 AU |
k 0 2 4 6 8 10
0 |
1 1 1 1 1 1 Il Il 1
0 1 2 3 4 5 6 7 8 9 10
T T T T T T
ok
05 ( 0.04 g
0.02f,” =« IEREN
/.
; -1 0 N .
-0.02 A
1.5F 004 4
0 2 4 6 8 10
_2 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

O C T T T T T T T T T
-5 02 |
> 0
-10F Developed controller | |
02 2 4 6 s 10 |= = = -Existing controller
_15 1 1 1 Il L Il 1 1 1
0 1 2 3 4 5 6 7 8 9 10
oF T T I I - T T T
-10 ( _ i
'
~ 05 EN
s 20} 0 . i
’ 7
30f  0s<.’ -’ _
o 2 4 6 8 10
_40 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
30 T T T T T T
PakY
20 F 0-5 J
™ hy 7 \
S 028 Nt
10 K -0.4 |
0 2 4 6 8 10
0k T r T -
0 1 2 3 4 5 6 7 8 9 10

Figure 3. Control inputs (Scenario 1).
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5c"'."'.""."'\'"T"T"'."'T"'."'_
0 1 2 3 4 5 6 7 8 9 10
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02 T T T T T T 1_
---hath2
(U LT hatd., |7
1 e °
0.1 Teemem==-mTT T
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0.05'[ e ——
0._ 4
-0.05 F 3
_01 1 1 1 Il 1 1 1 Il 1

Figure 4. Adaptive parameters (Scenario 1).

4.2. Fixed-Time Stability Tests

In Scenario 2, the tests with different initial system states are provided to exam-
ine the fixed-time stability capability of the developed controller. Three groups of ini-
tial system states are considered. In Group 1, the initial system states are chosen as
ig(0) = 1,14(0) = 3, and w(0) = —2. In Group 2, the initial system states are chosen as
ig(0) = —1.5,i4(0) = —0.5,and w(0) = 1. In Group 3, the initial system states are chosen
asiy(0) = 3,i;(0) = —2.5,and w(0) = 2.5. In Group 4, the initial system states are chosen
as i3(0) = —2.5, ig(0) = 2, and w(0) = 0.5. The perturbations and parameters of the
developed controller (7) are chosen in the same way as those in Scenario 1.

The simulation results of Scenario 2 are provided in Figures 5 and 6. It is clearly
seen that the developed controller can realize the chaotic stabilization within the similar
settling time T, = 0.25 s in the presence of different initial system states. This means that
the settling time is bounded and particularly the upper bound is irrelevant to the initial
system states. Therefore, it can be derived that the developed controller has the fixed-time
stability capability.



Mathematics 2023, 11, 3182

11 0f 14

4 1 ! ' Group 1
== =:Group 2
2 0 ———— Group 3| 1
d e e,
_© k 0 02 04 Group 4
or¥
3
-2 3 1 1 1 1 ]
0 5 6 7 8 10
4 T T
1
2t 0L - = 1
1 v
i 0 02 0.4
op
U
_2 L Il 1 Il 1 ]
0 4 5 [§] 7 8 10
1 T T T T
2F 5 |
0 f—_
1 ,
3 " 02 04
ENC - :
B _
2 1 1 L L
0 4 5 5] 7 8 10
t(s)
Figure 5. System states (Scenario 2).
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Figure 6. Control inputs (Scenario 2).
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5. Conclusions

This article addresses the fixed-time chaotic stabilization of PMSM subject to unknown
parameters and perturbations by developing an adaptive control strategy. The developed
controller is synthesized by combining it with the parametric adaptive mechanism under
the fixed-time control framework. Stability analysis demonstrates that the system states
under the developed controller can stabilize within fixed time to small neighborhoods
around the equilibrium point. A distinctive advantage of the developed controller is its
insensitivity to unknown parameters and robustness against perturbations. Finally, the
developed control strategy is verified and highlighted through simulated studies.
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