AIMS Mathematics, 11(8): 26590-26612.
DOI:10.3934/math.20261066
AIMS Mathematics Received: 21 May 2026

Revised: 03 August 2026

Accepted: 05 August 2026
https://www.aimspress.com/journal/Math Published: 25 August 2026

Research article

Predefined-time fractional-order sliding-mode control for UAV attitude
tracking under disturbances

Saim Ahmed'**, Ahmad Taher Azar'? and Rozaimi Ghazali**

' Automated Systems and Computing Lab (ASCL), Prince Sultan University, Riyadh, Saudi Arabia
2 College of Computer and Information Sciences, Prince Sultan University, Riyadh, Saudi Arabia

3 Centre for Robotics and Industrial Automation (CeRIA), Fakulti Teknologi dan Kejuruteraan
Elektrik (FTKE), Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya 76100, Durian Tunggal,
Melaka, Malaysia

* Correspondence: Email: sahmed @psu.edu.sa, rozaimi.ghazali @utem.edu.my.

Abstract: Unmanned aerial vehicles (UAVs) are important for various civil and industrial tasks,
including package delivery, crop inspection, and disaster assessment. These applications require
precise course tracking and reliable performance under adverse weather conditions, including high
winds, payload variations, and modeling uncertainties. Classical robust control methods, such as
sliding mode control (SMC), are widely favored for their robustness against uncertain dynamics.
However, conventional SMC suffers from chattering and may exhibit relatively slow convergence.
Finite-time sliding-mode control (FTSMC) algorithms improve the convergence rate; however,
their settling time depends on the initial conditions. Predefined-time fractional-order sliding mode
control (PFSMC) ensures state convergence within a designer-specified interval. In this paper, a
comprehensive study of the PESMC for UAV systems is presented. A dynamic model of the UAVs
is presented, a control rule with predefined time guarantees is proposed, and a Lyapunov theory is
used to guarantee stability. The proposed PFSMC is simulated and compared with FTSMC, fixed-
time SMC (FxSMC), and fractional FxSMC (FFxSMC), demonstrating improved robustness, tracking
performance, and reduced chattering. The results show that the PESMC is an optimal control method
for UAV systems when robustness and predefined-time guarantees are required.
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1. Introduction

Over the last ten years, unmanned aerial vehicles (UAVs) have evolved from experimental
prototypes to important tools for both civilian and military applications [1]. They are suitable for a
wide range of applications, including infrastructure inspection, environmental monitoring, package
transportation, border surveillance, and aerial cinematography, owing to their flexibility, vertical
takeoff capability, and relatively low deployment cost. As this becomes increasingly important, there is
a considerable need for control methods that ensure accuracy and robustness, especially in challenging
environmental conditions [2].

A main control problem arises from the strongly coupled nonlinear and underactuated dynamics of
the quadrotor UAV design [3]. This complexity is further compounded by operational issues such as
wind turbulence, varying payload distributions, actuator delays, and external noise. Standard linear
controllers such as PID, H,,, and LQR are simple to implement, but often their performance suffers if
the system deviates from the nominal equilibrium condition [4,5]. This has led to an increasing interest
in robust nonlinear control approaches.

Sliding mode control (SMC) has been widely recognized for its robustness against matched
disturbances and modeling uncertainties [6]. The fundamental principle of SMC is to drive the
system states to a carefully designed sliding surface and maintain them there using a discontinuous
control law. Once the system reaches the sliding surface, the resulting sliding dynamics become
insensitive to matched uncertainties and disturbances. However, conventional SMC generally cannot
fully compensate for unmatched uncertainties, thereby still affecting system performance. Despite
these advantages, SMC has several limitations. The most prominent is the well-known phenomenon of
chattering, in which high-frequency oscillations in the control signal can cause mechanical wear, excite
unmodeled dynamics, or degrade actuator performance. To mitigate this issue, numerous techniques,
including higher-order sliding mode control and boundary-layer approaches, have been proposed, each
providing a different tradeoff between robustness and control smoothness.

Fractional calculus is an extension of the classical calculus where differentiation and integration
are generalized to arbitrary (noninteger) orders [7, 8]. It has become a powerful mathematical tool
in control system design due to its capacity to improve robustness, transient response, and tracking
performance [9]. Fractional-order sliding mode control is an extension of the classical sliding mode
control that uses fractional-order derivatives and integrals, which provide more design flexibility [10].
The fractional operators have nonlocal memory properties in contrast to the integer-order operators,
which helps to understand the inherited and frequency-dependent behavior of UAVs under the effect
of aerodynamic disturbance more efficiently [11, 12]. Thus, the addition of fractional-order sliding
surfaces to the sliding mode control scheme improves robustness, reduces chattering, and enhances the
accuracy of the trajectory tracking.

Motivated by the theory of finite-time stability, finite-time sliding mode control (FTSMC) was
developed to ensure that system trajectories converge to the equilibrium within a finite time rather
than asymptotically [13]. Compared with conventional sliding mode control, FTSMC improves
convergence speed and robustness against disturbances. However, its settling time remains dependent
on the initial conditions, making it difficult to establish a priori convergence bounds. To overcome
this limitation, fixed-time and faster fixed-time control strategies have been developed to guarantee
convergence within a prescribed upper bound that is independent of the initial states. These
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approaches have been successfully applied to a wide range of nonlinear mechanical systems, including
Euler—Lagrange systems, robotic manipulators, and autonomous surface vessels [14—-16].

More recently, prescribed-time and predefined-time control strategies have emerged as promising
approaches for mission-critical operations requiring explicit, user-defined temporal boundaries, such
as close-proximity drone swarms or automated collision avoidance [17, 18]. By decoupling the
maximum settling time parameter from both the initial system states and internal control gains,
predefined-time sliding mode techniques ensure deterministic convergence within a predefined
time [19]. Although predefined-time fractional-order sliding mode control has demonstrated promising
theoretical performance in recent years [20], its application to quadrotor UAV attitude control remains
limited. Existing studies primarily consider generic nonlinear systems or robotic manipulators and
seldom address the coupled nonlinear dynamics, aerodynamic disturbances, and robust transient-
performance requirements inherent to UAV platforms. Moreover, few investigations provide
an integrated framework encompassing controller synthesis, Lyapunov-based stability analysis,
and systematic comparisons with established finite-time and fixed-time sliding mode controllers.
Therefore, the development of an efficient PFSMC strategy that guarantees deterministic tracking
performance for nonlinear quadrotor UAVs remains an open research challenge.

To better illustrate the motivation for the proposed controller, the main characteristics of
representative sliding mode control strategies are summarized below:

e Classical SMC: Employs integer-order sliding surfaces and provides robust performance against
matched uncertainties. However, it does not exploit fractional-order memory characteristics and
often suffers from severe chattering due to high-gain discontinuous switching. Depending on the
sliding manifold design, the tracking error exhibits asymptotic convergence (t — o).

e Finite-time SMC (FTSMC): Guarantees state stabilization within a finite time, thereby
improving transient performance over asymptotic approaches. Nevertheless, the calculated
settling time depends explicitly on the initial conditions x(0), and the discontinuous control action
can still induce undesirable chattering.

e Fixed-time SMC (FxSMC): Ensures tracking convergence within a uniformly bounded time
independent of the initial conditions, where the upper limit is determined strictly by the controller
parameters. However, it relies on standard integer-order derivatives and lacks memory features to
capture past system history.

e Proposed PFSMC: Achieves predefined-time convergence by ensuring that the tracking error
fully settles within a user-specified time parameter 7,, completely independent of x(0).
Furthermore, by incorporating fractional-order operators, the controller exploits nonlocal memory
effects to improve transient accuracy. Crucially, the low-pass smoothing properties inherent to the
fractional integration phase significantly attenuate high-frequency chattering without sacrificing
robust disturbance rejection.

The main contributions of this work are summarized as follows:

1) A predefined-time fractional-order sliding mode controller is developed for nonlinear quadrotor
attitude dynamics. The proposed controller explicitly accounts for the coupled nonlinear
attitude dynamics and bounded aerodynamic disturbances encountered in UAV applications,
demonstrating the applicability of predefined-time fractional-order control to nonlinear quadrotor
UAV attitude dynamics.
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2) A sliding manifold guaranteeing predefined-time convergence is constructed by incorporating
fractional-order operators. The proposed design exploits the nonlocal memory properties of
fractional calculus to improve transient-tracking accuracy while mitigating chattering without
compromising robustness.

3) Sufficient stability conditions are derived using Lyapunov theory to prove that all closed-loop
tracking errors converge within a predefined time independent of the initial conditions.

4) Extensive numerical studies under reference-tracking and disturbance scenarios demonstrate that
the proposed PESMC consistently outperforms finite-time SMC, fixed-time SMC, and fractional-
order fixed-time SMC in terms of tracking accuracy, control smoothness, disturbance rejection,
and convergence within the predefined time.

The rest of the paper is organized as follows: Preliminaries are given in Section 2. Section 3
examines the model and its operation. Section 4 describes the proposed PFSMC design. Section 5
investigates closed-loop stability research employing Lyapunov theory. Section 6 presents simulations
that support our method. The conclusion is given in Section 7.

2. Preliminaries

Lemma 1. [21] It is found that the Lyapunov function £(x) is predefined-time stable for the initial
condition L if

L) € -1 L0 - e L)'
where ¢y,c; > 0, and 0 < 7 < 1. The predefined settling time is given by

T,=— (2.1)

m\ei6

Remark 1. The predefined-time stability criterion established in Lemma 1 offers a significant advantage
over conventional finite-time and fixed-time stability frameworks. In finite-time control, the settling
time depends explicitly on the initial conditions and generally increases with larger initial state
deviations. Fixed-time control overcomes this limitation by guaranteeing convergence within a uniform
upper bound independent of the initial conditions. However, this upper bound is typically determined
by multiple coupled controller parameters, making it less intuitive to satisfy specified mission-time
requirements through controller tuning. In contrast, Lemma 1 provides an exact, explicit relationship
that directly assigns and computes the predefined convergence time T,. Consequently, the system states
are guaranteed to converge to the equilibrium within the predefined time T, establishing a direct link
between controller design and mission-specific timing requirements for UAV applications.

Lemma 2. [22] The inequalities for v; can be given as follows:

Loy

n n 2
> il > (Z |Vi|2) , if0<np<l

i=1

n n n
2 vl > nl_"(z |Vi|) s ifn>1
i=1 i=1

i=1

(2.2)

Definition 1. [23] Fractional calculus is frequently used employing the Riemann—Liouville (RL)
formulation. The fractional integral and derivative are thus defined as
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1 )
Ty = —— [ L0
Ha) ¥ (t=p) (2.3)
,Z)o-f(l):df(t): 1 ifl f(P) o
e dt (1 -o)dt’e (t-p)”
withm — 1 <o <m, m € N. I'() is the Euler gamma function, and it is given by
[(o) = f et dt
0
whereas 7 is the fractional-order integral, and D is the fractional-order derivative.
Property 1. [12] The Riemann—Liouville derivative corresponds to the subsequent equality:
DD f(1) = f(©) (2.4)

3. System dynamics

The quadrotor UAV is modeled as a rigid body, exhibiting rotational motion defined by three
degrees of freedom: roll, pitch, and yaw angles [24]. The dynamics of attitude control are inherently
nonlinear and significantly interconnected under uncertainty. A detailed mathematical model of
attitude dynamics is essential for developing robust attitude control methods. Figure 1 illustrates the
relationship between the body coordinate system and the inertial coordinate system.

) 4
f2 A

h

g

Op

X
0, !
Y

Figure 1. Quadrotor inertial and body coordinate diagram.

3.1. UAV attitude dynamics

Assumption 1. The quadrotor is considered a perfectly symmetric rigid body, with its center of mass
precisely aligned with its geometric center of gravity.
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Assumption 2. The variation in propeller dynamics during rotation is ignored, and the motor’s reverse
torque is not considered.
The torque balance equation that controls the quadrotor UAV’s attitude motion, according to rigid
body dynamics, is written as
M=Ilw+ wX (lw) 3.1

Here, I represents the moment of inertia matrix of the quadrotor, and w = [p, g, r]” designates the
angular velocity vector, where p, g, and r correspond to the angular velocities around the body-fixed
axes X, Y5, and Z,, respectively. The symbol M represents the resultant control moment exerted on
the quadrotor.

We can write the control moment parts along the three body-fixed axes as follows:

Mx pr - (I) - Iz)qr
M,|=1|l,g-U,-1)rp|. (3.2)
Mz Izi’ - (Ix - Iy)pq

Here, the quadrotor is symmetric, the inertia matrix is diagonal, and is given by
I = diag(ly, I, I) (3.3)

where I, I, and I, represent the moments of inertia about the body-fixed axes X,, Y;, and Z,,
respectively.

Assuming that the angles of the attitude change only slightly near the equilibrium point, we can
simplify the change from the motor speed-dependent control inputs to the physical moments acting on
the quadrotor airframe and write it as

Uy Mx
wo| = | M, 34
I/tw MZ

Taking into account aerodynamic drag moments and external disturbances affecting the propellers in
flight, the disturbance torque vector is characterized as

_IrKl¢

Md = —Iere (35)
_IrK3'72’

Remark 2. Approximating the aerodynamic drag torque M, as a linear function of the angular
velocity is a reasonable assumption for quadrotor UAVs operating in hover and moderate flight
conditions, where low-frequency rotational damping dominates the aerodynamic behavior. More
complex aerodynamic phenomena, including quadratic drag, blade flapping, and wind-induced effects,
are lumped into the disturbance term d;. Because UAVs operate within a finite flight envelope, these
unmodeled dynamics and external disturbances can reasonably be assumed to be bounded, that is,
|d;] < Z. Under this assumption, the proposed PFSMC is designed to robustly compensate for
these bounded uncertainties, thereby preserving closed-loop stability and tracking performance without
requiring an exact model of the high-speed aerodynamic effects.
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The dynamics of UAVs are represented as follows [24]:

Louy (L-L).. LK,
=2_ o — d
¢ 1. . IXI) 1 IIIX(¢+ 1
.U = - Ky
h="20_ Chy— 20+ d, (3.6)
Iy (IIy I) I)’
_I/tl/, y —1x) .. IL.K;5 .
= Iz IZ (]56 IZ !,0+d3

where the following hold:
e ¢ is the roll angle
e 0 is the pitch angle
e  is the yaw angle
e ], is the constant of inertia of the propeller
e /., . are the moments of inertia
e K3 are the coefficient of air resistance
® U0, are the control inputs
e d,,d,, d; are the external disturbances and bounded as |a’1,2,3| < Ewith E > 0.

3.2. Control objective

The main goal of the control system is to keep track of and stabilize the roll angle ¢, pitch angle
0, and yaw angle . This suggests that we desire the real states to move closer to the reference
trajectories we seek:

* ¢ — du(t)
e — 6,01
* Y — Yu(t)
where ¢,(1), 6,(t), and ¥,(t) represent the target angles. Classical SMC guarantees robustness

but is deficient in predefined convergence time. The proposed PFSMC will ensure convergence within
a predetermined horizon T, irrespective of the initial inaccuracy.

4. Predefined-time fractional-order SMC design
The PFSMC design integrates the principles of sliding manifolds, reaching laws, and Lyapunov
analysis. The fundamental concept is to develop a sliding variable whose dynamics are regulated by a

nonlinear reaching law that satisfies predefined stability characteristics.

4.1. Tracking error dynamics

The tracking errors are defined as follows:

AIMS Mathematics Volume 11, Issue 8, 26590-26612.



26597

S‘¢=<l.5—¢.5d,§e=e—gd,§‘w=9{’—é'0d
§‘¢:<_ff—¢'d,§'a=q—9d,s"w=le—lkd
So=P—a,$0=0-04,8 =¥ — Yy

4.2. Predefined-time fractional-order sliding surface

For ¢, 6, andy, we construct a sliding surface s such that driving s to zero guarantees the
convergence of the tracking error ¢ and its derivative ¢ to zero. We are going to establish the suggested
predefined sliding surfaces as

1+ .
sy = D¥ey + /1¢IZ)"‘1|6¢| ﬁ¢s;gn(e¢)

¢ 4.1
+/l¢22)"‘1|e¢|1 ﬁ¢sign(e¢)
sy = D¥ey + /191@\/_] |e9|”ﬁ"sign(ee) (4.2)
+ 25, D [eg]' P sign(ey) '

_ 148y .
sy = DVey + 2, D |ey| ™ sign(ey) (4.3)

+A,, D¢} |e¢| i sign(ey)

where Ay, 9,4, and Ay, 0,4, > 0,0 < By, < 1, and the fractional-order value is 0 < y < 1. The system
dynamics become zero when s44, = 0. This indicates that the system is stable and that the error is
approaching zero.

Remark 3. Unlike conventional integer-order sliding mode control, which relies solely on the current
system states, the proposed fractional-order operator DY accounts for the past history of the tracking
error through its nonlocal memory property. This history-dependent behavior naturally smooths
out state transitions near the sliding manifold. Consequently, the proposed PFSMC achieves faster
convergence and better tracking precision while mitigating chattering, all without increasing the high-
frequency switching control effort.

For brevity, we can rewrite the sliding surface as

s; = D¥e; + A;, D e;| " Fisign(e;)

£, D e Pisign(er) 44)

. 1+y; 1
where e; = ¢ + i lsil ™ |

Yo.005 <1.

Slgn(gl) +ﬂi2|gi _yiSign(gi)’ l = ¢’ 9, l//’ /’t(ﬁ]ﬁ],lﬁ] and ﬂ¢2,02,¢/2 > O’ and 0 <

4.3. PFSMC control design

The objective of SMC is to design a control input that directs the system states to the sliding surface
(54,04 = 0) and thereafter sustains them. This is generally accomplished by control laws consisting of
ug, ug, and uy that control the angles ¢, 6, and y, respectively. The proposed control guarantees that
S¢04 = 0 when the system is positioned on the sliding surface, whereas the switching control propels
the system towards the surface.

The derivative of the sliding surfaces can be obtained as

$;=D¥e; + /liIZ)’(lei|l+ﬁisign(ei) + /lizi)"le,-ll_ﬁ"sign(ei) 4.5)
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and the derivative of e; can be derived as é; = & + u;, (1 + ¥)lsil”'¢i + i, (1 — yo)lsil 7.

By substituting é; and &; including (3.6) into (4.5), we can have

g (1 -L);

I~ by — LK Lo +di — da
S¢ = DX +ﬂ¢1(1 + 7’¢)|S'¢| S'¢

+itg, (1 — 7¢)|§¢| Ss
+/1¢11)"|e¢|1+ﬂ¢ sign(eg) + /l¢zi)x|e¢,|l_'8¢ sign(ey)

ug_(l 1)¢l// IK29+d2_9d

So = DX +.Ual(1 + 79)|S‘9|79§‘9
+1o,(1 = yo)lsol <o
+/1911)X|egll+ﬁ”sign(eg) + /1921)"|69|1_ﬁ"sign(e9)

2 B0 — By + ds — g
Sy = D~ +ﬂw1(1 + 7w)|§'w| wé‘w

+ty, (1 - 7w)|§'w|_w§'w
+/ll,,11)"|e¢,|l+ﬂ“' sign(ey) + /ll,,ZZ)X|ew|l_ﬁ“' sign(ey)

Then, Eqs (4.6)—(4.8) can be rewritten as
. ( — 0y +d) — ¢a +,U¢1(1 + 7¢)|S‘¢| So )
S¢ = DX
+,U¢2(1 )’¢)|S'¢| So »
+/1¢11)"|e¢| szgn(e¢) + /l¢21)’(|e¢| d’sign(e(p)

where @, = ——-

. Z)’(( M —@p+d, — 04 + po, (1 + yo)lsal"So )
) =

+1tg,(1 = Yo)lsol 7S
+/191DX|69|1+59sign(69) + /1921)’Y|€9|1_ﬁ05‘ig7’l(€9)

where @y = —(IXI_IZ) P + 126,
y y
o ( -0, +ds— Wa +,U¢/1(1 + 7!//)|§W| Sy )
v =

+.Uw2(1 - %//)|§¢| Sy 1
+/l¢11)*|e¢| Slgn(el,,) + szz)*|e¢| Rad sign(ey)

where 0, = (I‘I;I)&p + Ilﬁ;b Then Eqgs (4.9)—(4.11) can be represented as

§; = ( ;t_; =0 +d; — g + pi, (1 + y)lsl"s )
l +i, (1 = ydlsil ™S
+;, D¥|e| P sign(e;) + A, DX |ei] Pisign(e;)

where p = x,y, z.

(4.6)

4.7)

(4.8)

4.9)

(4.10)

(4.11)

(4.12)

The proposed control scheme for the roll, pitch, and yaw angles of the UAV dynamics (3.6) based

on the proposed sliding surfaces is given as

AIMS Mathematics Volume 11, Issue 8, 26590-26612.



26599

i+ 0, — Esign(s;)

i, (1 +yplsil" i = pi, (1 = y)lsil 7S

— A lei|" Pisign(e;) — Ay, lel' P sign(e;) (4.13)
ki, D5 sign(s;)

ki, D5 sign(s,)

where |¢;|" = 0if ¢; = 0. k;; and k;; and O < @; < 1 are known positive constants. The proposed
block diagram is shown in Figure 2.

g¢ﬂ,y/ g+ ©; — Esign(s;)
=iy (L4 )il 6 = paaa (1= )l 7" Uspy
=Xy leil *Psign(eq) = A leil' ™ sign(e:)
714'“D’X\sl\H%sign(sl)
71\7,,2D‘X\si\l_%sign(s,v)

ba00-Va Spow . Ly, o0 s,=D’e Ssow
e, =¢,+uls,| " sign(s,) ) : :
; . | +Z.,.‘D’H |e,. e sign(e,)
+u4, |g,| " sign(s,) .
+2, D" |e,| " sign(e,)
4.0,y

Figure 2. Proposed block diagram.

5. Stability analysis

This section presents the stability of each individual sliding surface. By guaranteeing that each
sliding surface sy, sy, and s, approaches zero within a predefined timeframe, while maintaining the
system states on these surfaces, the tracking errors for ¢, 6, and ¢ (together with their derivatives) will
decrease to zero. This indicates that the UAV will effectively monitor the specified angular trajectories
and maintain stability in its angles.

5.1. Stability analysis of the sliding surface

The following Lyapunov candidate is selected as

1S,
V=3 ; s (5.1)
The derivative of V is given as
3
V=255 (5.2)
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Substitution of (4.12) into V gives

;L,i - @,‘ + d,' — 1y
‘ 3 DY+, (1 + y)lsils
V= Z s; +ui, (1 = y)lsil ™S (5.3)
i1 +2;, D¥|e;|" P sign(e;)
+2;, D¥|ei| Pisign(e;)

Substitution of (4.13) into V yields

iy + 0O, — Esign(s;)

i, (1 + ylsil 'S

—i, (1 = y)lsil 'S

-4, |€i|1+ﬁi3i8n(€i)

3 | o] | —Asled P signe)

V=) ki, D1 sign(s) (5.4)

' ki, D52 sign(s;)

—O; +d; —ig + i, (1 +y)lsil'¢;

+i, (1 = y)lsil ™S

+1;, D¥|ei| P sign(e;)

+4;, D¥|e|' P sign(e;)

1l
—_

By solving the above equation using bounded conditions of disturbances, we obtain

3
V< ) si( —kalsi' ¥ sign(s) - kylsi* sign(s) ) (5.5)

i=1

a;

2+a 2_7

3
:Vs—klz |s| —klel (5.6)
i=1

where k; = min(k;,) and k, = min(k;,). Using Lemma 2, it can be expressed as

4+a/[ —q;

3 7
V< -3 (Zm] —kz{Z|Si|2) (5.7)
i=1

Then, it can be represented as

V< k3 2yt gty (5.8)
Using Lemma 1, the settling time can be formulated as

no_ T
a; \,k1k23_%

Because k; > 0 and k, > 0, the sliding surface s; remains stable for a predefined time, and the error ¢;
converges to zero.
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5.2. Stability analysis of the tracking error

When 544, = 0, the error dynamics are simplified to a stable reduced-order manifold. During this
phase, the high-order nonlinearities in the UAV dynamics are eliminated, and the system’s behavior
is entirely controlled by the sliding surface parameters, ensuring that the tracking errors converge to
the origin. To investigate the stability of this condition, a Lyapunov candidate function is selected as

follows:
19 1S,
o 5 1 » 1L
V=V.+ 8_22 g,-+2gel- (5.9

The derivative of V can be obtained as

V= ZS: GG+ i e,é; (5.10)

Then, it can be expressed as
3 3
V=>"6¢+ ) eD' (D) (5.11)
i=1 i=1
When s; = 0, and ¢; = 0 from (4.4), we can have respectively: D¥e; = —xlilZ)"‘lleil“ﬁ"sign(ei) -
A, D e Pisign(e;) and & = —u; i sign(s;) — pi,lsi) 7 sign(s;). By substituting D¥e; and ¢; into
(5.11), we write

‘7 — i ( _u11|§1|1+yiSign(§1) )
S0\ —unlsil T sign(s)

3 —;, DY Ve, sign(e;) )
+ Y e DX "
Ei ' ( —, D Ve;|' P sign(e;) (5.12)
3 3
= —i, ; i7" = i, ; |7
3 3
—, Y leil™ P = A, Y el
i=1 i=1
It can be rewritten as
. 2+27i 3 ) 2;7,‘
V= z (IsP) = i 2 (1)
i=1 i s oy (5.13)
2
- ;1 (1) ™ = 4 2 (lei’)
Using Lemma 2, it can be computed as
' 1+4 3 1-4
V<-— (Z |l ) —,uz(Z |l )
! (5.14)

1+
—113_5(§1|€i| ) —/12(2 leil )

where ¢ = min(y;,), g = min(y;,), 4, = min(4;,), and 4, = min(4;,). Using (5.9), this can be

expressed as
1=% 1—7

= i i = 1+%
V< —M13—%2‘+ng‘+2 — 23V,

i o (5.15)
3R -
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According to Lemma 1, we can compute the settling time as

T, = dl + d (5.16)

2vi \/ﬂ1ﬂ23_% 2B, \//11/123‘%

It ensures convergence of both ¢; and e; within the predefined time 7T',. Hence, predefined-time stability
of the closed-loop UAV system is guaranteed.

Remark 4. 1In the proposed stability analysis, the overall settling time of the tracking system is
conservatively bounded by the maximum of the channel-wise settling-time upper bounds, given by
Tmax = MaXie(1 23 (T, + Ty;), where T,, denotes the analytical upper bound of the reaching phase, and
T, =T, + T, represents the analytical upper bound of the sliding-phase convergence. Consequently,
the closed-loop settling time satisfies

Tocwar < Tax = ig{r}agg} (Tri + Tsi) . (5.17)

Here, T,.wa denotes the actual settling time of the closed-loop system. Although the analytical bound
Tmax may be conservative, it provides a rigorous and verifiable worst-case estimate of the convergence
time. Furthermore, expressing the settling time as the sum of independently derived upper bounds
avoids the analytical complexity associated with directly solving Lyapunov inequalities involving
multiple fractional-order terms with different exponents.

6. Simulation results

To assess the efficacy of the proposed predefined-time fractional-order sliding mode control
(PFSMC), numerical simulations were performed in MATLAB/Simulink. Moreover, the FOMCON
toolbox has been used to implement fractional-order control. A conventional quadrotor design,
featuring four identical rotors arranged in a cross formation, was examined. The proposed scheme is
compared with finite-time SMC (FTSMC) [25], fixed-time SMC (FxSMC) [26], and fractional FxSMC
(FFxSMC) [27].

6.1. Parameter setup and performance evaluation

The parameters of the dynamical model in (3.6) are presented in Table 1. Moreover, the parameters
of the proposed method utilized in the simulations are listed in Table 2. Aerodynamic drag coefficients
are selected to model realistic rotational damping. Additionally, the target tracking values for the
quadrotor’s attitude are defined as [¢,; 6,5 Y] = [sin(?)+ 1; cos(r)—0.5; 0.1¢]. The external disturbances
are applied as d; 3 = 0.1 sin(¢) + 0.4.
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Table 1. Quadrotor parameters used in simulation.

Parameter Value Units
I, 2.5 kg.m?
I 1.25 kg.m?
I, 2.5 kg.m?
I 1 kg.m?
K, 0.2 N.s.m™!
K5 0.2 N.s.m™!
K 0.2 N.s.m™!

Table 2. Proposed control parameters used in simulation.

Parameter Value Parameter Value
gy, 10 ay 0.9
/],91’2 10 (07 09
Ay, 10 ay 0.9
kg, , 15 Bo 0.8
ko, , 15 Bo 0.8
ky, 15 By 0.8
Mg 4 Vo 0.3
Ho, , 4 Yo 0.3
My, 4 Yy 0.3

Figures 3-5 illustrate the trajectory tracking of the proposed controller. The PFSMC attained
convergence precisely within the predefined time frame. In Figure 6, a comparison of helical paths for
pitch, roll, and yaw is shown. Figures 7-9 depict the tracking errors across all angles, demonstrating
rapid convergence and minimal errors. Figures 10-12 illustrate the control input, demonstrating
that the PFSMC produced more refined control signals and that its reduced chattering enhances its
compatibility with the system. Moreover, the quantitative analysis of the proposed and compared
control schemes is presented as the root mean square error (RMSE) in Table 3. This clearly shows that
the proposed approach yields smaller tracking errors than the compared methods.
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Figure 3. Roll angle tracking.
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Figure 4. Pitch angle tracking.
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Figure 5. Yaw angle tracking.
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Figure 6. A comparison of complex helical paths for pitch, roll, and yaw with FTSMC.
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Figure 8. Pitch tracking errors.
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Figure 10. Roll control inputs.
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Table 3. RMS error of proposed, FTSMC, FxSMC, and FFxSMC schemes.

Proposed scheme FTSMC FxSMC FFxSMC
Sermse  0.0250 0.0470 0.0315 0.0279
Sormse  0.0265 0.0671 0.0327 0.0296
Syrmse  1.6949x1076 1.7562x10™*  9.7899x10-4 6.3645x10-5

The comparative simulation results show that the proposed PFSMC uniquely guarantees tracking
convergence within a predefined time, ensuring a deterministic settling time. Furthermore, although
all evaluated schemes maintained system stability under the applied disturbances, the PFSMC
demonstrated superior robustness by achieving the lowest tracking errors. It also significantly mitigated
chattering, resulting in much smoother control inputs.

6.2. Computational overhead and profiling analysis

Standard integer-order sliding mode controllers calculate control laws using only current states
with a fixed number of operations per step. In contrast, fractional-order architectures such as the
proposed PESMC and the FFxSMC baseline introduce history-dependent operators Y. Simulating
these operators using the fractional-order toolbox incurs additional memory allocation and calculations
at each sampling interval.

To measure this penalty, we tested the proposed PFSMC alongside FTSMC, FxSMC, and FFxSMC
schemes under identical conditions using the Simulink Profiler. The simulation ran for 10 seconds
using a fixed-step Runge—Kutta solver with a step size of Ty = 0.001s. Throughout the execution
window, the profiler recorded exactly 110,015 cumulative block invocations across all evaluated control
loops, reflecting the total major and minor integration steps executed by the simulation. The data
shows that the proposed PFSMC and the FFxSMC baseline require longer total execution times than
the integer-order methods (FTSMC and FxSMC). This is expected, given the extra steps required to
review historical tracking data. However, the absolute overhead between the two fractional schemes
i1s minimal, with the proposed PFSMC showing only a 2% increase in total time over the FFxSMC
baseline.

Notably, the controller’s self-time, the time spent strictly running the core algorithm rather than
the block wrappers, is 0.613s for the PESMC compared to 0.704s for FFxSMC. This indicates that
the minor difference in total execution time stems from simulation environment wrapper overhead
rather than a heavier algorithmic workload, demonstrating that the proposed predefined-time structure
introduces a computational profile entirely comparable to existing fractional-order schemes.

7. Conclusions

This research has developed and evaluated a PESMC method for UAV systems. Starting with a
nonlinear model of quadrotor dynamics, we formulated a predefined-time sliding manifold and control
rule, and we demonstrated convergence using Lyapunov stability theory. Comparative simulations of
FTSMC, FxSMC, and FFxSMC in the presence of air resistance validated the superiority of PFSMC,
particularly in terms of predetermined timing, robustness, and smooth control inputs. The results
indicate that PESMC is well-suited to UAV models that require both robustness and stability.
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Current limitations rely on prior disturbance bounds, which may limit robustness in unmodeled
environments. Future work will address this by integrating adaptive control with the predefined-time
fractional-order framework to autonomously reject unknown disturbances without prior information.
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