
https://www.aimspress.com/journal/ElectrEng

AIMS Electronics and Electrical Engineering, 10(2): 285–313.
DOI: 10.3934/electreng.2026012
Received: 03 February 2026
Revised: 27 February 2026
Accepted: 06 March 2026
Published: 03 April 2026

Research article

Fixed-time filtered backstepping control for quadrotor UAVs with an
adaptive fixed-time disturbance observer

Mohammed Rida Mokhtari1,2,*, Abdelkader Ghezouani1, Bensalah Choukri2, Amal Choukchou
Braham2 and Hicham Megnafi1
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Abstract: This work has proposed a novel robust fixed-time tracking control scheme for
quadrotor unmanned aerial vehicles subject to unknown external disturbances and model uncertainties.
Accounting for the inherent underactuated dynamics of the quadrotor, a hierarchical control
architecture was constructed that decouples position and attitude regulation into two separate control
loops, namely, an outer loop dedicated to translational motion and an inner loop responsible for
rotational dynamics. The proposed framework integrates a fixed-time backstepping design with a
command filtering technique to mitigate the explosion-of-complexity problem that typically arises
in conventional backstepping approaches, while simultaneously guaranteeing fixed-time convergence
of the tracking errors. To effectively address the effects of model uncertainties and external
perturbations acting on the system, an adaptive fixed-time disturbance observer was introduced and
integrated into the control architecture. This observer is capable of accurately estimating the unknown
disturbances and uncertainties, achieving estimation convergence within a predetermined time that
remains independent of the initial conditions of the system. Rigorous stability analysis based on
Lyapunov theory was carried out to establish the fixed-time convergence of the tracking errors
to a bounded neighborhood of the origin. Comprehensive numerical simulations were performed
on a quadrotor system, and the results obtained were compared against several existing control
methods. The comparative analysis clearly demonstrated that the proposed controller achieves superior
tracking accuracy, faster convergence, and improved disturbance rejection performance compared to
the alternate approaches considered.
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1. Introduction

A substantial body of research has been dedicated to advancing a diverse range of robotic platforms,
encompassing unmanned aerial vehicles (UAVs) [1], autonomous vehicles [2], underwater vehicles [3],
robot manipulators [4], and aerial manipulators [5]. Among these, multirotor unmanned aerial vehicles
(MUAVs) have emerged as particularly compelling platforms, owing to their distinctive operational
capabilities, including vertical takeoff and landing, precise hovering, and agile low-velocity flight.
Such characteristics render MUAVs exceptionally well-suited for deployment in confined or GPS-
denied environments, as well as in areas devoid of conventional infrastructure. In contrast to fixed-
wing UAVs, which inherently rely on runways or dedicated launching mechanisms, multirotor systems
are capable of autonomously navigating to designated target locations while sustaining stable flight
over extended operational periods. The quadrotor configuration has become particularly prevalent
due to its simple mechanical design, fourfold rotational symmetry, and excellent maneuverability
characteristics. By utilizing four motors mounted in a planar arrangement, quadrotors achieve attitude
regulation through differential variations in rotor speeds, resulting in a compact architecture with
inherent actuator redundancy. The key advantages of this design include well-balanced aerodynamic
properties, favorable power-to-weight ratios, and resilience to environmental disturbances.

The control of multirotor aerial vehicles has been extensively investigated through numerous robust
and adaptive methodologies in the recent literature. Robust control strategies constitute a major
research direction. For instance, [6] combined approximate linearization control with disturbance
observers. A geometric framework for disturbance compensation in gun-launched quadrotors was
developed in [7]. In [8], extended state observers were integrated with a sliding mode control to
improve trajectory tracking under environmental disturbances. Adaptive control techniques have
also proven effective for such platforms. Neural network-based adaptive schemes for small UAV
tracking were investigated in [9]. Fuzzy adaptive integral backstepping with command filtering
was employed to handle input-constrained quadrotor control in [10]. In [11], the authors reviewed
fractional-order control laws for manipulators, mobile robots, human–robot systems, and bio-inspired
robots, emphasizing control design, fractional calculus definitions, performance enhancement, and
controller tuning methods. The immersion and invariance principle was employed to enable adaptive
trajectory tracking for coaxial tilt-rotor vehicles in [12]. A fault-tolerant control strategy combining
adaptive backstepping with radial basis function (RBF) neural networks for aerial manipulators was
presented in [13]. An intelligent control architecture combining artificial neural networks (ANNs)
and proportional–integral–derivative (PID) control was developed in [14], where the neural network
continuously updates the PID gains to enhance online adaptability. In [15], the authors proposed a
fractional neural integral sliding-mode controller for a robot manipulator on a free-floating satellite,
based on the Caputo-Fabrizio derivative and Riemann–Liouville integral.

Finite-time and fixed-time control approaches have gained prominence for guaranteeing rapid and
predictable convergence in aerial robotics. Disturbance observers coupled with nonsingular terminal
sliding modes were proposed to provide fixed-time formation control for autonomous underwater
vehicles (AUVs) in [16]. Incremental backstepping with fixed-time convergence was employed to
improve damaged aircraft flight control in [17]. Constrained finite-time attitude control for fixed-wing
UAVs under actuator saturation was addressed in [18]. Event-triggered adaptive barrier function-based
sliding modes were utilized to ensure fixed-time fault-tolerant quadrotor control in [19]. A safety-
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constrained finite-time vector field control strategy for quadrotor trajectory tracking was presented
in [20]. A fixed-time carrier landing control scheme under external disturbances was developed in [21].

Many prior studies have addressed finite-time and fixed-time control, disturbance observation, and
hierarchical flight architectures. However, most of these approaches have notable limitations. Some
rely on restrictive assumptions regarding disturbance characteristics, while others employ a dynamic
extension of the thrust control input, leading to more complex control equations. Additionally, flatness-
based controllers are often unable to estimate disturbances acting on the planar axes (i.e., roll and pitch
dynamics), and classical disturbance observers typically assume that disturbances are bounded by a
known constant, which limits their practical applicability.

In light of these research gaps, this work proposes an original fixed-time robust control (FxTRC)
framework for quadrotor trajectory tracking, integrating hierarchical filtered fixed-time backstepping
with an adaptive fixed-time disturbance estimation scheme. The proposed approach advances the UAV
research field by offering a unified and rigorously validated control architecture that simultaneously
ensures fixed-time convergence, robustness against uncertainties and external disturbances, and
practical implementability for complex underactuated aerial systems. The first key contribution lies
in the integration of a fixed-time command-filtered controller within a hierarchical flight control
framework, in which the overall control problem is systematically decomposed into two interconnected
layers: an outer-loop position controller and an inner-loop attitude controller. This hierarchical
decomposition effectively decouples the translational and rotational dynamics, facilitating a structured
control design, a tractable stability analysis, and enhanced real-time implementability, while ensuring
globally stable flight performance. Moreover, by embedding a command-filtering mechanism into
the recursive backstepping procedure, the proposed controller guarantees fixed-time stability with
settling-time bounds that are explicitly independent of initial conditions, while avoiding the explosion-
of-complexity issue inherent to conventional backstepping formulations. This integration yields
smoother control signals, reduces computational overhead, and strengthens real-time feasibility, all
while preserving rigorous theoretical stability and convergence guarantees. The second contribution
is the design of an adaptive disturbance observer with provable fixed-time convergence properties,
seamlessly incorporated into the proposed control framework. The adaptive mechanism continuously
updates its internal parameters in response to instantaneous estimation errors, without requiring
any prior knowledge of the magnitude, structure, or frequency content of the disturbances. This
online adaptation enables accurate real-time tracking and reconstruction of time-varying external
disturbances and lumped uncertainties, effectively compensating for their adverse effects on the closed-
loop dynamics. The adaptive parameters in the proposed observer are derived by extending the adaptive
laws introduced in [23], where the convergence conditions are reformulated to be fully consistent with
the fixed-time stability framework of the proposed controller. Consequently, the observer achieves
precise disturbance estimation within a guaranteed fixed-time bound, even under highly uncertain
and rapidly varying perturbations. Furthermore, the observer operates concurrently across both the
translational and rotational subsystems, enabling active compensation of lumped uncertainties and
external perturbations, which substantially enhances disturbance rejection, reinforces closed-loop
robustness, and preserves high steady-state tracking accuracy under challenging operating conditions.

This paper is organized as follows. Section 2 describes the quadrotor system dynamics. The fixed-
time controller synthesis and the corresponding stability proofs are presented in Section 3. Section 4
demonstrates the proposed approach through numerical simulations and comparative analysis. Finally,
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Section 5 presents the concluding remarks.

2. System description and preliminaries

2.1. System description

This section presents the mathematical model of the quadrotor UAV dynamics. The coordinate
frames and the UAV components are shown in Figure 1. The quadrotor consists of a rigid central body
equipped with four brushless DC motor-driven rotors, symmetrically arranged to generate the lift and
control moments required for both translational and rotational motion. We define B := (Ob, xb, yb, zb)
as the body-fixed reference frame attached to the vehicle at its center of mass, while I := (Oe, xe, ye, ze)
designates the inertial reference frame. The position of the center of mass expressed in I is given by
ξ = (x, y, z)T . The attitude is characterized by η = (ϕ, θ, ψ)T , representing roll (ϕ), pitch (θ), and yaw
(ψ) angles, with the constraints −π2 < ϕ <

π
2 , −π2 < θ <

π
2 , and −π < ψ < π. The rotation matrix Rη that

maps vectors from B to I is given as:

Rη =


cosψ cos θ cosψ sin θ sin ϕ − sinψ cos ϕ cosψ sin θ cos ϕ + sinψ sin ϕ
sinψ cos θ sinψ sin θ sin ϕ + cosψ cos ϕ sinψ sin θ cos ϕ − cosψ sin ϕ
− sin θ cos θ sin ϕ cos θ cos ϕ

 (2.1)

Figure 1. Coordinate frames and dynamic configuration of the quadrotor UAV.

The translational dynamics of the quadrotor UAV are described by

mξ̈ = TbRηze − mgze + d̄ext (2.2)

where m ∈ R denotes the total vehicle mass, g represents the gravitational acceleration constant, and
d̄ext = [d̄x, d̄y, d̄z]T denotes the external disturbance vector. The combined thrust force Tb = [0, 0, Tz]T

acts along the body-fixed z-axis, with ze denoting the unit vector along the z-axis of the inertial frame.
The total thrust Tz is defined as

Tz =

4∑
i=1

ϱiΩ
2
i (2.3)
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where ϱi > 0, i ∈ {1, 2, 3, 4}, are the thrust coefficients, and Ωi denotes the angular speed of the i-th
rotor.

The angular motion of the aerial vehicle is described using the Newton–Euler formalism

J(η)η̈ +C(η, η̇)η̇ = τ + τ̄ext (2.4)

Here, the generalized inertia matrix is defined as J(η) = ΞT JΞ, which is positive definite. The external
disturbances are represented by τ̄ext = [d̄ϕ, d̄θ, d̄ψ]T , and the applied control torques τ = [τϕ, τθ, τψ]T are
given by

τ =


−lϱ(Ω2

2 −Ω
2
4)

−lϱ(Ω2
1 −Ω

2
3)

ϱ̄(Ω2
1 −Ω

2
2 + Ω

2
3 −Ω

2
4)

 (2.5)

Here, l denotes the distance between each rotor center and the vehicle center of gravity, and ϱ̄ > 0 is a
positive constant characterizing the aerodynamic properties of the propellers.

From (2.2) and (2.4), the quadrotor dynamics can be reformulated as follows
ξ̇ = υ,

υ̇ = Tz
mRηze − gze + dext

η̇ = ω

ω̇ = τ −C(η, η̇) η̇ + τext

(2.6)

where the vectors υ and ω correspond to the translational and angular velocities in I, respectively,
while the normalized external disturbances are defined as

dext =
1
m

d̄ext, τext = J
−1τ̄ext

2.2. Preliminaries

Essential preliminaries concerning fixed-time stability theory and related useful inequalities are
presented below, which serve as the theoretical foundation for the fixed-time (FxT) controller’s stability
analysis.

Definition 1. Consider a dynamical system described by:

ẋ = f (x), f (0) = 0, x ∈ Φ ⊂ Rn (2.7)

where f : Φ × R+ → Rn represents a continuous function mapping from an open set Φ containing the
equilibrium point x = 0 and the nonnegative reals into Rn.

Lemma 1. [22] Consider system (2.7) with a Lyapunov function V(x) and positive scalars a, b, m, and
n, where 0 < m < 1 and n > 1. If the following inequality holds:

V̇(x) ≤ −
(
aV(x)m + bV(x)n) + ϑ0 (2.8)
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with ϑ0 > 0, then the system achieves practical fixed-time stability. The ultimate bound of the state
trajectories is given by

lim
t→Tr

V(x(t)) ≤ min

a−
1
m

(
ϑ0

1 − ϱ0

) 1
m

, b−
1
n

(
ϑ0

1 − ϱ0

) 1
n
 (2.9)

with 0 < ϱ0 < 1. Additionally, the convergence time satisfies

Tr ≤
1

aϱ0(1 − m)
+

1
bϱ0(n − 1)

(2.10)

Lemma 2. [23] For z1, z2 ∈ R, and φ1 > 0, φ2 > 0, the following inequality holds:

|z1|
φ1 |z2|

φ2 ≤
φ1

φ1 + φ2
ϕ|z1|

φ1+φ2 +
φ2

φ1 + φ2
ϕ
−
φ1
φ2 |z2|

φ1+φ2 , ϕ > 0 (2.11)

Lemma 3. [24] For z1 ≤ z2 and φ0 > 1, the following inequality holds:

z1(z2 − z1)φ0 ≤
φ0

φ0 + 1
(
zφ0+1

2 − zφ0+1
1

)
(2.12)

Lemma 4. [25] For i ∈ {1, 2, . . . , n}, 0 < p0 ≤ 1, and q0 > 1, the following inequalities hold:

( n∑
i=1

|zi|
)p0
≤

n∑
i=1

|zi|
p0 (2.13)

n1−q0
( n∑

i=1

|zi|
)q0
≤

n∑
i=1

|zi|
q0 (2.14)

Lemma 5. [26] For {ā, b̄, c̄} > 0 and positive real constants p and q satisfying 1
p +

1
q = 1, the following

inequality holds:

āb̄ ≤ c̄p āp

p
+ c̄−q b̄q

q
(2.15)

3. Controller design and stability analysis

This section develops a trajectory-tracking controller for the quadrotor system that explicitly
accounts for unknown external disturbances and uncertainties. The proposed control architecture
consists of two main components. First, cascaded fixed-time backstepping is employed to design
the control laws: the inner loop generates control moments for attitude regulation, while the outer
loop produces thrust commands for position control. To avoid the explosion of complexity typically
encountered in classical backstepping designs, a fixed-time command filter is introduced to provide
smooth estimates of the virtual control signals and their derivatives. Second, a novel adaptive fixed-
time disturbance observer (AFxTDO) is proposed to estimate the lumped system disturbances within
a guaranteed fixed-time bound. The integration of the fixed-time backstepping controller (FxTBC)
with the AFxTDO yields a unified robust control framework that effectively compensates for model
uncertainties and external disturbances, while simultaneously ensuring strict fixed-time convergence
of the tracking errors.

AIMS Electronics and Electrical Engineering Volume 10, Issue 2, 285–313.



291

3.1. Control strategy

The proposed controller synthesis is achieved by integrating a hierarchical fixed-time backstepping
architecture with an adaptive fixed-time disturbance observer (AFxTDO) through the following
systematic procedure

Step 1. Hierarchical fixed-time filtered backstepping Controller

The first translational error variable is expressed as

e1 = ξ − ξd (3.1)

We select V1 = 1/2eT
1 e1 as a Lyapunov candidate function. Computing V̇1 results in

V̇1 = eT
1

(
υ∗ − ξ̇d

)
+ eT

1 (υ − υ∗) (3.2)

To achieve convergence of e1, we select υ∗ as:

υ∗ = ξ̇d − K1sigp/q(e1) − B1sigq/p(e1) (3.3)

where K1 ∈ R
3×3
+ and B1 ∈ R

3×3
+ are positive-definite gain matrices, and the positive integers p and q

satisfy p > q.
The signal υ∗ contains fixed-time stabilizing terms and defines the desired behavior for ξ̇d. From

equation (3.3), the derivative υ̇∗ exhibits a singularity at e1 = 0 when ė1 , 0, owing to the negative
fractional power p

q − 1 < 0. Such a singularity would produce unbounded control inputs in the
subsequent backstepping steps, thereby compromising the practical implementability of the control
law. To circumvent this issue, a fixed-time command filter is introduced as:

υ̇d = −σ−1
ξ sigp/q(υd − υ

∗) − σ−1
ξ sigq/p(υd − υ

∗)
υd(0) = υ∗(0)

(3.4)

where υd is the filtered variable and σ−1
ξ ∈ R

3×3 denotes a positive-definite design parameter of small
magnitude.

Step 2.

The next error is expressed as
e2 = υ − υd (3.5)

Computing ė2 gives

ė2 =
Tz

m
Rηze − gze + dext − υ̇d (3.6)

Disturbances denoted by dext influence the translational system. These uncertainties are handled via
fixed-time estimation and compensation.

Assumption 1. We impose the boundedness condition ∥dext∥∞ ≤ Hξ on dext, where Hξ is an unknown
positive constant.
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3.2. Design of the adaptive fixed-time disturbance observer

For system (3.6), the disturbance estimation law is defined as

˙̂e2 =
Tz

m
Rηze − gze + d̂ext − υ̇d

d̂ext = L1sigp/q(ẽ2) + L2sigq/p(ẽ2) + Ĥsign(ẽ2)
(3.7)

where the vector Ĥ = [ĥ1, ĥ2, ĥ3] provides an estimate of Hξ = [h1, h2, h3]. Derivation of the error
dynamics yields for each state:

˙̃e2i = −l1isigp/q(ẽ2i) − l2isigq/p(ẽ2i) − ĥisign(ẽ2i) + dext,i (3.8)

where i = {x, y, z}.

Theorem 1. Consider the error dynamics (3.6), and the disturbance observer (3.7), under Assumption
1, selecting the observer gains such that

l1i = k1i

(
1
2

) p+q
2q

, l2i = k2i6
2p
p−q

(
1
2

) p+q
2p

(3.9)

where the parameter estimate ĥi evolves via the adaptation law
˙̂hi = r0i|ẽ2i| − k1iĥi − r1iĥ

q
p

i

r1i = k2i
p+q

q · r
q−p
2p

0i 2
p+q
2p

(3.10)

Then, the observer provides fixed-time convergence for estimating dext,i.

Tob1 ≤
2q

k1iϱ0(q − p)
+

2p
k2iϱ0(q − p)

(3.11)

Proof 1.

L1 =
1
2

ẽ2
2i +

1
2r0i

h̃2
i , h̃i = hi − ĥi (3.12)

From (3.5)–(3.10), one has

L̇1 = ẽ2i

(
−l1isig

p
q (ẽ2i) − l2isig

q
p (ẽ2i) − ĥisign(ẽ2i) + dext,i

)
+

1
r0i

h̃i(ḣi −
˙̂hi) (3.13)

Substituting (3.10) into (3.13) and invoking Lemma 4 yields

L̇1 = ẽ2i

(
−l1isig

p
q (ẽ2i) − l2isig

q
p (ẽ2i)

)
+ ẽ2idext,i − ĥi|ẽ2i| −

1
r0i

h̃i
˙̂hi

≤ −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) q+p

2p
+ h̃i|ẽ2i| −

1
r0i

h̃i
˙̂hi

= −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) q+p

2p
−

h̃i

r0i

(
˙̂hi − r0i|ẽ2i|

)
≤ −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) q+p

2p
+

k1i

r0i
h̃iĥi +

r1i

r0i
h̃iĥ

q
p

i

≤ −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) q+p

2p
−

k1i

2r0i
h̃2

i +
k1i

2r0i
h2

i +
r1i

r0i
h̃iĥ

q
p

i

(3.14)
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To demonstrate fixed-time convergence of (3.12), the expressions − k1i
2r0i

h̃2
i and r1i

r0i
h̃iĥ

q
p

i are analyzed using
Lemmas 2 and 3, respectively.

Through Lemma 2, defining z1 =
h̃2

i
2r0i

, z2 = 1, α1 =
p+q
2q , α2 =

q−p
2q and µ = 2q

p+q , one obtains:

 h̃2
i

2r0i

 p+q
2q

≤
h̃2

i

2r0i
+

(
q − p

2q

)
µ

p+q
p−q (3.15)

Invoking Lemma 3 with the definition of h̃i results in:

h̃iĥ
q
p

i = h̃i

(
hi − h̃i

) q
p
≤

q
p + q

(
h

q+p
p

i − h̃
q+p

p

i

)
(3.16)

Placing Eqs. (3.15) and (3.16) into Eq. (3.14) leads to

L̇1 ≤ −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) p+q

2p
− k1i

(
h̃2

i
2r0i

) p+q
2q
+ k1i

(
q−p
2q

)
µ

p+q
p−q

+ k1i
2r0i

h2
i +

r1i
r0i
·

q
p+q

(
h

p+q
p

i − h̃
p+q

p

i

)
≤ −l1i

(
|ẽ2i|

2
) p+q

2q
− l2i6

p−q
2p

(
|ẽ2i|

2
) p+q

2p
− k1i

(
h̃2

i
2r0i

) p+q
2q
+ k1i

(
q−p
2q

)
µ

p+q
p−q + k1i

2r0i
h2

i +
r1i
r0i

q
p+qh

q+p
p

i

− r1i
q

p+q

(
h̃2

i
2r0i

) p+q
2p
· 2−

p+q
2p · r

p−q
2p

0i

≤ −l1i(|ẽ2i|
2)

p+q
2q − l2i6

p−q
2p

(
|ẽ2i|

2
) p+q

2p
− k1i

(
h̃2

i
2r0i

) p+q
2q
− r1i

q
p+q

(
h̃2

i
2r0i

) p+q
2p
· 2−

p+q
2p · r

p−q
2p

0i + ϑ1

(3.17)

where ϑ1 is defined as

ϑ1 =
k1i

2r0i
h2

i +
r1i

r0i

q
p + q

h
q+p

p

i + k1i

(
q − p

2q

)
µ

p+q
p−q (3.18)

From Eqs. (3.9) and (3.10) substituted into Eq. (3.17), and using Lemma 4, one obtains

L̇1 ≤ −k1i

(
1
2 |ẽ2i|

2
) p+q

2q
− k2i

(
1
2 |ẽ2i|

2
) p+q

2p
− k1i

(
h̃2

i
2r0i

) p+q
2q
− k2i

(
h̃2

i
2r0i

) p+q
2p
+ ϑ1

≤ −k1i

(
1
2 |ẽ2i|

2 +
h̃2

i
2r0i

) p+q
2q
− k2i

(
1
2 |ẽ2i|

2 +
h̃2

i
2r0i

) p+q
2p

≤ −k1iV
p+q
2q

1 − k2iV
p+q
2p

1 + ϑ1

(3.19)

The parameter ϑ1 depends on the observer design gains and is therefore globally bounded. Let χ1 =

[ẽ2i, h̃i]T represent the observation error vector. By Lemma 1, the vector χ1 converges in fixed time to
a compact set centered at the origin with radius

min


(

ϑ1

(1 − ϱ0)k1i

) 2q
p+q

,

(
ϑ1

(1 − ϱ0)k2i

) 2p
p+q

 , 0 < ϱ0 < 1 (3.20)

where the convergence time Tob1 satisfies the upper bound

Tob1 ≤
2q

k1iϱ0(q − p)
+

2p
k2iϱ0(q − p)

(3.21)

AIMS Electronics and Electrical Engineering Volume 10, Issue 2, 285–313.



294

Thus, for t1 ≥ Tob1, system (3.6) becomes

ė2 =
Tz

m
Rηze − gze + d̂ext − υ̇d (3.22)

Consider the augmented Lyapunov function as

V2 = V1 +
1
2

eT
2 e2 +

1
2

yT
1 y1 (3.23)

where the filter error is y1 = υd − υ
∗. Computing V̇2 gives

V̇2 = eT
1 (e2+y1)−

3∑
i=1

k1i|e1i|
p+q

q −

3∑
i=1

b1i|e1i|
p+q

p + yT
1 (υ̇− υ̇∗)+eT

2

(
uξ + d̂ext − υ̇d

)
+eT

2

(Tz

m
Rηze − gze − uξ

)
(3.24)

where

uξ =
Tz

m
Rd
ηze − gze (3.25)

The outer-loop controller synthesizes the required thrust command T d
z and desired rotation matrix Rd

η.
Assuming ideal thrust response (Tz = T d

z ), these signals enable accurate path tracking.
The control input is chosen as follows:

uξ = υ̇d − d̂ext − e1 − K2sigp/q(e2) − B2sigq/p(e2) (3.26)

where the control gains K2 ∈ R
3×3
+ and B2 ∈ R

3×3
+ are design parameters. The coupling term is addressed

in the following step. Using (3.26) in (3.24) results in

V̇2 = eT
1 y1−

3∑
i=1

k1i|e1i|
p+q

q −

3∑
i=1

b1i|e1i|
p+q

p −

3∑
i=1

k2i|e2i|
p+q

q −

3∑
i=1

b2i|e2i|
p+q

p +yT
1

(
−σ−1

ξ

[
sig

p
q (y1) + sig

q
p (y1)

]
− υ̇∗

)
(3.27)

Assumption 2. Suppose there is a constant ∆ξ,i > 0 for which

|υ̇∗i | ≤ ∆ξ,i (3.28)

Applying Lemma 5 yields:

|e1,i||y1,i| ≤
Λ

p+q
q

1,i
p
q + 1

|e1,i|
p+q

q +
Λ
−

p+q
p

1,i
q
p + 1

|y1,i|
p+q

p (3.29)

|y1,i||υ̇
∗
i | ≤ |y1,i| |∆ξ,i| ≤

Λ
p+q

q

2,i
p
q + 1

|y1,i|
p+q

q +
Λ
−

p+q
p

2,i
q
p + 1

∆
p+q

p

ξ,i (3.30)
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Applying (3.29) and (3.30) to (3.27) produces

V̇2 ≤ −

3∑
i=1

k1,i −
Λ

p+q
q

1,i
p
q + 1

 |e1,i|
p+q

q −

3∑
i=1

b1,i|e1,i|
p+q

p

−

3∑
i=1

k2,i|e2,i|
p+q

q −

3∑
i=1

b2,i|e2,i|
p+q

p

−

3∑
i=1

 1
σξ,i
−
Λ

p+q
q

2,i
p
q + 1

 |y1,i|
p+q

q −

3∑
i=1

 1
σξ,i
−
Λ
−

p+q
p

1,i
q
p + 1

 |y1,i|
p+q

p

+

3∑
i=1

Λ
−

p+q
p

2,i
q
p + 1

∆
p+q

p

ξ,i

(3.31)

The gains are configured such that 
k1,i >

Λ
p+q

q

1,i
p
q + 1

,

1
σξ,i

> max


Λ
−

p+q
p

1,i
q
p + 1

,
Λ

p+q
q

2,i
p
q + 1


(3.32)

Based on (3.32), we obtain:

V̇2 ≤ −γ̃1

((
1
2∥e1∥

2
) p+q

2q
+

(
1
2∥e2∥

2
) p+q

2q
+

(
1
2∥y1∥

2
) p+q

2q
)
− γ̃2

((
1
2∥e1∥

2
) p+q

2p
+

(
1
2∥e2∥

2
) p+q

2p
+

(
1
2∥y1∥

2
) p+q

2p
)
+ γ3

(3.33)
where γ̃1 = 2

p+q
2q γ̄1, γ̃2 = 2

p+q
2p γ̄2, γ3 > 0.

γ̄1 = min
(
k1,1 −

Λ
p+q

q

1,1
p
q + 1

, k1,2 −
Λ

p+q
q

1,2
p
q + 1

, k1,3 −
Λ

p+q
q

1,3
p
q + 1

, k2,1, k2,2, k2,3,
1
σξ,1
−
Λ

p+q
q

2,1
p
q + 1

,
1
σξ,2
−
Λ

p+q
q

2,2
p
q + 1

,

1
σξ,3
−
Λ

p+q
q

2,3
p
q + 1

)
(3.34)

γ̄2 = min
(
β1,1, β1,2, β1,3, β2,1, β2,2, β2,3,

1
σξ,1
−
Λ
−

p+q
p

1,1
q
p + 1

,
1
σξ,2
−
Λ
−

p+q
p

1,2
q
p + 1

,
1
σξ,3
−
Λ
−

p+q
p

1,3
q
p + 1

)
(3.35)

γ3 =

3∑
i=1

Λ
−

p+q
p

2,i
q
p + 1

∆
p+q

p

ξ,i (3.36)

By invoking Lemma 2, we rewrite (3.33) as

V̇2 ≤ −γ̃1V
p+q
2q

2 − γ̃2V
p+q
2p

2 + γ3 (3.37)
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Define the error state χ2 =
[
e1 e2 y1

]T
for the outer-loop closed-loop system. From Lemma 1, χ2

reaches, within a fixed settling time, a small neighborhood of the origin with radius

min
(
γ̃
−

2q
p+q

1

(
γ3

1 − ϕ0

) 2q
p+q

, γ̃
−

2p
p+q

2

(
γ3

1 − ϕ0

) 2p
p+q

)
(3.38)

The fixed settling time is T̄1 = Tob1 + T1, where T1 is bounded by

T1 ≤
1

γ̃1 ϕ0

2q
q − p

+
1

γ̃2 ϕ0

2p
q − p

(3.39)

for ϕ0 ∈ (0, 1]. It is worth noting that the time bound in (3.39) remains constant regardless of initial
error states.

From the outer control uξ, we obtain the reference attitude ηd. The error is then defined by

eϵ = uξ −
Tz

m
Rηze + gze (3.40)

Classical backstepping typically introduces additional auxiliary errors eϵ , which increase the
complexity of the design and hinder practical implementation. By employing a hierarchical
backstepping strategy, we decouple the position and attitude dynamics into distinct subsystems:
the attitude dynamics evolve independently, whereas position tracking depends on the desired
rotation matrix Rd

η, thereby simplifying the overall control architecture and reducing the associated
computational burden.

Expression (3.25) yields the commanded force norm and rotation matrix Rd
η according to:

Tz = m
√

u2
x + u2

y + (uz + g)2,

ϕd = arcsin
[

m
Tz

(
ux sinψd − uy cosψd

)]
,

θd = arcsin
[

m
Tz cos ϕd

(
ux cosψd + uy sinψd

)]
.

(3.41)

Step 3.

A new error variable is then defined as

e3 = η − ηd (3.42)

Let us take η = ηd + e3 and then the vector Tz
mRηze can be rewritten as

Tz

m
Rηze =

Tz

m
Rd
ηze +

1
m

h(ηd, e3) (3.43)

The vector h(ηd, e3) represents the interconnection term between the translation and rotation dynamics
and can be found in [8].

Substituting (3.43) into (3.40), one gets

eϵ =
1
m

h(ηd, e3) (3.44)
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According to [8], it can be readily shown that the interconnection term h(ηd, e3) is bounded.
Furthermore, when e3 = 0, it follows that h(ηd, 0) = 0, which implies eϵ = 0.

Consider now the following Lyapunov function:

V3 =
1
2

eT
3 e3 (3.45)

Its derivative is:
V̇3 = eT

3 (ω∗ − η̇d) + eT
3 (ω − ω∗) (3.46)

Considering the virtual control input

ω∗ = η̇d − K3sigp/q(e3) − B3sigq/p(e3) (3.47)

where K3 ∈ R
3×3
+ and B3 ∈ R

3×3
+ , and substituting (3.47) into (3.46) yields

V̇3 = −eT
3 K3sig

p
q (e3) − eT

3 B3sig
q
p (e3) + eT

3 (ω − ω∗)

= −

3∑
i=1

k3,i|e3,i|
p+q

q −

3∑
i=1

b3,i|e3,i|
p+q

p + eT
3 (ω − ω∗)

(3.48)

We introduce a new state variable ωd and the dynamics of the new state variable satisfy ω̇d = −σ−1
η

[
sigp/q(ωd − ω

∗) + sigq/p(ωd − ω
∗)
]

ωd(0) = ω∗(0)
(3.49)

where ση ∈ R
3×3 is a designed parameter.

Step 4.

Consider the fourth error as
e4 = ω − ωd (3.50)

Differentiating (3.50) with respect to time, we get

ė4 = τ −C(η, η̇) η̇ + τext − ω̇d (3.51)

Rotational dynamics are subject to disturbances represented by τext. These perturbations will be
estimated and rejected using a fixed-time observation scheme.

Assumption 3. We impose the boundedness condition ∥τext∥∞ ≤ λ on τext, where λ is an unknown
positive constant.

3.3. Design of adaptive fixed-time disturbance observer

The disturbance observer for system (3.51) is governed by
˙̂e4 = τ −C(η, η̇) η̇ + τ̂ext − ω̇d

τ̂ext = L3sigp/q(ẽ4) + L4sigq/p(ẽ4) + λ̂sign(ẽ4)
(3.52)

where λ̂ = [λ̂1, λ̂2, λ̂3] is an estimate of λ = [λ1, λ2, λ3]. The observer error dynamics can then be
derived for each state as

˙̃e4 j = −l3 jsigp/q(ẽ4 j) − l4 jsigq/p(ẽ4 j) − λ̂ jsign(ẽ4 j) + τext, j (3.53)

where j = {ϕ, θ, ψ}.
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Theorem 2. Consider the error system (3.51) and the designed observer (3.52) under Assumption 3.
If the observer gains are selected as

l3 j = k3 j

(
1
2

) p+q
2q

, l4 j = k4 j6
2p
p−q

(
1
2

) p+q
2p

(3.54)

and the estimate λ̂ j updated by the adaptive law
˙̂λ j = r0 j|ẽ4 j| − k3 jλ̂ j − r1 jλ̂

q
p

j

r1 j = k4 j
p+q

q · r
q−p
2p

0 j 2
p+q
2p

(3.55)

then the observer guarantees estimation of τext, j within a fixed time

Tob2 ≤
2q

k3 jρ0(q − p)
+

2p
k4 jρ0(q − p)

(3.56)

where 0 < ρ0 < 1.

Proof 2.

Consistent with the findings in (3.12)–(3.20), provided that the observer gains meet the conditions
specified in Theorem 2, state ẽ4 converges to the origin uniformly in fixed time.

Consequently, after T2 > Tob2, expression (3.51) becomes

ė4 = τ −C(η, η̇) η̇ + τ̂ext − ω̇d (3.57)

Consider the augmented Lyapunov function candidate

V4 = V3 +
1
2

eT
4 e4 +

1
2

yT
2 y2 (3.58)

where y2 = ωd − ω
∗. Differentiating V4 with respect to time yields

V̇4 = eT
3 (e4 + y2) − eT

3 K3sig
p
q (e3) − eT

3 B3sig
q
p (e3) + eT

4 (τ −C(η, η̇) η̇ + τ̂ext − ω̇d)
− yT

2σ
−1
η

(
sig

p
q (y2) + sig

q
p (y2)

)
− yT

2 ω̇
∗

(3.59)

The stabilization of e4 can be ensured by introducing the control input τ:

τ = −e3 + ω̇d − τ̂ext − K4sigp/q(e4) − B4sigq/p(e4) (3.60)

where K4 ∈ R
3×3
+ and B4 ∈ R

3×3
+ . Substituting (3.60) into (3.59), we get

V̇4 = eT
3 y2 − eT

3 K3sig
p
q (e3) − eT

3 B3sig
q
p (e3) − eT

4 K4sig
p
q (e4) − eT

4 B4sig
q
p (e4)

− yT
2σ
−1
η

(
sig

p
q (y2) + sig

q
p (y2)

)
− yT

2 ω̇
∗

≤ −

3∑
i=1

k3,i|e3,i|
p+q

q −

3∑
i=1

b3,i|e3,i|
p+q

p −

3∑
i=1

k4,i|e4,i|
p+q

q −

3∑
i=1

b4,i|e4,i|
p+q

p

−

3∑
i=1

1
ση,i

(
|y2,i|

p+q
q + |y2,i|

p+q
p
)
+

3∑
i=1

|e3,i||y2,i| +

3∑
i=1

|y2,i||ω̇
∗
i |

(3.61)
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Assumption 4. Suppose there is a constant ∆η,i > 0 for which

|ω̇∗i | ≤ ∆η,i (3.62)

According to Lemma 5 and Assumption 4, we have:

|e3,i| |y2,i| ≤
p

p+q Λ
p
q+1

3,i |e3,i|
p+q

q +
q

p+q Λ
−

q
p−1

3,i |y2,i|
p+q

p

|y2,i| |ω̇
∗
i | ≤ |y2,i|∆η,i ≤

p
p+q Λ

p
q+1

4,i |y2,i|
p+q

q +
q

p+q Λ
−

q
p−1

4,i ∆
p+q

p

η,i

(3.63)

Substituting (3.63) into (3.61), one gets:

V̇4 ≤ −

3∑
i=1

(
k3,i −

p
p + q

Λ
p
q+1

3,i

)
|e3,i|

p+q
q −

3∑
i=1

b3,i|e3,i|
p+q

p −

3∑
i=1

k4,i|e4,i|
p+q

q −

3∑
i=1

b4,i|e4,i|
p+q

p

−

3∑
i=1

(
1
ση,i
−

p
p + q

Λ
p
q+1

4,i

)
|y2,i|

p+q
q −

3∑
i=1

(
1
ση,i
−

q
p + q

Λ
−

q
p−1

3,i

)
|y2,i|

p+q
p +

3∑
i=1

q
p + q

Λ
−

q
p−1

4,i ∆
p+q

p

η,i

The design parameters are carefully chosen to ensure that

k3,i >
p

p + q
Λ

p
q+1

3,i (3.64)

1
ση,i

> max
{

p
p + q

Λ
p
q+1

4,i ,
q

p + q
Λ
−

q
p−1

3,i

}
(3.65)

It can be concluded from (3.64) that:

V̇4 ≤ − γ̄7

 3∑
i=1

|e3,i|
p+q

q +

3∑
i=1

|e4,i|
p+q

q +

3∑
i=1

|y2,i|
p+q

q

 − γ̄8

 3∑
i=1

|e3,i|
p+q

p +

3∑
i=1

|e4,i|
p+q

p +

3∑
i=1

|y2,i|
p+q

p

 + γ9

(3.66)

where

γ̄7 = min
{

k3,1 −
p

p + q
Λ

p
q+1

3,1 , k3,2 −
p

p + q
Λ

p
q+1

3,2 , k3,3 −
p

p + q
Λ

p
q+1

3,3 , k4,1, k4,2, k4,3, (3.67)

1
ση,1
−

p
p + q

Λ
p
q+1

3,1 ,
1
ση,2
−

p
p + q

Λ
p
q+1

3,2 ,
1
ση,3
−

p
p + q

Λ
p
q+1

3,3

}
(3.68)

γ̄8 = min
{

b3,1, b3,2, b3,3, b4,1, b4,2, b4,3,
1
ση,1
−

q
p + q

Λ
−

q
p−1

3,1 ,
1
ση,2
−

q
p + q

Λ
−

q
p−1

3,2 ,
1
ση,3
−

q
p + q

Λ
−

q
p−1

3,3

}
(3.69)

γ9 =

3∑
i=1

q
p + q

Λ
−

q
p−1

4,i |∆η,i|
p+q

p (3.70)

The expression (3.66) can be transformed into

V̇4 ≤ − γ̃7

[(
1
2∥e3∥

2
) p+q

2q
+

(
1
2∥e4∥

2
) p+q

2q
+

(
1
2∥y2∥

2
) p+q

2q

]
− γ̃8

[(
1
2∥e3∥

2
) p+q

2p
+

(
1
2∥e4∥

2
) p+q

2p
+

(
1
2∥y2∥

2
) p+q

2p

]
+ γ9
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where γ̃7 = 2
p+q
2q γ̄7, γ̃8 = 2

p+q
2p γ̄8. Using Lemma 1 then leads to the following expression:

V̇4 ≤ −γ̃7 V
p+q
2q

4 − γ̃8 V
p+q
2p

4 + γ9 (3.71)

Consider χ3 =
[
e3 e4 y2

]T
as the error vector of the closed-loop control of the roll and pitch

subsystem. According to Lemma 2, the error vector χ3 will converge in fixed time to an arbitrarily
small neighborhood of the origin given by

min
{
γ̃

2q
p+q

7

(
γ9

1 − α0

) 2q
p+q

, γ̃
−

2p
p+q

8

(
γ9

1 − α0

) 2p
p+q

}
(3.72)

within a predesigned settling time
T3 = max{T1,T2}

where T2 is bounded by

T2 ≤
1

γ̃7 α0

2q
q − p

+
1

γ̃8 α0

2p
q − p

(3.73)

Clearly, it is observed that the upper bound of the convergence time in (3.73) is independent of the
initial tracking errors and the initial filtering errors.

3.4. Closed-loop dynamics

Applying the control strategies (3.3) and (3.26) to the position subsystem in (2.6), we obtain the
closed-loop error representation:

ė1 = −K1sig
p
q (e1) − B1sig

q
p (e1) + e2 + y1

ė2 = −K2sig
p
q (e2) − B2sig

q
p (e2) − e1 + eε

y1 = υd − υ
∗

(3.74)

We select the Lyapunov candidate as

V2 =
1
2

eT
1 e1 +

1
2

eT
2 e2 +

1
2

yT
1 y1 (3.75)

whose time derivative satisfies

V̇2 ≤ −γ̃4 V
p+q
2q

2 − γ̃5 V
p+q
2p

2 + γ6 + eT
2 eϵ (3.76)

For the attitude subsystem, the closed-loop error coordinates take the form:

ė3 = −K3sig
p
q (e3) − B3sig

q
p (e3) + e4 + y2

ė4 = −K4sig
p
q (e4) − B4sig

q
p (e4) − e3

y2 = ωd − ω
∗

(3.77)
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The associated Lyapunov function is defined by

V4 =
1
2

eT
3 e3 +

1
2

eT
4 e4 +

1
2

yT
2 y2 (3.78)

with derivative bounded by

V̇4 ≤ −γ̃7 V
p+q
2q

4 − γ̃8 V
p+q
2p

4 + γ9 (3.79)

Given that e3 converges to zero within the guaranteed prescribed time bound, the interconnection
term eϵ vanishes identically by virtue of equations (3.42) and (3.44). Consequently, the overall control
structure exhibits a cascade configuration: the position error dynamics (3.74) constitute the outer loop,
while the orientation error dynamics (3.77) form the inner loop. By invoking Lemma 1 to (3.77), it is
concluded that the attitude subsystem achieves practical fixed-time stability. Accordingly, the variables
e1, e2, and y1 enter a neighborhood of the origin as defined in (3.5) within a fixed time bound. An
identical line of reasoning applied to the translational subsystem (3.74) establishes its practical fixed-
time stability. It is worth noting that the coupling term eϵ is completely eliminated once e3 converges
to the origin.

4. Numerical simulations

This section presents a series of simulations, conducted using MATLAB/Simulink, to assess both
the effectiveness and robustness of the developed nonlinear cascade filtered fixed-time backstepping
controller combined with a novel adaptive disturbance observer. The quadrotor parameters are given
as follows [27]: m = 0.468 kg, l = 0.225 m. The nominal inertia matrix is J0 = diag(Jx, Jy, Jz) =
diag(4.856, 4.856, 8.801) × 10−3 kg ·m2, Jr = 3.357 × 10−5 kg ·m2, ϱ = 2.98 × 10−6, ϱ̄ = 1.14 × 10−7.

A summary of the control parameters is given in Table 1.

Table 1. Controllers and observer parameters.

Control
Algorithm

Controller Parameters Observer Parameters

AFxTDOBC a1,i = 0.75, b1,i = 1.1, a2,i = b2,i = 1.5,
p/q = 0.6, σ1,i = 0.1, i = {θ, ψ}

k1i = 1.5, k2i = 1.2, r0 =

10, p/q = 0.6
ESOBC a1,i = 1.5, a2,i = 2 k1i = 2, k2i = 5, k3i =

10
FTBC a1,i = 1.5, a2,i = 2, αi = 0.6
BC a1,i = 1.5, a2,i = 2

The simulations account for a 30% variation in the inertia moments to represent model uncertainty.
Starting at t = 15 s for forces and t = 10 s for moments, the aerodynamic disturbances acting on the
system are given by:

dξ(t) =
[
cos(4πt + 2π), sin(4πt + 2π), sin(4πt)

]⊤N

dη(t) =
[
0.3 sin(πt

3 ), 0.3 cos(πt
3 ), 0.5 sin(πt

3 +
π
3 )

]⊤N.m
(4.1)
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4.1. Path following simulation

Figures 2–4 present the simulation results obtained to evaluate the overall control performance
of the proposed framework. Figure 2 depicts the translational motion tracking performance of the
quadrotor UAVs along the three Cartesian axes x, y, and z. The results demonstrate that the actual
positions closely follow the prescribed stepwise desired trajectories, achieving fast transient responses
and stable convergence. A small overshoot and nearly zero steady-state error are observed across all
three axes, highlighting the controller’s ability to ensure accurate and robust position tracking despite
the presence of external disturbances and model uncertainties. Figure 3 presents the rotational tracking
results of the quadrotor in terms of the three Euler angles, namely, roll (ϕ), pitch (θ), and yaw (ψ).
It is observed that the yaw angle successfully follows the desired step reference signals with rapid
convergence, high accuracy, and very small overshoot. Similarly, the roll and pitch angles generated
by the inner loop controller accurately track their respective reference trajectories smoothly and stably,
confirming the robustness and effectiveness of the proposed controller in handling rotational dynamics.
Figure 4 shows the control inputsΩ1,Ω2,Ω3, andΩ4, corresponding to the angular velocities of the four
rotors. The signals initiate near a nominal hovering value, indicating initial steady hover conditions.
Around t ≈ 40 s, moderate oscillations appear as the controller compensates for time-varying attitude
references. Brief transient peaks at t ≈ 15 s and t ≈ 80 s are associated with abrupt reference changes
induced by external disturbances. Overall, the control inputs remain well bounded, confirming smooth
actuator behavior and stable closed-loop attitude tracking.

4.2. Comparative study

To assess the effectiveness of the proposed approach, four control schemes are examined: the
proposed adaptive fixed-time disturbance observer-based cascade filtered fixed-time backstepping
controller (AFxTDOBC), the extended state observer-based controller (ESOBC) [28], the finite-time
backstepping controller (FTBC) [29], and the backstepping controller (BC) [30]. The comparative
results are illustrated in Figures 5–8. Figure 5 compares the translational position tracking performance
of the quadrotor along the x, y, and z axes for the four considered control strategies. The proposed
AFxTDOBC achieves the fastest convergence and highest steady-state accuracy across all three
axes, owing to its integrated disturbance observer, which ensures strong robustness against external
perturbations. The ESOBC also performs satisfactorily but exhibits slightly slower settling time and
larger steady-state errors, particularly along the x-axis. The FTBC shows moderate performance with
noticeable convergence delays and tracking errors, especially along the y and z axes. The BC displays
the slowest convergence, largest steady-state errors, and weakest robustness among all the evaluated
controllers, particularly along the z-axis, confirming the limitations associated with the absence of
disturbance compensation mechanisms. Figure 6 presents the rotational tracking performance of the
quadrotor expressed in terms of the three Euler angles, namely, yaw (ψ), roll (ϕ), and pitch (θ), for
the four considered control schemes. Among all evaluated controllers, the AFxTDOBC maintains
the best tracking accuracy with minimal phase lag, and the embedded disturbance observer allows it
to effectively attenuate rapid oscillations and sudden reference changes. The ESOBC demonstrates
comparable performance but exhibits slightly greater deviation from the reference signals, particularly
during yaw step changes and oscillatory roll and pitch transients. The FTBC exhibits moderate tracking
accuracy, however, its performance degrades noticeably when the reference signals undergo rapid
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Figure 2. Translational trajectories of the QUAV.
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Figure 3. Rotational trajectories of the QUAV.
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Figure 4. Control signals.
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variations, especially in the roll and pitch channels. BC yields the weakest tracking performance
overall, suffering from the largest phase lag and the most significant deviation from the desired
trajectories, underscoring the impact of the absence of fixed-time convergence and disturbance
rejection properties.

Figures 7 and 8 depict the translational and rotational tracking errors obtained for all four
controllers. The proposed AFxTDOBC achieves the smallest errors and fastest convergence in both
translational and rotational dynamics. The ESOBC performs comparably but with slightly larger
residual errors. The FTBC and BC exhibit the largest error peaks, especially during abrupt reference
changes, further highlighting the advantage of the proposed AFxTDOBC’s disturbance observer in
maintaining precise and robust tracking throughout all operating conditions.

5. Conclusions

This paper presents a novel robust control framework based on fixed-time filtered backstepping
for autonomous trajectory tracking of quadrotor UAV subject to model uncertainties and external
disturbances. In contrast to conventional asymptotic or finite-time approaches, the proposed
strategy guarantees convergence within a settling time that is explicitly independent of initial
conditions, thereby providing predictable transient performance and enhanced reliability for mission-
critical operations. A cascade fixed-time backstepping architecture is systematically constructed
by embedding a virtual control law with strict fixed-time convergence properties into a command
filtering mechanism. This formulation inherently resolves the explosion-of-complexity problem
associated with classical backstepping, yielding smoother control signals and significantly reduced
computational burden without compromising stability guarantees. To enhance robustness against
lumped uncertainties and time-varying disturbances, an adaptive fixed-time disturbance observer is
incorporated into the control architecture. The adaptive term of the observer dynamically adjusts its
parameters based on the measured system errors, allowing the observer to track unknown external
disturbances without prior knowledge of their magnitude or structure. The observer provides an
accurate estimation of unknown perturbations within a guaranteed fixed-time interval, enabling precise
feedforward compensation and improved closed-loop performance. The stability of the overall closed-
loop system, including the boundedness of all tracking errors, is rigorously established via Lyapunov-
based analysis. Extensive numerical simulations under multiple operating scenarios, including
parametric variations and external disturbance injections, validate the theoretical results. Comparative
evaluations against existing controllers consistently demonstrate superior tracking accuracy, faster
transient response, reduced steady-state error, and stronger disturbance rejection, confirming the
practical viability of the proposed framework for advanced quadrotor applications. Nevertheless, the
proposed control approach has some limitations. It demands substantial computational resources,
which may restrict real-time implementation on low-power embedded systems. While simulations
demonstrate strong performance, real-world factors such as sensor noise, actuator delays, and
aerodynamic effects can introduce additional challenges in practical UAV deployment. Furthermore,
extending the framework to larger or more complex UAV systems with additional degrees of freedom
may require extra hierarchical layers and careful design to maintain stability guarantees.

As future work, the proposed framework can be extended to more complex underactuated aerial
systems, such as aerial manipulators with higher degrees of freedom. Further research may focus
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Figure 5. Translational trajectories of the QUAV with different controllers.
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Figure 6. Rotational trajectories of the QUAV with different controllers.
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Figure 7. Translational tracking errors of the QUAV with different controllers.
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Figure 8. Rotational tracking errors of the QUAV with different controllers.
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on adaptive predefined-time control strategies for systems with completely unknown dynamics, the
integration of machine learning techniques to enhance performance in highly uncertain environments,
and the development of novel predefined synergetic control approaches. Moreover, experimental
validation and real-world implementation on full-scale autonomous aerial platforms, such as the
Quanser platform, remain important directions for future investigation.
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