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This paper presents a fast fixed-time incremental fault-tolerant control for fixed-wing aircraft to counteract 
asymmetric wing damage and actuator hybrid faults. A novel fast fixed-time incremental backstepping control 
is proposed to enhance the flight performance of damaged aircraft. Additionally, a fast fixed-time filter 
is constructed to avoid the ``explosion of complexity''. Importantly, a fast fixed-time disturbance observer 
is presented to compensate for the effects of state differentiation disturbances, thus solving the issue that 
the robustness of incremental control depends on the feedback state differentiation. Then, it is rigorously 
demonstrated that the developed closed-loop fault-tolerant control system is fixed-time stable, with a convergence 
time is not related to the initial state errors. Finally, hardware-in-the-loop experimental results demonstrate that 
the proposed fault-tolerant control exhibits excellent control performance and robustness, effectively overcoming 
the effects of asymmetric wing damage and disturbances in state differentiation, thereby significantly improving 
both flight safety and performance.
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1. Introduction

Wing damage is one of the most destructive faults that seriously 
threaten safe flight. In reality, wing damage is always asymmetric, 
which exacerbates the destructive effects of the damage on the aircraft. 
Asymmetric wing damage not only significantly reduces the lift but also 
produces an additional rolling moment that causes the aircraft to roll 
dramatically. If effective measures are not taken, the aircraft could lose 
control or even disintegrate. Due to the high uncertainty in the occur

rence time and location of wing damage faults, it is challenging to make 
accurate forecasts [1]. Over the past few decades, engineers have con

tinually updated fault-tolerant techniques to enhance the robustness of 
flight control systems and mitigate the impact of damage faults on air

craft [2--5].
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As an incremental-type nonlinear fault-tolerant control (FTC), incre

mental backstepping (IBS) control has attracted much attention [6--12]. 
The philosophy of the IBS control is also consistent with the backstep

ping control in Refs. [13--15]. In contrast, IBS control utilizes the Taylor 
series expansion to obtain the dynamic relationship between incremen

tal inputs and system’s states, thereby replacing the complex nonlinear 
model information in BS with the state differential signal at the previ

ous moment [16]. Intuitively, IBS control is completely independent of 
control-independent nonlinear model dynamics and only requires the 
control effectiveness matrix. In [6,7], it is demonstrated that IBS is also 
robust to the uncertainties and disturbances in the control effective

ness matrix, and the stability conditions are provided. Therefore, IBS 
control solves the issue of lack of robustness in BKS [17]. Since mod

eling information is not required, the application of IBS to develop the 
fault-tolerant flight controller (FTFC) not only dramatically expedites 
development but also significantly improves aircraft’s robustness to dis

turbances and faults [9].

Benefiting from these advantages, IBS has been widely applied in 
flight control [16,17]. Flight tests on a fixed-wing unmanned aerial vehi

cle have been completed, verifying the robustness of the IBS-based flight 
controller against uncertainties and disturbances [18]. IBS has been suc

cessfully applied in the design of an automatic flight controller for the 
Boeing 747, and its robustness has been evaluated under various ma

neuvers and flight conditions [9]. The closed-loop characteristics of IBS 
have been analyzed under measurement delays and model uncertain

ties [19]. In light of this, this paper aims to design an IBS-based FTFC to 
mitigate the impact of asymmetry wing damage on the aircraft, thereby 
improving the aircraft’s safety and flight performance

However, existing research often neglects the crucial issues that the 
robustness of IBS is degraded due to disturbances in the feedback state 
derivatives. Structurally, due to the lack of mechanisms for disturbance 
estimation and compensation, such as neural networks [20], disturbance 
observers [21], IBS is thus regarded as a passive FTC method. Mean

while, the robustness of IBS relies on feedback state differentiation, as it 
contains all system information, including all disturbances. Therefore, 
once state differentiation is disturbed, it inevitably leads to a loss of 
robustness [22]. This poses a significant obstacle for the practical ap

plication of IBS, and effective measures must be taken to address this 
challenge.

Another concern is that the convergence time is uncertain. Existing 
IBS only guarantees that tracking errors converge asymptotically [6,11]. 
Even worse, their convergence times are dependent on the initial er

ror. For a damaged aircraft, the recovery time would increase with the 
severity of the damage. This is not feasible for severe damage, especially 
for wing damage faults. Therefore, it is necessary to decouple the con

vergence time of IBS from the initial error, ensuring that the damaged 
aircraft can rapidly recover within a bounded time, even under severe 
damage scenarios.

The development of the fixed-time (FxT) control theory provides an 
effective solution to this challenge [23--27]. Unlike the finite-time con

trol, the maximum convergence time of the fixed-time control can be 
calculated according to the controller parameters and is independent of 
initial errors. Currently, FxT control has been widely applied to power 
systems [28], hypersonic vehicles [29,30], and reusable launch vehicles 
[31]. The properties of FxT control also renders it highly suitable for ad

dressing the challenges of FTFC in damaged aircraft. To the best of the 
authors’ knowledge, no research conducted on FxT-based IBS control, 
and FxT control has not yet been applied to damaged aircraft FTFC.

Motivated by the aforementioned analysis, this paper proposes a fast 
fixed-time (FFT)-based incremental control for wing-damaged aircraft 
to improve its robustness and flight performance. Moreover, this paper 
also addresses the drawback of robustness degradation in IBS control 
due to state differentiation disturbances, thereby further enhancing the 
robustness of damaged aircraft under complex disturbances. Compared 
with existing research, the main contributions of this paper can be sum

marized as follows:

(1) The existing literature [11,12,21] neglects the case of wing dam

age leading to actuator faults. To bridge this gap, this paper simulta

neously considers the effects of asymmetric wing damage and actuator 
faults in aircraft modeling and FTFC design. Moreover, this paper rigor

ously analyzes and demonstrates the impact of input faults on the IBS 
closed-loop system. Therefore, the research results provide valuable in

sights for the study of damaged aircraft, while also contributing to the 
refinement and development of FTC.

(2) A FFT-based disturbance observer (FFTDO) is proposed to esti

mate disturbances in the state differentiation. Compared to the work in 
Ref. [21], the proposed FFTDO achieves disturbance estimation within 
a fixed time, and the estimation time is independent of the initial dis

turbance. Moreover, the estimation dynamics of this FFTDO are signifi

cantly improved compared to existing FxT-based DOs [29,30,32].

(3) A promising FFT-based IBS (FFTIBS) control with FFTDO is pro

posed and applied to develop FTFC for addressing the FTC problem of 
the wing-damaged aircraft. It is not only the first application of FxT 
theory in IBS control but also the first attempt to achieve FxT-based 
FTC for asymmetric wing-damaged aircraft. Compared with the exist

ing FTFC methods [6,12,21,33], the recovery time of the designed FTFC 
is independent of the aircraft’s initial states. Compared with existing 
IBS [7--9,11,18,19], this paper also addresses the challenge that the ro

bustness of the IBS depends on the accuracy of the state differentiation. 
Therefore, this research is seen as a step toward the existing work on 
FTFC and IBS control.

(4) A FFT-based filter (FFTF) is proposed to avoid the ``explosion of 
complexity'' problem. Compared with existing filters [29,31], this FFTF 
exhibits a faster convergence rate, thereby enabling faster stabilization 
of the closed-loop system.

The remainder of the paper is organized as follows: Section 2 es

tablishes the damaged aircraft model. Section 3 clarifies control objec

tives and provides essential lemmas. Section 4 details the design of the 
FFTDO-based FFTIBS fault-tolerant controller. The stability analysis of 
the proposed FTFC is conducted in Section 5. Section 6 evaluates and 
compares the performance of the designed FTFC through hardware-in

the loop experiments. At last, Section 7 concludes the paper.

2. Damaged aircraft modeling

2.1. Modeling of wing-damaged aircraft

Assuming that the aircraft is modeled as a rigid body and is no longer 
symmetric about the 𝑥𝑜𝑧 plane, the influence of changes in the center of 
gravity (CG) must be considered. Following the approach in Ref. [34], 
the dynamics of the wing-damaged aircraft can be expressed as

𝑝̇ =
(
𝐿̄𝑑 + 𝐼𝑥𝑦𝑞̇ + 𝐼𝑥𝑧𝑟̇− 𝐼𝑥𝑦𝑝𝑟+ 𝐼𝑥𝑧𝑝𝑞 −(𝐼𝑧𝑧 − 𝐼𝑦𝑦)𝑞𝑟− 𝐼𝑦𝑧(𝑟2 − 𝑞2)

)
∕𝐼𝑥𝑥 +Δ𝑝̇

𝑞̇ =
(
𝑀̄𝑑 + 𝐼𝑥𝑦𝑝̇+ 𝐼𝑦𝑧𝑟̇− 𝐼𝑦𝑧𝑝𝑞 + 𝐼𝑥𝑦𝑞𝑟 −(𝐼𝑥𝑥 − 𝐼𝑧𝑧)𝑞𝑟− 𝐼𝑥𝑧(𝑝2 − 𝑟2)

)
∕𝐼𝑦𝑦 +Δ𝑞̇

𝑟̇ =
(
𝑁̄𝑑 + 𝐼𝑥𝑧𝑝̇+ 𝐼𝑦𝑧𝑞̇ + 𝐼𝑦𝑧𝑝𝑟− 𝐼𝑥𝑧𝑞𝑟 −(𝐼𝑦𝑦 − 𝐼𝑥𝑥)𝑝𝑞 − 𝐼𝑥𝑦(𝑞2 − 𝑝2)

)
∕𝐼𝑧𝑧 +Δ𝑟̇

𝛼̇ = 𝑞 − (𝑝 cos𝛼 + 𝑟 sin𝛼) tan𝛽 + 1 
𝑚𝑉 cos𝛽

(
−𝐿𝑑 − 𝑇 sin𝛼 +𝑚𝑔 cos 𝛾 cos𝜇

)
𝛽̇ = 𝑝 sin𝛼 − 𝑟 cos𝛼 + 𝑔

𝑉
sin𝜃 cos𝜙+ 1 

𝑚𝑉

(
𝑌𝑑 − 𝑇 cos𝛼 sin𝛽

)
𝜙̇ = 𝑝+ (𝑟 cos𝜙+ 𝑞 sin𝜙) tan𝜃

𝑉̇ = 1 
𝑚
(𝑇 cos𝛼 cos𝛽 −𝐷𝑑 −𝑚𝑔 sin 𝛾)

(1)

where 𝑝, 𝑞, and 𝑟 denote the angular rates. 𝑚 is the mass of the dam

aged aircraft, 𝑔 is the gravitational acceleration. 𝜃, 𝜙, 𝛼, 𝛽, 𝜇, and 𝛾
represent the pitch angle, roll angle, angle of attack (AOA), sideslip 
angle, bank angle, and flight path angle, respectively. 𝐼𝑥𝑥 , 𝐼𝑦𝑦, and 
𝐼𝑧𝑧 represent the roll, pitch, and yaw moments of inertia, respectively, 
while 𝐼𝑥𝑦, 𝐼𝑦𝑧, and 𝐼𝑥𝑧 represent the products of inertia. 𝑉 is the ve

locity, and 𝑇 is the thrust. The forces 𝑭 𝑑 = [𝐷𝑑,𝑌𝑑 ,𝐿𝑑 ]𝑇 and moments 
𝑴𝑑 = [𝐿̄𝑑 , 𝑀̄𝑑 , 𝑁̄𝑑 ]

𝑇
can be divided into the normal terms 𝑭 𝑛 and 𝑴𝑛, 
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and the incremental terms Δ𝑭 and Δ𝑴 . Among them, 𝑭 𝑛 and 𝑴𝑛 rep

resent the pre-damaged aircraft forces and moments, and their forms 
can be expressed as

⎧⎪⎨⎪⎩
𝐷𝑛 =𝑄𝑆𝐶𝐷

𝑌𝑛 =𝑄𝑆𝐶𝑌

𝐿𝑛 =𝑄𝑆𝐶𝐿

, 
⎧⎪⎨⎪⎩
𝐿̄𝑛 =𝑄𝑆𝑏𝐶𝑙

𝑀̄𝑛 =𝑄𝑆𝑐𝐶𝑚

𝑁̄𝑛 =𝑄𝑆𝑏𝐶𝑛

(2)

where 𝑄 is the dynamic pressure, 𝑆 is the wing area. 𝑐 and 𝑏 rep

resent the mean aerodynamic chord and wing span, respectively. 
𝐶𝐷 = 𝐶𝐷0 + 𝐶𝐷,𝛼𝛼 + 𝐶𝐷,𝑞(𝑞𝑐∕2𝑉 ) + 𝐶𝐷,𝛿𝑒𝛿𝑒, 𝐶𝐿 = 𝐶𝐿0 + 𝐶𝐿,𝛼𝛼 +
𝐶𝐿,𝑞(𝑞𝑐∕2𝑉 ) + 𝐶𝐿,𝛿𝑒𝛿𝑒, 𝐶𝑌 = 𝐶𝑌 ,𝛽𝛽 + 𝐶𝑌 ,𝑝(𝑝𝑏∕2𝑉 ) + 𝐶𝑌 ,𝑟(𝑟𝑏∕2𝑉 ) +
𝐶𝑌 ,𝛿𝑎𝛿𝑎 + 𝐶𝑌 ,𝛿𝑟𝛿𝑟, 𝐶𝑚 = 𝐶𝑚0 + 𝐶𝑚,𝛼𝛼 + 𝐶𝑚,𝑞(𝑞𝑐∕2𝑉 ) + 𝐶𝑚,𝛿𝑒𝛿𝑒, 𝐶𝑙 =
𝐶𝑙,𝛽𝛽 + 𝐶𝑙,𝑝(𝑝𝑏∕2𝑉 ) + 𝐶𝑙,𝑟(𝑟𝑏∕2𝑉 ) + 𝐶𝑙,𝛿𝑎𝛿𝑎 + 𝐶𝑙,𝛿𝑟𝛿𝑟, and 𝐶𝑛 = 𝐶𝑛,𝛽𝛽 +
𝐶𝑛,𝑝(𝑝𝑏∕2𝑉 ) +𝐶𝑛,𝑟(𝑟𝑏∕2𝑉 ) +𝐶𝑛,𝛿𝑎𝛿𝑎 +𝐶𝑛,𝛿𝑟𝛿𝑟, where 𝛿𝑒, 𝛿𝑎, and 𝛿𝑟 rep

resent the deflections of the elevator, aileron, and rudder, respectively. 
In this paper, all aerodynamic coefficients 𝐶· are obtained using CFD 
software. The incremental forces Δ𝑭 and moments Δ𝑴 , resulting from 
wing damage, are explicitly defined in Eq. (3).

[
Δ𝑭
Δ𝑴

]
=

⎡⎢⎢⎢⎢⎢⎢⎣

Δ𝐷

Δ𝑌

Δ𝐿

Δ𝐿̄

Δ𝑀̄

Δ𝑁̄

⎤⎥⎥⎥⎥⎥⎥⎦
=𝑄𝑆

⎡⎢⎢⎢⎢⎢⎢⎣

Δ𝐶𝐷0 Δ𝐶𝐷𝛼 Δ𝐶𝐷𝛽 Δ𝑪𝐷𝜹 Δ𝑪𝐷𝝎

Δ𝐶𝑌 0 Δ𝐶𝑌 𝛼 Δ𝐶𝑌 𝛽 Δ𝑪𝑌 𝜹 Δ𝑪𝑌𝝎

Δ𝐶𝐿0 Δ𝐶𝐿𝛼 Δ𝐶𝐿𝛽 Δ𝑪𝐿𝜹 Δ𝑪𝐿𝝎

𝑏Δ𝐶𝑙0 𝑏Δ𝐶𝑙𝛼 𝑏Δ𝐶𝑙𝛽 𝑏Δ𝑪 𝑙𝜹 𝑏Δ𝑪 𝑙𝝎

𝑐Δ𝐶𝑚0 𝑐Δ𝐶𝑚𝛼 𝑐Δ𝐶𝑚𝛽 𝑐Δ𝑪𝑚𝜹 𝑐Δ𝑪𝑚𝝎

𝑏Δ𝐶𝑛0 𝑏Δ𝐶𝑛𝛼 𝑏Δ𝐶𝑛𝛽 𝑏Δ𝑪𝑛𝜹 𝑏Δ𝑪𝑛𝝎

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

1
𝛼

𝛽

𝜹

𝝕

⎤⎥⎥⎥⎥⎥⎦
(3)

where 𝝕 = 1 
2𝑉 [𝑏𝑝, 𝑐𝑞, 𝑏𝑟]𝑇 .

Additionally, Δ𝑝̇, Δ𝑞̇, and Δ𝑟̇ in Eq. (1) are caused by CG changes due 
to wing damage. Their detailed mathematical expressions are provided 
as follows:

Δ𝑝̇ = −𝑚 ((𝑤̇− 𝑞𝑢+ 𝑝𝑣)Δ𝑦+ (𝑣̇+ 𝑟𝑢− 𝑝𝑤)Δ𝑧) ∕𝐼𝑥𝑥
Δ𝑞̇ = −𝑚 ((𝑢̇− 𝑟𝑣+ 𝑞𝑤)Δ𝑧+ (𝑤̇+ 𝑝𝑣− 𝑞𝑢)Δ𝑥) ∕𝐼𝑦𝑦
Δ𝑟̇ = −𝑚 ((𝑣̇+ 𝑟𝑢− 𝑝𝑤)Δ𝑥+ (𝑢̇− 𝑟𝑣+ 𝑞𝑤)Δ𝑦) ∕𝐼𝑧𝑧

(4)

where 𝑢, 𝑣, and 𝑤 represent the linear velocity.

Remark 1. From Eq. (4), the shifts in CG changes (Δ𝑥,Δ𝑦,Δ𝑧) due to 
wing damage introduce coupling between the angular rates and linear 
velocities. Furthermore, the pitch angular rate is also coupled to the 
roll and yaw angular rates. This means that the dynamics of the wing

damaged aircraft become more complicated, which may result in the 
degradation or complete failure of the existing flight controller.

2.2. Modeling of actuator fault

Since actuators are attached to the wing or the wing is directly serves 
as control surfaces, wing damage not only affects the control property 
but also easily leads to actuator faults, such as stuck or loss of effective

ness. Let 𝒖 = [𝛿𝑎, 𝛿𝑒, 𝛿𝑟]𝑇 denotes the control deflections vector. Under 
actuator faults, the actual defection can be expressed as:

𝒖 =Ψ
(
(𝑰3 − 𝝀)𝒖𝑐 + 𝜼

)
(5)

where 𝜼 represents the deflection error. The diagonal matrix 𝝀 repre

sents the control degradation degree, with its diagonal elements satisfy

ing 𝜆𝑖 ∈ [0,1], 𝑖 = 1,2,3. Table 1 lists the parameter changes in Eq. (5) 
corresponding to typical actuator faults. 

Furthermore, Ψ(·) represents the saturation function. The 𝑖-th ele

ment can be expressed as follows:

Table 1
Actuator faults details.

Fault types 𝜆 𝜂

Healthy 𝜆𝑖 = 0 𝜂𝑖 = 0
Stuck 𝜆𝑖 = 1 𝜂𝑖 ≠ 0
Lose of effectiveness 𝜆𝑖 ∈ (0,1) 𝜂𝑖 = 0
Complete failed 𝜆𝑖 = 1 𝜂𝑖 = 0

[Ψ(𝒖)]𝑖 =
⎧⎪⎨⎪⎩
𝑢̄max,𝑖 + 𝑢̄ tanh

(
𝑢𝑖−𝑢̄max,𝑖

𝑢̄

)
, if 𝑢̄max,𝑖 ≥ 𝑢𝑖

𝑢𝑖, if 𝑢̄min,𝑖 < 𝑢𝑖 < 𝑢̄max,𝑖

𝑢̄min,𝑖 + 𝑢̄ tanh
(

𝑢𝑖−𝑢̄min,𝑖
𝑢̄

)
, if 𝑢𝑖 ≤ 𝑢̄min,𝑖

(6)

where 𝑢̄max,𝑖 ≜ 𝑢max,𝑖 − 𝑢̄, 𝑢̄min,𝑖 ≜ 𝑢min,𝑖 + 𝑢̄. Among them, 𝑢̄ is a small 
constant. 𝑢𝑖,max and 𝑢𝑖,min denote the maximum and minimum values of 
𝑖-th actuator, respectively.

3. Control objectives and preliminaries

3.1. Control objectives

To enhance the aircraft’s capability to rapidly recover stability after 
damage and improve flight performance under damage faults, this paper 
aims to develop an attitude FTFC with the following properties:

(1) All states in the closed-loop are the semi-global fixed-time uni

formly ultimately bounded (SGFTUUB).

(2) The given attitude angle commands 𝛼𝑐 , 𝛽𝑐 ,𝜙𝑐 are accurately 
tracked within a fixed-time 𝑇𝑠, even in the presence of state differen

tiation disturbances.

(3) After damage occurs, the damaged aircraft can stabilize within a 
fixed time 𝑇𝑠. Importantly, this convergence time 𝑇𝑠 is independent of 
the initial errors caused by wing damage.

3.2. Preliminaries

Definition 1. Considering the following nonlinear system:

𝒙̇ = 𝒇 (𝒙(𝑡)), 𝒙(0) = 𝒙0 (7)

Assuming the system (7) satisfies the following conditions: (a) Given 
a set 𝑾 0 ∈𝑹𝑛 and an arbitrarily small compact set 𝑾 ∈𝑹𝑛 containing 
the origin. For any initial states 𝒙0 ∈ 𝑹𝑛, the system can enter the set 
𝑾 in a finite time 𝑡𝑠, that is, lim

𝑥0→∞
𝑡𝑠 ≤ 𝑇 . (b) There exists a positive 

number 𝑋 > 0 such that the states 𝒙(𝑡) satisfies ‖𝒙(𝑡)‖ ≤𝑋 for all 𝑡 ≥ 𝑇 . 
Then, the system (7) is called SGFTUUB.

Remark 2. The concept of SGFTUUB is of great importance for FTFC, 
especially in wing-damaged aircraft. Severe wing damage faults may ag

gravate the sudden change of aircraft’s states, leading to longer recovery 
times for the damaged aircraft, which poses a significant risk to the pilot. 
If SGFTUUB-based FTC technology is applied to wing-damaged aircraft, 
then, under the premise of controllability, the damaged aircraft can re

cover stability within a explicit time period, regardless of the severity 
of the damage. This is of great significance for safe flight of damaged 
aircraft.

Lemma 1. Consider the following system:

𝑥̇ = −𝑎sig(𝑥)𝑝1 − 𝑏sig(𝑥)𝑝2 (8)

where the operator sig(·) in this paper is defined as sig(𝑥)𝑙 ≜ sign(𝑥) ⋅ |𝑥|𝑙 . 
Moreover, system parameters satisfy 𝑎 > 0, 𝑏 > 0, 𝑝1 =

1
2 (𝑙1 + 1) + 1

2 (𝑙1 −
1)sign(|𝑥|−1), and 𝑝2 =

1
2 (𝑙1 + 𝑙2)+

1
2 (𝑙1 − 𝑙2)sign(|𝑥|−1) with 𝑙1 > 1 and 

0 < 𝑙2 < 1. Then, the system (8) is also SGFTUUB, and the upper bounded 
of the convergence time 𝑡𝑠 is

𝑡𝑠 ≤ 𝑇max =
1 

(𝑎+ 𝑏)(𝑙1 − 1)
+ 1 

𝑎(1 − 𝑙2)
ln

(
1 + 𝑎

𝑏 

)
(9)
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Fig. 1. Scheme of the developed FTFC scheme. 

Proof. Equation (8) can be rewritten as:{
𝑥̇ = −(𝑎+ 𝑏) sig(𝑥)𝑙1 , |𝑥| > 1

𝑥̇ = −𝑎𝑥− 𝑏sig(𝑥)𝑙2 , |𝑥| ≤ 1
(10)

The solution of Eq. (10) is the upper bound of the convergence time 
𝑇max. The detailed are as follows:

𝑇max ≜ 𝑇1 + 𝑇2 = lim
𝑥0→∞

𝑥0

∫
1 

𝑑𝑥 
(𝑎+ 𝑏)sig(𝑥)𝑙1

+

1 

∫
0 

𝑑𝑥 
𝑎𝑥+ 𝑏sig(𝑥)𝑙2

(11)

Define a new state 𝑦 = |𝑥|1−𝑙2 . Then, for any value of 𝑥, the second 
integral term in Eq. (11) transform to

𝑇2 =

1 

∫
0 

1 
(1 − 𝑙2)(𝑎𝑦+ 𝑏)

𝑑𝑦 (12)

Therefore, the convergence time is calculated as follows:

𝑇max = lim
𝑥0→∞

1− |𝑥(0)|1−𝑙1
(𝑎+ 𝑏)(𝑙1 − 1)

+ 1 
𝑎(1 − 𝑙2)

ln
(
𝑏+ 𝑎

𝑏 

)
= 1

(𝑎+ 𝑏)(𝑙1 − 1)
+ 1 

𝑎(1 − 𝑙2)
ln

(
1 + 𝑎

𝑏 

) (13)

The proof is completed. □

Remark 3. With the same parameters, the convergence time shown in 
(13) for this FxT structure is shorter than that described in Lemma 1
of Ref. [28]. Therefore, the system described by Eq. (8) is called FFT 
system.

Lemma 2. [35,36] There exist positive constants 𝑦𝑖 for 𝑖 = 1,2⋯𝑛 and 
𝑐 ∈ (0,1) such that the following inequalities hold:

𝑛 ∑
𝑖=1 

||𝑦𝑖||𝑐 ≥
(

𝑛 ∑
𝑖=1 

||𝑦𝑖||
)𝑐

, 
𝑛 ∑

𝑖=1 
||𝑦𝑖|| 1𝑐 ≥ 𝑛

1− 1
𝑐

(
𝑛 ∑

𝑖=1 
||𝑦𝑖||

)1∕𝑐 
(14)

4. Main results

The primary objective of this study is to design a fault-tolerant con

troller for FFTIBS with FFTDO, whose structure is illustrated in Fig. 1. 
Provided that the damaged aircraft remains controllable, this approach 
ensures that the damaged aircraft’s attitude angles can track on their 
commands, even in the presence of asymmetric wing damage and actu

ator faults. 

4.1. FFTIBS controller design

Define the outer and inner loops states as 𝒙1 = [𝛼, 𝛽,𝜙]𝑇 and 𝒙2 =
[𝑝, 𝑞, 𝑟]𝑇 , respectively. By combining Eqs. (2) and (4), the dynamics of 
the damaged aircraft, as described in Eq. (1), can be reformulated as

𝒙̇1 = 𝒇̄ 1 + 𝑮̄1𝒙2 + 𝒅1(Δ𝑭 ,Δ𝑚)

𝒙̇2 = 𝒇̄ 2 +
(
𝑮̄2 + Δ𝑮2

)
𝒖+ 𝒅2(Δ𝑴 ,Δ𝒙̇2)

(15)

with

𝒇̄ 1 =
⎡⎢⎢⎢⎣

1 
𝑚𝑛𝑉 cos𝛽

(
−𝐿𝑑 − 𝑇 sin𝛼 +𝑚𝑛𝑔 cos 𝛾 cos𝜇

)
𝑔

𝑉
sin𝜃 cos𝜙+ 1 

𝑚𝑛𝑉

(
𝑌𝑑 − 𝑇 cos𝛼 sin𝛽

)
0

⎤⎥⎥⎥⎦ ,
𝑮̄1 =

⎡⎢⎢⎣
−tan𝛽 cos𝛼 1 − tan𝛽 sin𝛼

sin𝛼 0 −cos𝛼
1 tan𝜃 sin𝜙 tan𝜃 cos𝜙

⎤⎥⎥⎦ (16)

𝒇̄ 2 = 𝑱−1
𝑛

⎛⎜⎜⎜⎜⎝
𝑄𝑆

⎡⎢⎢⎢⎢⎣
𝑏

(
𝐶𝑙,𝛽𝛽 +𝐶𝑙,𝑝

𝑝𝑏 
2𝑉 +𝐶𝑙,𝑟

𝑟𝑏 
2𝑉

)
𝑐

(
𝐶𝑚,0 +𝐶𝑚,𝛼𝛼 +𝐶𝑚,𝑞

𝑞𝑐

2𝑉

)
𝑏

(
𝐶𝑛,𝛽𝛽 +𝐶𝑛,𝑝

𝑝𝑏 
2𝑉 +𝐶𝑛,𝑟

𝑟𝑏 
2𝑉

)
⎤⎥⎥⎥⎥⎦
− 𝒙2 × 𝑱 𝑛𝒙2

⎞⎟⎟⎟⎟⎠
,

𝑮̄2 =𝑄𝑆𝑱−1
𝑛

⎡⎢⎢⎣
𝑏𝐶𝑙,𝛿𝑎 0 𝑏𝐶𝑙,𝛿𝑟

0 𝑐𝐶𝑚,𝛿𝑒 0
𝑏𝐶𝑛,𝛿𝑎 0 𝑏𝐶𝑛,𝛿𝑟

⎤⎥⎥⎦ (17)

𝑱 𝑛 =
⎡⎢⎢⎣
𝐼𝑥𝑥,𝑛 −𝐼𝑥𝑦,𝑛 −𝐼𝑥𝑧,𝑛
−𝐼𝑥𝑦,𝑛 𝐼𝑦𝑦,𝑛 −𝐼𝑦𝑧,𝑛
−𝐼𝑥𝑧,𝑛 −𝐼𝑦𝑧,𝑛 𝐼𝑧𝑧,𝑛

⎤⎥⎥⎦ (18)

where the subscript ``𝑛'' represents the states of the normal aircraft. 
𝒅1(Δ𝑭 ,Δ𝑚) and 𝒅2(Δ𝑴 ,Δ𝒙̇2) represent the effects of wing damage on 
attitude angles and angular rates, respectively. Δ𝒙̇2 denotes the distur

bance caused by sudden changes in the CG. Δ𝑮2 = 𝑱−1 𝜕Δ𝑴
𝜕𝒖

represents 
the effects of wing damage on control properties. The mathematical 
forms of the above disturbances are as follows:

𝒅1 =
1 

𝑚𝑉

[
Δ𝐿∕cos𝛽, Δ𝑌 , 0

]𝑇 + 𝒅1,𝑚(Δ𝑚)

𝒅2 = 𝑱−1
𝑛
(𝒙2 × Δ𝑱𝒙2) + Δ𝒙̇2 + Δ𝑱 𝒙̇2 + 𝒅2,𝑚(Δ𝑚)

(19)

where Δ𝑚 =𝑚𝑛−𝑚 and Δ𝑱 = 𝑱 𝑛−𝑱 represent the changes in mass and 
inertia matrix due to wing damage, respectively. 𝒅𝑖,𝑚(Δ𝑚) represent the 
disturbances caused by mass changes.

It is assumed that the wing-damaged aircraft satisfies the following 
assumptions:

Assumption 1. Due to have practical background, the disturbances 
caused by wing damage to aircraft, 𝒅1(Δ𝑭 ,Δ𝑚) and 𝒅2(Δ𝑴 ,Δ𝒙̇2), are 
assumed to be continuous and bounded. That is, there exist positive con

stants 𝑑1 and 𝑑2, such that ||𝒅1|| ≤ 𝑑1 and ||𝒅2|| ≤ 𝑑2 hold.

Assumption 2. The aircraft is assumed to remain controllable after 
asymmetric wing damage occurs, and its states are within the safe flight 
envelope. The angular rate control matrix of the damaged aircraft satis

fies ‖‖‖Δ𝑮2𝑮̄
−1
2

‖‖‖ ≤ 𝑏̄ < 1, where 𝑏̄ is a positive constant.
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Assumption 3. Assuming that actuator faults resulting from wing dam

age are limited, and the remaining control surfaces still have a certain 
control authority, that is, 𝜆𝑖𝑖 ≠ 1 for 𝑖 = 1,2,3.

Remark 4. Assumptions 2 and 3 are the essential prerequisites for dam

aged aircraft FTC. These assumptions ensure that the aircraft with asym

metric wing damage remains controllable and that the redundant con

trol surfaces retain control capabilities for pitch, roll, and yaw motions. 
A detailed study on the safety envelope assessment and controllability 
analysis of the damaged aircraft can be found in Ref. [37].

Remark 5. Regardless of the pitch angle 𝜃, AOA 𝛼, sideslip angle 𝛽, 
and roll angle 𝜙, the control matrix of the attitude loop 𝑮̄1 in Eq. 
(16) is always invertible. Since the contributions of ailerons and rud

der to roll and yaw motions are distinct, the relationship [𝐶𝑙,𝛿𝑎,𝐶𝑛,𝛿𝑎] ≠
𝑘[𝐶𝑙,𝛿𝑟,𝐶𝑛,𝛿𝑟] holds, where 𝑘 is an arbitrary coefficient. Together with 
Remark 4, the control matrix of the angular rate loop 𝑮̄2 in Eq. (17) is 
also always invertible. This invertibility assumption for 𝑮̄1 and 𝑮̄2 is 
widely adopted in flight control [21,38].

The sampling time interval is set to Δ𝑡. The first-order Taylor series 
expansion is applied to derive the incremental form of the attitude angle 
dynamics around the condition 𝑡0. The results are as follows:

𝒙̇1 ≜ 𝒇𝒙1(𝒙) + 𝒅1(Δ𝑭 ,Δ𝑚)

= 𝒙̇1,0 + 𝑮̄1,0Δ𝒙2 + Δ𝒅1 +
𝜕𝒇𝒙1
𝜕𝒙1

||||0Δ𝒙1 + 𝒐1
(20)

where 𝒙̇1,0 represents the attitude angle at 𝑡0. Δ𝒙· = 𝒙· − 𝒙· and Δ𝒅 =
𝒅1 −𝒅1,0 represent the increments of 𝒙· and 𝒅 in one time step Δ𝑡. Given 
that angular rates have a dominant influence on attitude compared to 
other states, the partial derivative of 𝒙̇1 with respect to 𝒙2 is regarded 
as the dominant control effectiveness. 𝒐1 denotes the higher-order re

minder, whose Lagrange form is

𝒐1 =
1
2
𝜕2𝒇𝒙1

𝜕2𝒙1

|||||0Δ𝒙21 + 1
2
𝜕2𝒇𝒙1

𝜕2𝒙2

|||||0Δ𝒙22 + 𝜕2𝒇𝒙1
𝜕𝒙1𝜕𝒙2

|||||0Δ𝒙1Δ𝒙2
The FFTIBS-based attitude angle control law can be designed as

Δ𝒙2,𝑐 = 𝑮̄
−1
1,0

(
𝒗1 − 𝒙̇1,0 + 𝒙̇1,𝑐

)
(21)

where 𝒙1,𝑐 = [𝛼𝑐, 𝛽𝑐 ,𝜙𝑐]𝑇 denotes the attitude angle commands. The vir

tual control 𝒗1 is designed based on an FFT structure, as follows:

𝒗1 = −𝑎1sig(𝒛1)𝝃1 − 𝑏1sig(𝒛1)𝝃2 (22)

where 𝒛1 = 𝒙1 −𝒙1,𝑐 denotes the dynamic errors. 𝝃1 and 𝝃2 are diagonal 
matrices, whose elements are defined as 𝜉1,𝑖 = 0.5(𝑚1 + 1) + 0.5(𝑚1 −
1)sign(|𝑧1,𝑖|−1) and 𝜉2,𝑖 =

1
2 (𝑚1 +𝑛1)+

1
2 (𝑚1 −𝑛1)sign(|𝑧1,𝑖|−1). Among 

them, 𝑎1, 𝑏1 are positive constants, and 𝑚1 > 1, 0< 𝑛1 < 1.

Combining Eqs. (20) and (21), the attitude angle tracking errors are 
expressed as

𝒛̇1 = 𝒗1 + Δ𝒅1 +
𝜕𝒇𝒙1
𝜕𝒙1

||||0Δ𝒙1 + 𝒐1 ≜ 𝒗1 + 𝝆1 (23)

where 𝝆1 is the integrated disturbance term in the attitude angle loop.

Proposition 1. At a high frequency, the integrated disturbance 𝝆1 is 
bounded.

Proof. The states of the damaged aircraft are continuously differen

tiable, thus lim
Δ𝑡→0

Δ𝒙1 = 0 holds. Based on Assumption 1, it can be in

ferred that for any arbitrarily small positive constant Δ𝑑1, there exists 
a Δ𝑡 such that ‖‖Δ𝒅1‖‖ ≤ Δ𝑑1. Moreover, when 𝑡 ∈ [𝑡0, 𝑡0 + Δ𝑡), there 
exists a positive constant 𝑅̄1 such that ‖‖𝒐1‖‖ ≤ 𝑅̄1. Therefore, the in

tegrated disturbance 𝝆1 is bounded at high frequencies. Moreover, as 

the sampling time interval Δ𝑡 decreases, the upper bound of 𝝆1 also 
decreases. □

Similarly, the incremental form of the angular rate dynamics equa

tion is derived as

𝒙̇2 ≜ 𝒇𝒙2(𝒙,𝒖) + 𝒅2(Δ𝑴 ,Δ𝒙̇2)

= 𝒙̇2,0 +
𝜕𝒇𝒙2
𝜕𝒖𝑐

||||0Δ𝒖𝑐 + 𝜕𝒇𝒙2
𝜕𝒙2

||||0Δ𝒙2 + Δ𝒅2 + 𝒐2

= 𝒙̇2,0 +
𝜕𝒇𝒙2
𝜕𝒖

||||0 𝜕𝒖

𝜕𝒖𝑐

||||0Δ𝒖𝑐 + 𝜕𝒇𝒙2
𝜕𝒙2

||||0Δ𝒙2 + Δ𝒅2 + 𝒐2

(24)

with

𝒐2 =
1
2
𝜕2𝒇𝒙2

𝜕2𝒙2

|||||0Δ𝒙22 + 1
2
𝜕2𝒇𝒙2

𝜕2𝒖

|||||0Δ𝒖2 + 𝜕2𝒇𝒙2
𝜕𝒙2𝜕𝒖

|||||0Δ𝒙2Δ𝒖
where Δ𝒖 = 𝒖−𝒖0 and Δ𝒅2 = 𝒅2−𝒅2,0 denote the incremental of control 
inputs and disturbances, respectively.

Since the control surfaces generate moments to alter the angu

lar rates, they dominate in the dynamics of angular rates 𝒙2. Define 

𝝆2 ≜ 𝜕𝒇𝒙2
𝜕𝒙2

||||0Δ𝒙2 + Δ𝒅2 + 𝒐2. Likewise, 𝝆2 remains bounded, and it also 

decreases as the sampling time decreases. The proof is the same as for 
Proposition 1 and is thus omitted.

Furthermore, combining Eq. (5), the control term in Eq. (24) can be 
simplified as 𝜕𝒇𝒙2

𝜕𝒖

|||0 = (
𝑮̄2,0 + Δ𝑮2,0

)
. Then, equation (24) becomes

𝒙̇2 = 𝒙̇2,0 +
(
𝑮̄2,0 + Δ𝑮2,0

) 𝜕𝒖

𝜕𝒖𝑐

||||0Δ𝒖𝑐 + 𝝆2

= 𝒙̇2,0 + 𝑮̄2,0Δ𝒖𝑐 +Δ𝑮̃2,0Δ𝒖𝑐 + 𝝆2

(25)

where Δ𝑮̃2,0 ≜Δ𝑮2,0
𝜕𝒖

𝜕𝒖𝑐

||||0 + 𝑮̄2,0

(
𝜕𝒖

𝜕𝒖𝑐

||||0 − 𝑰3

)
.

Define the angular rate error as 𝒛2 = 𝒙2 − 𝒙2,𝑟𝑒𝑓 . The FFTIBS-based 
angular rate control law is designed as

Δ𝒖𝑐 = 𝑮̄
−1
2,0

(
𝒗2 − 𝒙̇2,0 + 𝒙̇2,𝑟𝑒𝑓

)
(26)

where the angular rate virtual control 𝒗2 is designed as

𝒗2 = −𝑎2sig(𝒛2)𝝋1 − 𝑏2sig(𝒛2)𝝋2 − 𝑮̄1,0𝒛1 (27)

where the elements of diagonal matrices 𝝋1 and 𝝋2 are defined as 𝜑1,𝑖 =
1
2 (𝑚2 + 1) + 1

2 (𝑚2 − 1)sign(|𝑧2,𝑖| − 1) and 𝜑2,𝑖 =
1
2 (𝑚2 + 𝑛2) +

1
2 (𝑚2 −

𝑛2)sign(|𝑧2,𝑖| − 1). The parameters satisfy 𝑎2 > 0, 𝑏2 > 0, 𝑚2 > 1, and 
0 < 𝑛2 < 1. The term 𝑮̄1,0𝒛1 is utilized to counteract the dynamics of 
the attitude angle loop.

Generally, directly adopting the derivative 𝒙̇2,𝑐 to design the angular 
rate control law (26) is prone to causing an ``explosion of complexi

ty''. This issue arises because the derivative term 𝒙̇2,𝑐 typically involves 
high-order nonlinearities and cross-coupling terms, leading to a rapid 
increase in the complexity of the designed control law as the system or

der grows. To address this issue, this paper proposes the a FFTF, the 
specific form of which is outlined as follows:

𝒙̇2,𝑟𝑒𝑓 = −
sig(𝒛𝑓 )𝜿1

𝜏
−

sig(𝒛𝑓 )𝜿2

𝜏
(28)

where 𝒛𝑓 ≜ 𝒙2,𝑟𝑒𝑓 − 𝒙2,𝑐 represents the error of the FFTF. The ele

ments of diagonal matrices 𝜿1 and 𝜿2 are defined as 𝜅1,𝑖 =
1
2 (𝑚3 + 1) +

1
2 (𝑚3−1)sign(|𝑧𝑓,𝑖|−1) and 𝜅2,𝑖 =

1
2 (𝑚3+𝑛3)+

1
2 (𝑚3−𝑛3)sign(|𝑧𝑓,𝑖|−1). 

Among them, 𝑚3 > 1, 0< 𝑛3 < 1, and 𝜏 is the filter time constant.

Remark 6. While addressing the issue of ``explosion of complexity'', the 
proposed FFTF ensures rapid convergence of the filter error within a 
fixed time, thereby improving system performance. Specifically, the con

vergence rate of the proposed FFTF is faster than that of both linear 
filters and traditional FxT-based filters [29]. Furthermore, compared to 
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the dynamic surface approach in [39,40], the FFTF feature a simpler 
structure. Additionally, the convergence rate and accuracy of the FFTF 
can be flexibly adjusted by tuning the parameters 𝜏 , 𝑚3, and 𝑛3. In prac

tice, to mitigate the chattering issue caused by the sign function, sign(⋅)
can be replaced with tanh(𝑘⋅), where 𝑘 is a larger positive constant.

Substituting Eq. (26) into Eq. (25), the angular rate closed-loop er

rors are derived as follows:

𝒛̇2 = 𝒗2 + Δ𝑮̃2,0𝑮̄
−1
2,0

(
𝒗2 − 𝒙̇2,0 + 𝒙̇2,𝑟𝑒𝑓

)
+ 𝝆2 ≜ 𝒗2 + 𝝇 (29)

At a high sampling frequency, there exist constants Δ𝑣 > 0 and 
Δ𝜌2 > 0 such that ‖‖𝝆2 − 𝝆2,0‖‖ ≤ Δ𝜌2 and ‖‖𝒗2 − 𝒗2,0‖‖ ≤ Δ𝑣. Supported 
by Assumptions 2 and 3, the condition ||Δ𝑮2𝑮̄

−1
2 −𝑰3|| ≤ 𝑏̄ < 1 holds at 

all times 𝑡. Consequently, 𝝇 is bounded, and its upper bound is given by (
𝑏̄Δ𝑣+Δ𝜌2

)
∕
(
1 − 𝑏̄

)
. The proof is detailed in Theorem 1 in Ref. [6]. 

Moreover, the deflection error 𝜼 is completely canceled out during the 
derivation of Eq. (24). Therefore, IBS-based FTFC is well-suited to deal 
with actuator faults.

Remark 7. The IBS control is robust to disturbances due to its own struc

ture and does not rely on external disturbance observers or adaptive 
neural network structures. Consequently, compared with robust BKS

based FTFC in Refs. [6,31,41], the IBS-based FTFC features a simpler 
structure. From a design perspective, the IBS-based attitude FTFC in 
Eqs. (21) and (26) only requires the control matrices 𝑮1 and 𝑮2. Here, 
𝑮1 can be directly computed from the Euler angles measured in real

time by the inertial navigation system, while 𝑮2 only requires control 
derivatives (𝐶·,𝛿𝑒,𝐶·,𝛿𝑎,𝐶·,𝛿𝑟) and is tolerant of their errors. Furthermore, 
compared with Refs. [20,28,30] the IBS-based FTFC does not require the 
complex information 𝒇̄ 1 and 𝒇̄ 2, particularly state-related aerodynamic 
coefficients, significantly reducing the burden in practical development 
of FTFC.

Remark 8. The designed FFTIBS controllers in Eqs. (21) and (26) re

quire a high sampling frequency, as only a high sampling frequency 
can ensure that the values of 𝒐1 and 𝒐2 in Eqs. (20) and (24) remain 
sufficiently small. Insufficient sampling frequency may lead to system 
oscillations or even divergence. As mentioned in Ref. [6], a sampling 
frequency of 50-100 𝐻𝑧 is typically adequate for flight control systems, 
while the practical choice of sampling frequency depends on hardware 
constraints.

4.2. FFTDO design

This subsection further discusses the influence of uncertainties in 
differential signals on the designed FFTIBS-based FTFC and proposes 
the FFTDO to compensate for them.

Consider the presence of errors or disturbances 𝒅1,𝑚 and 𝒅2,𝑚 in the 
measured differential signals 𝒙̇1,0 and 𝒙̇2,0. These disturbances satisfy 
the following assumption:

Assumption 4. The disturbances 𝒅1,𝑚 and 𝒅2,𝑚, as well as their deriva

tives are bounded such that ‖‖𝒅𝑖,𝑚
‖‖ ≤ 𝑑𝑚𝑖 and ‖‖𝒅̇𝑖,𝑚

‖‖ ≤ 𝐷̄𝑖 for 𝑖 = 1,2, 
where 𝑑𝑚𝑖 and 𝐷̄𝑖 are positive constants.

Then, the FFTIBS-control law (21) and (26) become:

Δ𝒙̇2,𝑐 = 𝑮̄
−1
1,0

(
𝒗1 − 𝒙̇1𝑚,0 + 𝒙̇1,𝑐

)
Δ𝒖𝑐 = 𝑮̄

−1
2,0

(
𝒗2 − 𝒙̇2𝑚,0 + 𝒙̇2,𝑟𝑒𝑓

) (30)

where 𝒙̇1𝑚,0 = 𝒙̇1,0 + 𝒅1,𝑚 and 𝒙̇2𝑚,0 = 𝒙̇2,0 + 𝒅2,𝑚 denote the measure

ments of 𝒙̇1,0 and 𝒙̇2,0, respectively. Consequently, the dynamics of close 
loop in Eqs. (23) and (29) become:

𝒛̇1 = 𝒗1 + 𝜼1, 𝒛̇2 = 𝒗2 + 𝜼2 (31)

where 𝜼1 ≜ 𝝆1 −𝒅1,𝑚 and 𝜼2 ≜ 𝝇 −𝒅2,𝑚 denote the total disturbances in 
attitude angle and angular rate loops, respectively. In this situation, even 
if the sampling frequency is sufficiently high, then lim

▵𝑡→0
𝜼1 = 𝒅1,𝑚 ≠ 0

and lim
▵𝑡→0

𝜼2 = 𝒅2,𝑚 ≠ 0. This means that the robustness of FFTIBS-based 
FTFC decreases with the increase in differential signal disturbances, 
which is poses a critical risk for the damaged aircraft.

To address this problem and restore the controller’s robustness, a 
FFTDO is proposed to estimate them and compensate for them in the 
FFTIBS-based FTFC.

The FFTDO in attitude angle loop is designed as

⎧⎪⎪⎨⎪⎪⎩

̇̂𝒙1 = 𝒙̇1𝑚,0 + 𝑮̄1,0Δ𝒙2 + 𝜼̂1

𝜼̂1 = 𝜇1sig(𝝈1)𝝌1 + 𝜇2sig(𝝈1)𝝌2 + 𝜇3

𝑡 

∫
0 

sign(𝝈1)𝑑𝑡
(32)

where 𝜇1, 𝜇2 > 0, and 𝜇3 > 𝐷̄1. 𝒙̂1 and 𝜼̂1 are the estimates of the 𝒙1 and 
𝜼1, respectively. Thus, 𝝈1 = 𝒙1 − 𝒙̂1 represents the estimation error. The 
elements of matrices 𝝌1 and 𝝌2 are defined as 𝜒1,𝑖 =

1
2 (𝑚4 +1)+ 1

2 (𝑚4 −
1)sign(|𝜎1,𝑖|−1) and 𝜒2,𝑖 =

1
2 (𝑚4 +𝑛4)+

1
2 (𝑚4 −𝑛4)sign(|𝜎1,𝑖|−1), where 

𝑚4 > 1 and 0 < 𝑛4 < 1.

Theorem 1. If the conditions 𝜇3 > 𝐷̄1 and 𝜇1Φ−1(𝜇1) > 𝑁1 hold, where 
𝑁1 ≜ 𝜇3 + 𝐷̄1, Φ(𝜇1) ≜ 1∕𝜇1 + (2e∕𝐸1𝜇1)1∕3, and 𝐸1 ≜ 𝜇3 − 𝐷̄1, then the 
estimation error of the FFTDO converges to the stable region within a fixed 
time, with its upper bound for the convergence time given by

𝑇1 ≤ max
𝑖=1,2,3

((
1 

(𝜇1 + 𝜇2)(𝜒1,𝑖 − 1)
+ 1 

𝜇2(1 − 𝜒2,𝑖)
ln

(
1 +

𝜇1
𝜇2

))
×

(
1 +

𝑁1(
1 −𝑁1Φ(𝜇1)∕𝜇1

)
𝐸1

))
(33)

Proof. First, the dynamics of the estimation error is defined as 𝜎1,𝑖 =
𝜂1,𝑖 − 𝜂̂1,𝑖, where the subscript 𝑖 = 1,2,3 represents the 𝑖-th element of 
the variable. Further, by combining Eqs. (20) and (32), this dynamics 
can be rewritten as{

𝜎̇1,𝑖 = −𝜇1sig(𝜎1,𝑖)𝜒1,𝑖 − 𝜇2sig(𝜎1,𝑖)𝜒2,𝑖 +𝐿1,𝑖

𝐿1,𝑖 = 𝜂̇1,𝑖 − 𝜇3sign(𝜎1,𝑖), 𝐿1,𝑖(0) = 0
(34)

where 𝐿1,𝑖 is the auxiliary vector.

When 𝜎1,𝑖 does not cross the axis 𝜎1,𝑖 = 0, the sign(𝜎1,𝑖) is opposite to 
sign(𝐿1,𝑖) due to 𝜇3 > 𝐷̄1. Consequently, the dynamics of 𝜎1,𝑖 in Eq. (35) 
always hold.

𝜎̇1,𝑖 = −𝜇1sig(𝜎1,𝑖)𝜒1,𝑖 − 𝜇2sig(𝜎1,𝑖)𝜒2,𝑖 (35)

Based on Lemma 1, 𝜎̇1,𝑖 will converge to stability for a time

𝑇1,𝑖 ≤ 1 
(𝜇1 + 𝜇2)(𝜒1,𝑖 − 1)

+ 1 
𝜇2(1 − 𝜒2,𝑖)

ln
(
1 +

𝜇1
𝜇2

)
(36)

For the dynamics of disturbance term 𝐿̇𝑖 at the end of 𝑇1,𝑖 is remarked 
as 𝐿1,𝑖(𝑇1,𝑖), which is bounded by |𝐿1,𝑖(𝑇1,𝑖)| ≤𝑁1𝑇1,𝑖.

When 𝑡 > 𝑇1,𝑖, the error can be considered as (0,𝐿1(𝑇1,𝑖)). Further

more, based on Theorem 4.5 in Ref. [42], the error converges to the 
origin in finite time, with the convergence time estimated by

𝑇2,𝑖 ≤
∑

𝑘

𝜎̇1,𝑖(𝑡𝑘)
𝐸1

(37)

where 𝑡𝑘(𝑘 = 1,2,⋯) represents the time intervals between 𝜎1,𝑖 = 0 and 
trajectory.

Furthermore, |𝜎̇1,𝑖(𝑡𝑘+1)∕𝜎̇1,𝑖(𝑡𝑘)| ≤𝑅𝑖 and 𝑅𝑖 =𝑁1Φ(𝜇1)∕𝜇1, which 
has been proven in Refs. [29][43]. For the stable system, the condition 
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𝑅𝑖 < 1 is satisfied. Then, the convergence time 𝑇2,𝑖 is calculated as fol

lows:

𝑇2,𝑖 ≤ 𝜎̇1,𝑖(𝑡𝑘) 
(1 −𝑅𝑖)𝐸1

=
𝐿1,𝑖(𝑇1,𝑖) 
(1 −𝑅𝑖)𝐸1

(38)

Under the premise that 𝜇3 > 𝐷̄1 holds, when (𝜎1,𝑖,𝐿1,𝑖) converges 
to the origin, the disturbance estimation errors also converge to zero. 
Then, the total convergence time of FFTDO is bounded by

𝑇1 ≤ max
𝑖=1,2,3

(
𝑇1,𝑖 + 𝑇2,𝑖

)
= max

𝑖=1,2,3

((
1 

(𝜇1 + 𝜇2)(𝜒1,𝑖 − 1)
+ 1 

𝜇2(1 − 𝜒2,𝑖)
ln

(
1 +

𝜇1
𝜇2

))
×

(
1 +

𝑁1(
1 −𝑁1Φ(𝜇1)∕𝜇1

)
𝐸1

))
The proof is completed. □

Similar to Eq. (32), the FFTDO in angular rate loop is designed as

⎧⎪⎪⎨⎪⎪⎩

̇̂𝒙2 = 𝒙̇2𝑚,0 + 𝑮̄2,0Δ𝒖+ 𝜼̂2

𝜼̂2 = 𝜗1sig(𝝈2)𝜸1 + 𝜗2sig(𝝈2)𝜸2 + 𝜗3

𝑡 

∫
0 

sign(𝝈2)𝑑𝑡
(39)

where 𝜗1, 𝜗2 > 0, and 𝜗3 > 𝐷̄2. 𝒙̂2 and 𝜼̂2 are the estimate of the 𝒙2
and 𝜼2, respectively. Thus, 𝝈2 = 𝒙2 − 𝒙̂2 represents the estimation er

ror. The elements of matrices 𝜸1 and 𝜸2 are 𝛾1,𝑖 =
1
2 (𝑚5 + 1) + 1

2 (𝑚5 −
1)sign(|𝜎2,𝑖|−1) and 𝛾2,𝑖 =

1
2 (𝑚5 +𝑛5)+

1
2 (𝑚5 −𝑛5)sign(|𝜎2,𝑖|−1), where 

𝑚5 > 1 and 0< 𝑛5 < 1.

The total convergence time of FFTDO in angular rate loop is bounded 
by

𝑇2 ≤ max
𝑖=1,2,3

((
1 

(𝜗1 + 𝜗2)(𝛾1,𝑖 − 1)
+ 1 

𝜗2(1 − 𝛾2,𝑖)
ln

(
1 +

𝜗1
𝜗2

))
×

(
1 +

𝑁2(
1 −𝑁2Φ(𝜗1)∕𝜗1

)
𝐸2

))
(40)

where 𝑁2 ≜ 𝜗3 + 𝐷̄2, Φ(𝜗1) ≜ 1∕𝜗1 + (2e/E2𝜗1)1∕3, and 𝐸2 ≜ 𝜗3 − 𝐷̄2. 
Furthermore, this FFTDO satisfies 𝜗1Φ−1(𝜗1) >𝑁2.

Remark 9. Compared with the sliding mode-based disturbance observer 
[44], the convergence time of the proposed FFTDO is independent of ini

tial disturbances. In other words, regardless of the initial disturbances, 
the observation errors are guaranteed to converge to zero within a fixed 
time. Furthermore, compared with the FxT-based disturbance observer 
[29], this FFTDO not only achieves a faster convergence rate but also 
allows for flexible adjustment of the convergence process dynamics. 
Similar to the FFTF in Eq. (28), tanh(𝑘⋅) can be used to replace sign(⋅)
in practice to mitigate the chattering issue.

4.3. Structure of the FTFC

Integrated the FFTDO (32) and (39), the completed FTFC can be 
designed as

𝒙2,𝑐 = 𝒙2,0 + 𝑮̄
−1
1,0

(
𝒗1 + 𝒙̇1,𝑐 − 𝒙̇1𝑚,0 − 𝜼̂1

)
(41)

𝒖𝑐 = 𝒖0 + 𝑮̄
−1
2,0

(
𝒗2 + 𝒙̇2,𝑟𝑒𝑓 − 𝒙̇2𝑚,0 − 𝜼̂2

)
(42)

where 𝜼̂1 and 𝜼̂2 are obtained from FFTDOs in Eqs. (32) and (39), re

spectively. Additionally, 𝒙̇2,𝑟𝑒𝑓 is calculated from the FFTF in Eq. (28).

For the damaged aircraft, particularly in the case of asymmetric wing 
damage, the velocity 𝑉 is directly related to the flight dynamics and 
the safe flight envelope. Therefore, it is necessary to develop a velocity 

controller to maintain the velocity as much as possible. According to 
Eq. (1), the incremental form of the velocity can be derived as

𝑥̇3 = 𝑥̇3,0 +
(
𝐺̄3,0 + Δ𝐺3,0

)
Δ𝑇 + 𝜌3 (43)

where 𝑥3 = 𝑉 is the velocity, and thrust 𝑇 is used to control inputs. 
𝐺̄3,0 ≜ (

cos𝛼0 cos𝛽0
)
∕𝑚𝑛 is a known control vector, where 𝑚𝑛 is the 

mass of the healthy aircraft. Δ𝐺3,0 is an uncertainty term caused by the 
mass change. 𝜌3 represents the residual term, satisfying lim

Δ𝑡→0
𝜌3 = 0.

Similar to Eqs. (41) and (42), the FFTDO-based FFIBKS velocity con

troller is designed as

𝑇𝑐 = 𝑇0 + 𝐺̄−1
3,0

(
𝑣3 + 𝑥̇3,𝑐 − 𝑥̇3𝑚,0 − 𝜂̂3

)
(44)

with

𝑣3 = −𝑎3𝑠𝑖𝑔(𝑧3)𝜓1 − 𝑏3𝑠𝑖𝑔(𝑧3)𝜓2 (45)

where 𝑧3 = 𝑥3 −𝑥3,𝑐 is the velocity error, and 𝑥3,𝑐 represents the velocity 
command. 𝑥̇3𝑚,0 is the measured value, expressed as 𝑥̇3𝑚,0 = 𝑥̇3,0 + 𝑑3,𝑚. 
Additionally, 𝜓1 =

1
2 (𝑚6 + 1) + 1

2 (𝑚6 − 1)sign(|𝑧3|−1) and 𝜓2 =
1
2 (𝑚6 +

𝑛6) +
1
2 (𝑚6 − 𝑛6)sign(|𝑧3|− 1), where 𝑚6 > 1 and 0< 𝑛6 < 1.

Assuming that the disturbance 𝑑3,𝑚 and its derivative are bounded, 
satisfying |𝑑̇3,𝑚| ≤ 𝐷̄3, where 𝐷̄3 > 0. The FFTDO in velocity loop is 
designed as

⎧⎪⎪⎨⎪⎪⎩

̇̂𝑥3 = 𝑥̇3𝑚,0 + 𝐺̄3,0Δ𝑇 + 𝜂̂3

𝜂̂3 = 𝜀1sig(𝜎3)𝛿1 + 𝜀2sig(𝜎3)𝛿2 + 𝜀3

𝑡 

∫
0 

sign(𝜎3)𝑑𝑡
(46)

where 𝜎3 = 𝜂3 − 𝜂̂3 is the estimation error, and 𝜂3 ≜ −𝑑3,𝑚 − 𝐺̄3,0Δ𝑇𝑐 +(
𝐺̄3,0 + Δ𝐺3,0

)
Δ𝑇 . The observer parameters satisfy 𝜀1, 𝜀2 > 0, and 𝜀3 >

𝐷̄3. 𝛿1 =
1
2 (𝑚7 +1)+ 1

2 (𝑚7 −1)sign(|𝜎3|−1) and 𝛿2 =
1
2 (𝑚7 +𝑛7)+

1
2 (𝑚7 −

𝑛7)sign(|𝜎3| − 1), where 𝑚7 > 1 and 0 < 𝑛7 < 1. The convergence time 
𝑇3 of this FFTDO is bounded by

𝑇3 ≤
(

1 
(𝜀1 + 𝜀2)(ℎ1 − 1)

+ 1 
𝜀2(1 − ℎ2)

ln
(
1 +

𝜀1
𝜀2

))
×

(
1 +

𝑁3(
1 −𝑁3Φ(𝜀1)∕𝜀1

)
𝐸3

) (47)

where 𝑁3 ≜ 𝜀3 + 𝐷̄3, Φ−1(𝜀1) ≜ 1∕𝜀1 + (2e/E3𝜀1)1∕3, and 𝐸3 ≜ 𝜀3 − 𝐷̄3. 
This FFTDO also satisfies 𝜀1Φ−1(𝜀1) >𝑁3.

Overall, the completed FTFC is composed of the FFIBKS-based fault

tolerant controllers (41), (42), (44), FFTDOs (32), (39), (46), and an 
FFTF (28).

Remark 10. Compared with existing IBS and FTFC, the developed 
FFTDO-based FFTIBS controller with proposed in this paper has several 
advantages:

1. The literature [8--11] always neglects the drawback that state dif

ferential disturbances degrading the system’s robustness. The designed 
FTFC addresses this critical issue by introducing the FFTDO in Eqs. (32), 
(39), and (46) to estimate and compensate for state differential distur

bances.

2. The existing IBS-based FTFC in Ref. [6] does not consider actuator 
failures caused by wing damage during the design process. In contrast, 
this paper establishes the designed FTFC comprehensively considers the 
influence of wing damage faults and resulting actuator faults, and de

rives the controllable conditions for damaged aircraft under the above 
hybrid faults.

3. The IBS-based FTFC in the literature [6,11,12,21] only guarantees 
asymptotic or finite-time convergence to a steady state for the damaged 
aircraft. In contrast, the designed FTFC not only ensures the damaged 
aircraft recovers stability within a fixed time but also guarantees that the 



Aerospace Science and Technology 164 (2025) 110405

8

Y. Li, K. Liu, C.-Y. Wen et al. 

convergence time is independent of the initial state error caused by the 
damage. Furthermore, the convergence rate of the proposed structure is 
faster than that of typical fixed-time structures.

4. The designed FTFC can ensure that the damaged aircraft’s velocity 
rapidly restores stability within the controllable range, thus reducing 
the possibility of the damaged aircraft losing control due to velocity 
exceeding the safe range.

5. Compared with Refs. [6,8,9,11,12,21], the designed FTFC employs 
FFTF to address the problem of ``explosion of complexity''.

Remark 11. The proposed FFTDO-based FFTIBS control scheme has 
strong generalizability. When applied to other types aircraft, only the 
control matrices 𝑮̄𝑖, 𝑖 = 1,2,3 in the FFTIBS controllers (21), (26), and 
(44), as well as the FFTDOs (32), (39), and (46), need to be replaced. 
Furthermore, all parameters in this FFTDO-based FFTIBS control scheme 
can be fine-tuned to meet specific performance requirements.

5. Stability analysis

In this section, the stability and convergence time of the designed 
FTFC is demonstrated and analyzed.

Theorem 2. Considering the aircraft dynamics (1) with the FFTIBS-based 
control laws (41), (42), (44), an FFTF (28), and FFTDOs (32), (39), (46), 
if the controller parameters satisfy the following condition:

𝑎1 >
‖‖𝑮̄1‖‖
2 

, 𝜏 <min
(

4 ||𝑮̄1||+ 1
3

1−𝑚̄
2 , 2 ||𝑮̄1||+ 1

)
(48)

Then, the closed-loop system is SGFTUUB, and the state errors can con

verge to a stable region within a fixed-time 𝑇𝑠.

𝑇𝑠 =max(𝑇1, 𝑇2, 𝑇3) +
2 

(𝑘̄1 − 𝜁1)(𝑚̄− 1)

+ 2 
(2𝑘2 − 𝜁2)(1 − 𝑛̄)

ln
(
1 +

2𝑘2 − 𝜁2

𝑘̄3

)
(49)

Proof. Define the Lyapunov function 𝑌𝑉 as 𝑌𝑉 = 1
2𝒛

𝑇
1 𝒛1 +

1
2𝒛

𝑇
2 𝒛2 +

1
2𝑧

2
3 +

1
2𝒛

𝑇
𝑓
𝒛𝑓 + 1

2𝝈
𝑇
1 𝝈1 +

1
2𝝈

𝑇
2 𝝈2 +

1
2𝝈

𝑇
3 𝝈3. The first-order derivative 

of 𝑌𝑉 is

𝑌̇𝑉 = 𝒛𝑇1 𝒛̇1 + 𝒛𝑇2 𝒛̇2 + 𝑧3𝑧̇3 + 𝒛𝑇
𝑓
𝒛̇𝑓 + 𝝈𝑇

1 𝝈̇1 + 𝝈𝑇
2 𝝈̇2 + 𝝈𝑇

3 𝝈̇3 (50)

When 𝑡 > 𝑡1 ≜ max(𝑇1, 𝑇2, 𝑇3), the estimation errors of FFTDOS are 
𝝈1,𝝈2,𝝈3 = 0 such that 𝑌𝑉 = 1

2𝒛
𝑇
1 𝒛1 +

1
2𝒛

𝑇
2 𝒛2 +

1
2𝑧

2
3 +

1
2𝒛

𝑇
𝑓
𝒛𝑓 . Then, 

based on Eqs. (23), (28), (29), (43) and virtual control laws (22), (27), 
(45), 𝑌̇𝑉 yields

𝑌̇𝑉 = −
3 ∑

𝑖=1 

(
𝑎1(z21,𝑖)

𝜉1,𝑖+1
2 + 𝑏1(z21,𝑖)

𝜉2,𝑖+1
2 

)

−
3 ∑

𝑖=1 

(
𝑎2(z22,𝑖)

𝜑1,𝑖+1
2 + 𝑏2(z22,𝑖)

𝜑2,𝑖+1
2 

)

− 1 
𝜏

3 ∑
𝑖=1 

(
(z2

𝑓,𝑖
)
𝜅1,𝑖+1

2 + (z2
𝑓,𝑖
)
𝜅2,𝑖+1

2 
)

− 𝑎3(𝑧23)
𝜓1+1
2 − 𝑏3(𝑧23)

𝜓2+1
2 + 𝒛𝑇1 𝑮̄1,0𝒛𝑓 − 𝒛𝑇

𝑓
𝒙̇2,𝑐

(51)

Define ‖‖𝒙̇2,𝑐‖‖ ≤ ℎ̄, where ℎ̄ is the bound of 𝒙̇2,𝑐 . Furthermore, apply

ing Young’s inequality, equation (51) becomes

𝑌̇𝑉 ≤ −
3 ∑

𝑖=1 

(
𝑎1(z21,𝑖)

𝜉1,𝑖+1
2 + 𝑏1(z21,𝑖)

𝜉2,𝑖+1
2 

)

−
3 ∑

𝑖=1 

(
𝑎2(z22,𝑖)

𝜑1,𝑖+1
2 + 𝑏2(z22,𝑖)

𝜑2,𝑖+1
2 

)
+

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1

− 1 
𝜏

3 ∑
𝑖=1 

(
(z2

𝑓,𝑖
)
𝜅1,𝑖+1

2 + (z2
𝑓,𝑖
)
𝜅2,𝑖+1

2 
)

− 𝑎3(𝑧23)
𝜓1+1
2 − 𝑏3(𝑧23)

𝜓2+1
2 +

‖‖𝑮̄1‖‖+ 1
2 

𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 
(52)

According to the tracking errors of the states and the FFTF, the anal

ysis of the stability of the closed-loop system can be categorized into the 
following three cases:

Case 1: When all state errors |𝑧1,𝑖|, |𝑧2,𝑖|, |𝑧3| > 1 and FFTF error |𝑧𝑓,𝑖| > 1, then

𝑌̇𝑉 ≤ −(𝑎1 + 𝑏1)
3 ∑

𝑖=1 
(z21,𝑖)

𝑚1+1
2 − (𝑎2 + 𝑏2)

3 ∑
𝑖=1 

(z22,𝑖)
𝑚2+1
2 − 2 

𝜏

3 ∑
𝑖=1 

(z2
𝑓,𝑖
)
𝑚3+1
2 

− (𝑎3 + 𝑏3)(𝑧23)
𝑚6+1
2 +

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 

≤ −(𝑎1 + 𝑏1)
3 ∑

𝑖=1 
(z21,𝑖)

𝑚̄+1
2 − (𝑎2 + 𝑏2)

3 ∑
𝑖=1 

(z22,𝑖)
𝑚̄+1
2 − 2 

𝜏

3 ∑
𝑖=1 

(z2
𝑓,𝑖
)
𝑚̄+1
2 

− (𝑎3 + 𝑏3)(𝑧23)
𝑚̄+1
2 +

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 
(53)

where 𝑚̄ ≜min(𝑚1,𝑚2,𝑚3,𝑚6).
According to Lemma 2, equation (53) becomes

𝑌̇𝑉 ≤ −(𝑎1 + 𝑏1)3
1−𝑚̄
2 (𝒛𝑇1 𝒛1)

𝑚̄+1
2 

− (𝑎2 + 𝑏2)3
1−𝑚̄
2 (𝒛𝑇2 𝒛2)

𝑚̄+1
2 − 2 

𝜏
3

1−𝑚̄
2 (𝒛𝑇

𝑓
𝒛𝑓 )

𝑚̄+1
2 

− (𝑎3 + 𝑏3)(𝑧23)
𝑚̄+1
2 +

‖‖𝑮̄1‖‖
2 

(𝒛𝑇1 𝒛1)
𝑚̄+1
2 

+
‖‖𝑮̄1‖‖+ 1

2 
(𝒛𝑇

𝑓
𝒛𝑓 )

𝑚̄+1
2 + ℎ̄2

2 

≤ −𝑘1
(
(𝒛𝑇1 𝒛1)

𝑚̄+1
2 + (𝒛𝑇2 𝒛2)

𝑚̄+1
2 + (𝒛𝑇

𝑓
𝒛𝑓 )

𝑚̄+1
2 + (𝑧23)

𝑚̄+1
2 

)
+ ℎ̄2

2 

≤ −𝑘14
1−𝑚̄
2 2

𝑚̄+1
2 

(1
2
𝒛𝑇1 𝒛1 +

1
2
𝒛𝑇2 𝒛2 +

1
2
𝒛𝑇
𝑓
𝒛𝑓 + 1

2
𝑧23

) 𝑚̄+1
2 + ℎ̄2

2 

= −𝑘̄1𝑌
𝑚̄+1
2 

𝑉
+ ℎ̄2

2 
(54)

where 𝑘̄1 ≜ 2
3−𝑚̄
2 𝑘1 and 𝑘1 ≜min

(
3

1−𝑚̄
2 (𝑎1 + 𝑏1) −

‖‖𝑮̄1‖‖
2 , 3

1−𝑚̄
2 (𝑎2 + 𝑏2), 

𝑎3 + 𝑏3, 3
1−𝑚̄
2 2 

𝜏
− (‖‖𝑮̄1‖‖+1)

2 
)
. Since parameters satisfy the condition (48), 

it ensures that 𝑘1 > 0.

As long as 𝑌
𝑚̄+1
2 

𝑉
≥ ℎ̄2

2𝑘̄1𝜁1
, where 0 < 𝜁1 < 1, it yields

𝑌̇𝑉 ≤ −
(
𝑘1 − 𝜁1

)
𝑌

𝑚̄+1
2 

𝑉
(55)

Case 2: When all state errors |𝑧1,𝑖|, |𝑧2,𝑖|, |𝑧3| ≤ 1 and FFTF error |𝑧𝑓,𝑖| ≤ 1, then, equation (52) becomes

𝑌̇𝑉 ≤ −
3 ∑

𝑖=1 

(
𝑎1(z21,𝑖) + 𝑏1(z21,𝑖)

𝑛1+1
2 

)
−

3 ∑
𝑖=1 

(
𝑎2(z22,𝑖) + 𝑏1(z22,𝑖)

𝑛2+1
2 

)
−

(
𝑎3(𝑧23) + 𝑏3(𝑧23)

𝑛6+1
2 

)
− 1 

𝜏

3 ∑
𝑖=1 

(
z2
𝑓,𝑖

+ (z2
𝑓,𝑖
)
𝑛3+1
2 

)
+

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 

≤ −
3 ∑

𝑖=1 

(
𝑎1(z21,𝑖) + 𝑏1(z21,𝑖)

𝑛̄+1
2 

)
−

3 ∑
𝑖=1 

(
𝑎2(z22,𝑖) + 𝑏1(z22,𝑖)

𝑛̄+1
2 

)
−

(
𝑎3(𝑧23) + 𝑏3(𝑧23)

𝑛̄+1
2 

)
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− 1 
𝜏

3 ∑
𝑖=1 

(
z2
𝑓,𝑖

+ (z2
𝑓,𝑖
)
𝑛̄+1
2 

)
+

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1

+
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 
(56)

where 𝑛̄ ≜min(𝑛1, 𝑛2, 𝑛3, 𝑛6). Further, based on Lemma 2, we have

𝑌̇𝑉 ≤ −
(
𝑎1𝒛

𝑇
1 𝒛1 + 𝑏1(𝒛𝑇1 𝒛1)

𝑛̄+1
2 

)
−

(
𝑎2𝒛

𝑇
2 𝒛2 + 𝑏2(𝒛𝑇1 𝒛1)

𝑛̄+1
2 

)
−

(
𝑎3(𝑧23) + 𝑏3(𝑧23)

𝑛̄+1
2 

)
− 1 

𝜏

(
𝒛𝑇
𝑓
𝒛𝑓 + (𝒛𝑇

𝑓
𝒛𝑓 )

𝑛̄+1
2 

)
+

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 

≤ −𝑘2
(
𝒛𝑇1 𝒛1 + 𝒛𝑇2 𝒛2 + 𝑧23+𝒛𝑇

𝑓
𝒛𝑓

)
− 𝑘3

(
(𝒛𝑇1 𝒛1)

𝑛̄+1
2 + (𝒛𝑇2 𝒛2)

𝑛̄+1
2 + (𝑧23)

𝑛̄+1
2 + (𝒛𝑇

𝑓
𝒛𝑓 )

𝑛̄+1
2 

)
+ ℎ̄2

2 

≤ −2𝑘2𝑌𝑉 − 𝑘̄3𝑌
𝑛̄+1
2 

𝑉
+ ℎ̄2

2 
(57)

where 𝑘2 ≜ min
(
𝑎1 −

‖‖𝑮̄1‖‖
2 , 𝑎2, 𝑎3, 

1 
𝜏

−
‖‖𝑮̄1‖‖+1

2 
)
, 𝑘3 ≜ 

min
(
𝑏1, 𝑏2, 𝑏3,

1 
𝜏

)
, and 𝑘̄3 ≜ 2

𝑛̄+1
2 𝑘3.

Similarly, as long as 𝑌𝑉 ≥ ℎ̄2

4𝑘2𝜁2
, where 0 < 𝜁2 < 1, equation (57) 

yields

𝑌̇𝑉 ≤ −
(
2𝑘2 − 𝜁2

)
𝑌𝑉 − 𝑘̄3𝑌

𝑛̄+1
2 

𝑉
(58)

Case 3: When 𝑗-th elements of the states and FFTF errors satisfy |𝑧1,𝑗 | ≤ 1, |𝑧2,𝑗 | ≤ 1, |𝑧𝑓,𝑗 | ≤ 1, |𝑧3| ≤ 1, while the other elements |𝑧1,𝑖| > 1, |𝑧2,𝑖| > 1, |𝑧𝑓,𝑖| > 1 for 𝑖 ≠ 𝑗, then, equation (52) further be

comes

𝑌̇𝑉 ≤ −(𝑎1 + 𝑏1)
∑
𝑖 
(z21,𝑖)

𝑚1,𝑖+1
2 −

∑
𝑗

(
𝑎1(z21,𝑗 ) + 𝑏1(z21,𝑗 )

𝑛1,𝑗+1
2 

)

− (𝑎2 + 𝑏2)
∑
𝑖 
(z22,𝑖)

𝑚2,𝑖+1
2 −

∑
𝑗

(
𝑎2(z22,𝑗 ) + 𝑏2(z22,𝑗 )

𝑛2,𝑗+1
2 

)

− 2 
𝜏

∑
𝑖 
(z2

𝑓,𝑖
)
𝑚3,𝑖+1

2 − 1 
𝜏

∑
𝑗

(
z2
𝑓,𝑗

+ (z2
𝑓,𝑗

)
𝑛3,𝑗+1

2 
)

−
(
𝑎3(𝑧23) + 𝑏3(𝑧23)

𝑛6+1
2 

)
+

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 

(59)

Since |𝑧1,𝑗 |, |𝑧2,𝑗 |, |𝑧𝑓,𝑗 |1, |𝑧3| ≤ 1 and 𝑚1,𝑖, 𝑚2,𝑖, 𝑚3,𝑖, 𝑚6,𝑖 > 1, by 
employing Lemma 2, it follows that

𝑌̇𝑉 ≤ −(𝑎1 + 𝑏1)

(∑
𝑖 
(z21,𝑖)

𝑚1,𝑖+1
2 +

∑
𝑗

(z21,𝑗 )
𝑚1,𝑗+1

2 
)

− (𝑎2 + 𝑏2)

(∑
𝑖 
(z22,𝑖)

𝑚2,𝑖+1
2 +

∑
𝑗

(z22,𝑗 )
𝑚2,𝑗+1

2 
)

− 2 
𝜏

(∑
𝑖 
(z2

𝑓,𝑖
)
𝑚3,𝑖+1

2 +
∑
𝑗

(z2
𝑓,𝑗

)
𝑚3,𝑗+1

2 
)

− (𝑎3 + 𝑏3)(𝑧23)
𝑚6+1
2 +

‖‖𝑮̄1‖‖
2 

𝒛𝑇1 𝒛1 +
‖‖𝑮̄1‖‖+ 1

2 
𝒛𝑇
𝑓
𝒛𝑓 + ℎ̄2

2 

(60)

At this point, this situation is identical to the Case 1. Therefore, 
Eq. (55) also holds for Case 3.

Based on the above analysis, with appropriately chosen parameters 
satisfying 𝑘̄1 − 𝜁1 > 0 and 2𝑘2 − 𝜁2 > 0, Eqs. (55) and (58) demonstrate 
that the aircraft states can be stabilized within the fixed time 𝑡2 .

Table 2
Parameters of the designed FTFC.

Section Parameters Approximate maximum 
convergence time 

FFTIBS 𝑎1 = 2.2, 𝑏1 = 2, 𝑚1 = 1.2, 𝑛1 = 0.9 0.56s 
𝑎2 = 8, 𝑏2 = 8, 𝑚2 = 1.5, 𝑛2 = 0.8 4.56s 
𝑎6 = 0.2, 𝑏6 = 0.8, 𝑚6 = 1.3, 𝑛6 = 0.85 10.77s

FFTF 𝜏 = 0.05, 𝑚3 = 1.8, 𝑛3 = 0.8 0.2s

FFTDO 𝑎4 = 𝑎5 = 𝑎7 = 8, 𝑏4 = 𝑏5 = 𝑏7 = 10 0.39s 
𝑚4 =𝑚5 =𝑚7 = 1.6, 𝑛4 = 𝑛5 = 𝑛7 = 0.75

𝑡2 =
2 

(𝑘̄1 − 𝜁1)(𝑚̄− 1)
+ 2 

(2𝑘2 − 𝜁2)(1 − 𝑛̄)
ln

(
1 +

2𝑘2 − 𝜁2

𝑘̄3

)
(61)

By combining the convergence of the FFTDOs (32), (39), and (46), 
the entire FFTDO-based FFTIBS closed-loop system is SGFTUUB. Fur

thermore, the convergence time 𝑇𝑠 is independent of the initial condi

tions and satisfies 𝑇𝑠 ≤ 𝑡1 + 𝑡2.

This completes the proof. □

Remark 12. Based on the above analysis, the recovery time of the 
damaged aircraft is independent of the initial errors caused by dam

age. Specifically, the damaged aircraft can rapidly recover to stabil

ity after suffering damage, which cannot be achieved by FTFC in Refs 
[6,11,12,21]. This represents a significant enhancement to the FTFC for 
damage aircraft.

Remark 13. The principle for selecting parameters of the designed FTFC 
is to first ensure the stability of the aircraft. Then, iteratively adjust the 
parameters under normal conditions to ensure satisfactory and compli

ant performance of the aircraft. Generally, increasing 𝑎𝑖 , 𝑏𝑖, 𝑚𝑖, and 
reducing 𝑛𝑖 (𝑖 = 1,2,⋯ ,7) can improve the convergence rate of the con

troller and observer errors. However, overly aggressive parameters can 
lead to the chattering phenomenon, degrade transient performance, as 
well as diminish the stability margin and fault-tolerant capability. This 
can ultimately result in a loss of control of the damaged aircraft.

6. Hardware in-the-loop experiments

In this section, the hardware-in-the-loop (HIL) experiments flight 
control experiment platform, developed by the Shaanxi Province Key 
Laboratory of Flight Control and Simulation Technology, is employed 
to verify the performance of the designed FTFC. A detailed description 
of this platform can be found in Ref. [45].

The 6-DoF nonlinear high-precision aircraft model and the actuator 
model are described in Refs. [33,45], respectively. Notably, the design 
of the FTFC only utilizes the aerodynamic coefficients of the normal 
aircraft. The aerodynamic coefficients under damaged conditions are 
unknown to the FTFC and are only used to evaluate its performance.

The initial states of the aircraft are 𝐻 = 120𝑚, 𝑉 = 50𝑚∕𝑠, 𝛼0 =
2.62◦; the trimmed inputs are 𝛿𝑒0 = 1.25◦ and 𝑇0 = 68.14𝑁 . The pa

rameters of developed FFTDO-based FFTIBS fault-tolerant controller are 
listed in Table 2. Furthermore, the sampling frequency is set to 50 Hz.

6.1. Fault tolerance performance verification

In this subsection, the performance of the developed FTFC is verified 
under asymmetric wing damage. The scenario assumes that the aircraft 
experiences damage to the left wing, leading to a fault in the left aileron 
actuator, with specific degrees detailed in Table 3.

The observer maneuvers the aircraft using the joystick and elimi

nates the sideslip angle using the pedal. It is assumed that the wing 
damage fault occurs when 𝑡𝑓 = 4.5𝑠. The HIL experiment results are 
shown in Figs. 2-5.
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Table 3
Description of complex wing damage.

Left-wing damage Left-aileron actuator faults 
Case 1 27.2% Complete failed 
Case 2 19.1% Stuck at 1◦

Case 3 19.1% Loss of 30% effectiveness 

Fig. 2. Response of the AOA. 

Fig. 3. Response of the roll angle. 

Fig. 4. Response of other aircraft states. 

Fig. 5. Control inputs. 

From Figs. 2 and 3, it is evident that asymmetric wing damage has 
a more pronounced impact on the roll angle than on AOA. This re

sults from the asymmetric lift distribution caused by the wing damage. 
The abrupt changes in the AOA and roll angle increase significantly 
with the severity of the damage. However, under the developed FFTDO

based FFTIBS controller, the AOA and roll angle rapidly recover stability 
and continue to track their commands well after experiencing dam

age, highlighting the strong robustness of the FTFC. The other aircraft 
states depicted in Fig. 3 also exhibit abrupt changes after the damage 
occurred, and their trends are consistent with the actual physical sit
uation. In Fig. 4, the stuck position is opposite to the aileron change, 
which generates an additional rolling moment that disturbs the air

craft. This explains why the sudden change in roll angle is greater in 
Case 2 than it is in Case 3. Overall, the developed FFTDO-based FFTIBS 
controller demonstrates expected robustness and control performance, 
effectively overcoming the influence of asymmetric wing damage and 
actuator faults.

6.2. Performance comparison

In this subsection, the developed FTFC (denoted as FFTDO-FFTIBS) 
is compared with the IBS-sliding mode control (denoted as IBKSMC) 
[6], IBS [9], and the fixed-time IBS with FTDO [29] (denoted as FTDO

FTIBKS). It is assumed that wing damage failure occurs at 𝑡𝑓1 = 4.5𝑠, 
resulting in a 29.1% loss of the left wing and complete failure of the left 
aileron. When 𝑡𝑓2 = 17𝑠, the damaged aircraft experiences differentia

tion disturbances, which can be mathematically described as follows:

𝑑𝛼̇ = 20sin(0.4)𝑡+ 2, 𝑑𝛽̇ = 15sin(0.5𝑡) + 8

𝑑𝜙̇ = 20sin(0.6𝑡) − 10, 𝑑𝑝̇ = 40sin(0.4𝑡) + 3

𝑑𝑞̇ = 15sin(0.5𝑡) + 8, 𝑑𝑟̇ = 20sin(0.6𝑡) − 10

(62)

Similarly, the observer freely maneuvers the aircraft while main

taining the sideslip angle at zero. The comparison results of the HIL 
experiment are presented in Figs. 6-10. 

Overall, all four nonlinear incremental controllers enable the air

crafts to overcome asymmetric wing damage and actuator faults. How

ever, under the developed FFTDO-based FFTIBS controller, the aircraft 
states depicted in Figs. 6 and 7 exhibit the fastest response speed and 
recover to stability most promptly after damage occurs. Moreover, the 
instantaneous abrupt changes in the AOA and roll angle due to damage 
are the smallest. When state differentiations are disturbed (𝑡𝑓2 = 17𝑠), 
the damaged aircraft under the IBS and IBKSMC controllers lose con

trol. This occurs because the robustness of these controllers relies on 
the state differentiation and lack compensators to deal with such distur

bances. Conversely, both FFTDO and FTDO are capable of estimating 
state differentiation disturbances, enabling the FFTDO-based FFTIBS 
and FTDO-based FTIBKS controllers to maintain their robustness even 
in the presence of such disturbances. Furthermore, Figs. 6, 7 and 10
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Fig. 6. Comparison of the AOA. 

Fig. 7. Comparison of the roll angle. 

Fig. 8. Comparison of other aircraft states. 

show that the convergence rates of the proposed FFTDO and FFTIBS 
are faster than those of FTDO and FTIBKS. Consequently, the proposed 
FFTDO-based FFTIBS fault-tolerant controller exhibits superior robust

ness and control performance.

The tracking errors are expected to be minimized under the de

signed FTFC. Smaller and more concentrated tracking errors indicate 
better control performance. Define the mean absolute error value as |𝑒𝑖| ≜ ∑𝑡1

𝑡0
|𝑒𝑖|∕(𝑡1 − 𝑡0), where 𝑖 = 𝛼,𝜙, and the results are presented 

in Fig. 11. Among them, the tracking errors of AOA and roll angle 

Fig. 9. Comparison of control inputs. 

Fig. 10. Comparison of disturbance estimation. 

Fig. 11. Comparison of mean absolute error values in all periods. 

(0.04, 0.1, 0.08) and (0.32, 0.9,0.41), respectively, under the proposed 
FFTDO-based FFTIBS controller are the smallest among all controllers 
during all periods. The sudden large change caused by wing damage at 
5 s resulted in increased errors for all controllers during the 5-16 s pe

riod. Furthermore, to assess the concentration of tracking errors, Fig. 12

presents a box plot of the absolute error values. The red solid line rep

resents the median, which reflects the concentration degree of tracking 
errors, as the data excludes the larger errors during the wing damage 
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Fig. 12. Box plot of the absolute errors of 𝛼 and 𝜙. (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)

initial phase. Among all controllers, the proposed FFTDO-based FFTIBS 
controller exhibits the lowest median, indicating the most concentrated 
error distribution and the best steady-state performance.

7. Conclusion

In this paper, a promising FFTDO-based FFTIBS fault-tolerant con

troller has been proposed for damaged aircraft to enhance robustness 
and flight performance under hybrid faults. The uniqueness of the pro

posed FTFC includes the following: (1) The FTFC can overcome the 
asymmetric wing damage and actuator faults, and achieve satisfactory 
control performance. (2) The state of the damaged aircraft can recover 
stability within a fixed time, and the convergence time is independent 
of the initial state errors caused by the damage. (3) The FTFC can ensure 
the robustness of the aircraft even in the presence of state differentiation 
disturbances, addressing the dependency of robustness on state differ

entiation. (4) The presented FFTF in FTFC can avoid the ``explosion of 
complexity'' problem. The performance of the proposed controller has 
been evaluated under the asymmetric wing damage and actuator hybrid 
faults. HIL experimental results demonstrated that the proposed FFTDO

based FFTIBS fault-tolerant controller exhibits superior robustness and 
accuracy, effectively improving the flight performance of the damaged 
aircraft and ensuring rapid convergence within a fixed time. In partic

ular, the steady-state errors under the proposed controller are reduced 
by more than 50% compared to the fixed-time controller.

Future work will focus on further developing trajectory controller for 
damaged aircraft based on the finding of this paper. Moreover, future 
research will address the issue of actuator saturation under wing damage 
faults.
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