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Fixed-time robust attitude tracking control for high-speed aircraft: a 
precise funnel-guided approach

Kai AN, Wei HUANG*, Shuangxi LIU

Advanced Propulsion Technology Laboratory, National University of Defense Technology, Changsha 410073, China

Abstract: In this article, we present a fixed-time robust attitude control scheme with severe funnel driving constraints for high-speed 
aircraft developed concerning uncertain signals. First, an adaptive fixed-time radial basis function neural network (AFTR) observer 
is described, designed as a compensation control based on a converted attitude error system, aiming at eliminating the influence 
of strong disturbances and uncertainties. Then, we propose a performance-prescribed transformation strategy that can effectively 
enhance the accuracy of error tracking and state convergence by constructing second-order performance error functions. Based 
on the above preparation and transformation, we present a double-integral fixed-time sliding mode controller combined with an 
auxiliary oscillation-suppression function designed to achieve fixed-time convergence of attitude angles and angular rates, which 
ensures the rapidity of error tracking and state convergence. Finally, the fixed-time stability of the entire closed-loop system is 
proved via Lyapunov synthesis theory, and the upbound of convergence time is derived. Nominal and comparative simulation 
cases were used to investigate the effectiveness and reliability of the proposed integrated framework.
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1 Introduction

High-performance attitude control has a profound 
effect on the success of unmanned vehicle missions, 
such as the learning control of quadruped robots (Wu 
et al., 2023), the navigation, guidance, and control of 
unmanned aerial vehicles (Chen et al., 2024), the path 
tracking of a sailboat (Wu et al., 2023), and the orbiting 
entry, landing, and sample return of the Chang’e lunar 
exploration program (Liu et al., 2021). It is crucial for 
high-speed aircraft systems with complex dynamic 
coupled characteristics and environmental constraints 
to have a rapid signal response and anti-disturbance 
capability. The techniques of performance-prescribed 
control (PPC), fixed-time control (FTC), and radial 
basis function neural network (RBFNN) have emerged 
as prominent research fields.

PPC was originally introduced by Bechlioulis 
and Rovithakis (2008) with the objective of obtaining 

predetermined steady-state and transient performance. 
The effective performance function is the essential 
feature that differentiates the PPC from other control 
approaches. Furthermore, the design of the performance 
function has an immediate impact on the final simula‐
tion results. Due to its shape, the performance func‐
tion is also referred to as the funnel function (Berger 
and Rauert, 2020). Many performance functions inte‐
grated with different control methodologies have been 
developed for high-speed aircraft. Bu (2023) developed 
a performance function independent of initial state 
errors by combining it with an exponential function for 
longitudinal fuzzy control, which enhances the flexi‐
bility of boundary adjustment. A boundary-adjustable 
prescribed performance controller combined with a 
backstepping technique was proposed by Wang and 
Hu (2018) to address the perturbation and saturation 
issues of a sudden system crash. This was further im‐
proved by Bu et al. (2023), Song and Zhang (2024), and 
Lun et al. (2024) to tolerate sudden error fluctuations. 
Some scholars have also demonstrated the advantages 
of PPC by integrating performance functions with 
control methods such as dynamic surface control (Yin 
et al., 2024) and output feedback control (Li et al., 
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2023). With the development of intelligent approaches, 
Xu et al. (2022) extended the finite-time performance 
function proposed by Tan and Guo (2022) to the atti‐
tude control of high-speed aircraft and proposed a fixed-
time control scheme based on a reinforcement learn‐
ing module. Zhao et al. (2023a) developed a hybrid 
intelligent controller considering prescribed perfor‐
mance constraints and a critic-only adaptive dynamic 
programming approach. However, these methods have 
some reliability issues. A typical problem is that the 
tracking state errors approach boundaries and repeat 
high-frequency oscillations, which seriously compro‐
mises system stability. In addition, a sufficient conver‐
gence space (i.e., large steady-state error range) may 
sacrifice the transition performance and cause unstable 
transient histories of errors. As a complementary trans‐
formation measurement, the PPC scheme needs to be 
combined with other control methods to realize its per‐
formance advantages.

In view of its advantages, fixed-time theory 
(Polyakov, 2012) can be introduced into the PPC frame‐
work to provide accurate system control. Fixed-time 
convergence establishes stricter theoretical limitations 
than asymptotic and finite-time control methods. It 
requires an analytically explicit expression for the upper 
bound constraint of convergence time, which enables 
the overall convergence time of the system to be con‐
trollable through parameter modification. Fixed-time 
theory combined with sliding mode control has been 
widely applied to high-speed aircraft (Parsegov et al., 
2012; Zuo and Tie, 2014), and shows that the fixed 
settling time can be estimated for any initial state. Wu 
et al. (2021) designed a quantized double-loop fixed-
time fault-tolerant attitude controller with a fixed-time 
extended state observer to ensure overall control per‐
formance. Similarly, Dong et al. (2022) developed a 
fixed-time fuzzy adaptive fault-tolerant control meth‐
odology. Chen et al. (2023) designed a double-integral 
fixed-time sliding mode manifold and fixed-time con‐
troller to avoid the decoupling problem of complex 
attitude variation of high-speed morphing aircraft. 
Zhang H et al. (2024) further developed a fixed-time 
flight control strategy based on homogenous system 
theory. Furthermore, an event-triggered mechanism was 
introduced into a specific fixed-time control theory pro‐
posed by Moulay et al. (2022) to maintain the robust‐
ness of the attitude system and reduce the control up‐
dating frequency (Zhang et al., 2023). Zhao et al. (2022) 

designed a fixed-time attitude control scheme com‐
bined with the backstepping technique. In addition to 
integration with conventional control approaches, in‐
telligent learning is increasingly expanding the range 
of applications for fixed-time theory, such as the finite-
time deterministic learning control framework proposed 
by Guo and Xu (2022), barrier Lyapunov function-
based predefined time learning control (Wang et al. 
2024), and intelligent fault diagnosis-based fixed-time 
learning control scheme (Wang and Xia, 2024). Overall, 
the fixed-time theory has the capability to stabilize 
state errors rapidly, but there is still an extensive require‐
ment to respond to strong coupled high-speed aircraft 
systems and further enhance the research exploration 
of applications.

With the appropriate parameters, PPC and fixed-
time theory can effectively drive the tracking errors to 
arbitrarily small values if the system is not influenced 
by uncertain signals. However, it is necessary to intro‐
duce a compensation observer to estimate the external 
disturbances and propagated uncertainties within the 
system, which may make the system diverge (Bouaiss 
et al., 2024). As an intelligent approximation method, 
the RBFNN can effectively address the trade-off be‐
tween function complexity and approximation accuracy 
through its inherent neural network (NN) capabilities. 
This method has already been extensively explored in 
model approximation (Bao et al., 2023), parameter 
estimation (Shen et al., 2023; Zhang BC et al., 2024), 
and disturbance prediction (Zhao and Yang, 2022; Zhao 
et al., 2023b) in high-speed aircraft systems. However, 
RBF networks generally fail to meet the requirements 
for convergence speed and are unable to rapidly predict 
system disturbances based on dynamic responses. The 
fixed-time control theory emphasizes the guaranteed 
convergence speed of the system, which ensures that 
the system can reach a steady-state convergence region 
within a predefined upper bound of time, expressed in 
explicit analytical form. This avoids potential instability 
issues (Sun et al., 2020; Ding et al., 2022), ensuring 
swift estimation of disturbances. By leveraging the fit‐
ting capability of the RBFNN and the fixed-time con‐
vergence guaranteed by fixed-time adaptive laws, devel‐
oping a composite disturbance observer will effectively 
achieve a feasible trade-off between estimation accu‐
racy and convergence speed. Meng et al. (2024) devel‐
oped a fixed-time RBFNN disturbance observer and 
derived a fitting error expression for reusable launch 
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vehicles. Li et al. (2024) designed a fixed-time dis‐
turbance observer for inertia uncertainties in attitude 
tracking control of spacecraft. Thus, it is imperative to 
design a secure observer by combining RBFNN with 
fixed-time theory for potential disturbance. A complete 
summary of the adaptive updating law design and 
detailed system analysis for the complicated and cou‐
pled angle/angular rate system will be outlined.

Motivated by the above discussion and based on 
the preceding research foundation of sliding mode con‐
trol (An et al., 2022), the integrated attitude-tracking 
control approach was further developed for a generic 
high-speed model within a disturbed flight environment. 
The main contributions of this article are as follows:

(1) Faced with the weakness of wide boundaries of 
steady-state error and uncontrollable error trajectories 
of existing PPC approaches applied in attitude control 
(Bu and Xiao, 2018; Wang and Hu, 2018; Bu, 2023; 
Bu et al., 2023; Li et al., 2023; Lun et al., 2024; Song 
and Zhang, 2024; Yin et al., 2024), a funnel-guided PPC 
scheme combined with improved funnel boundaries is 
proposed to eliminate the unexpected transition history, 
reach narrow steady-state error thresholds, and achieve 
rapid error convergence.

(2) Compared with the existing fixed-time sliding 
mode controllers of Chen et al. (2023), an effective 
double-integral fixed-time sliding mode manifold is 
proposed to guarantee stable and rapid convergence 
of the attitude angles and angular rates. To eliminate 
asymptotic oscillation in the tracking process, an auxil‐
iary oscillation-suppression function is designed simul‐
taneously, which has been proven to have a good effect.

(3) To address the significant effects of uncertain 
signals, a fixed-time RBFNN enhancement observer 
with a developed adaptive weight updating law named 
AFTR is designed to eliminate unknown disturbances 
and uncertainties from the dynamic model, atmosphere 
parameters, and perturbation factors in both attitude 
angle and angular rate channels.

The rest of this article is organized as follows: 
Section 2 introduces the approach with some prelimi‐
nary notes and lemmas, and describes the problem for‐
mulation. Section 3 provides the main results, including 
the AFTR enhancement observer, funnel-guided PPC, 
fixed-time sliding mode tracking controller, and param‐
eter tuning guideline, together with corresponding dem‐
onstrations of stability. Finally, numerical simulations 
are presented in Section 4.

2 Preliminaries and problem formulation 

2.1 Preliminaries

Lemma 1 (Chen et al., 2021)    Assume there is a con‐
tinuous positive definite and radially unbounded func‐
tion V(x) with state x such that V̇(x)≤-K1V p1 (x)-
K2V q1 (x)+ξ, where K1, K2 >0, satisfying 0<p1<1, q1>
1, and ξ denotes a small positive constant. The system 
will converge to the origin x0 in fixed-time equilibrium 
with settling time T1 (x0) bounded by

T1 (x0)≤ T1max =
1

K1δ ( )1- p1

+
1

K2δ ( )q1-1
.

The residual set Q of the system is given as fol‐
lows, with constant 0<δ<1, where min{·} represents 
the minimum value:
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Lemma 2 (Xin et al., 2023)    According to Corollary 1 
of Xin et al. (2023), for a continuous Lyapunov function 

like V̇(x)≤-K1V
q1

q2 (x)-K2V
q1

q2 (x)-K3V(x)+ ϵ, where 
K1, K2, K3>0, 0<ϵ<¥, then the system ẋ= f (x t), x(0)=
0 is semiglobal practical fixed-time stability (SPFS), 
in which the fixed convergence time T2 is given by
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where α1, α2, β1, and β2 are all positive odd numbers 
and α1 > α2, β1 < β2, max{·} represents the maximum 
value, 0<δ<1, and the residual set Q with output Y(x) 
of the system is expressed as
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Lemma 3 (Zuo, 2015)    For xiÎR+ (i = 1 2 … n):

∑
i = 1

n
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Lemma 4 (Qian and Lin, 2001)    For the constants 

K1>1 and K2>1, if the equation 
1
K1

+
1
K2

=1 holds, 

then the following expression is established:

|| xy ≤ ϵK1

K1

|| x
K1+

1
K2ϵ

K2

|| y
K2

,

for arbitrary xÎR, yÎR, and ϵ>0.

2.2 Dynamics modeling and problem description

The differential attitude subsystem with angle of 
attack α, sideslip angle β, and bank angle μ as track‐
ing states is as follows:
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α̇ = q - tanβ ( )pcosα + rsinα +
-L+-G α +

-
F dα

m0Vcosβ
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β̇ = psinα - rcosα +
Y+-G β +

-
F dβ

m0V


μ̇ =
pcosα + rsinα

cosβ
+
-
G μ +

-
F dμ

m0V
+

L(tanβ + tanγsinμ)+Ytanγcosμ
m0V



   (1)

where q, r, and p represent the angular rates of pitch, 
yaw, and roll, respectively, m0 is the mass, V is the veloc‐
ity, L is the lift force, Y is the side force, and γ is the 

flight path angle. 
-
F d= [-F dα 

-
F dβ 

-
F dμ ]

T

 are the aerody‐

namic disturbance force components acting on the three 

channels. 
-
G = [-G α 

-
G β 

-
G μ ]

T

 represents the equiva‐

lent components of gravity in the three control chan‐
nels. The detailed expression of 

-
G is given in Eq. (S1) 

of the electronic supplementary materials (ESM).
The angular rate subsystem is described as
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Jz


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

(2)

where the lift force L, drag force D, and side force Y 
can be written as L=CLq̄S, D=CDq̄S, and Y=CYq̄S, 
and the force moments for the three axes are Ml =
Clq̄bS, Mm =Cmq̄cS, and Mn =Cnq̄bS. CL, CD, CY, Cl, 
Cm, and Cn are the aerodynamic coefficients (Keshmiri 
et al., 2012). b is the wingspan, and c is the mean aero‐
dynamic chord. The dynamic pressure is calculated by 

q̄ =
1
2
ρ̄V 2 with atmospheric density ρ̄. S is the surface 

area of the vehicle, xcg is the center of gravity, and the 
uncertain moment vector is expressed by DM =[DMY 
DMZ DMX ]T. J=diag{Jy Jz Jx} represents the mo‐

ment of inertia.
The above two subsystems can be simplified as 

a general nonlinear vector expression:

Ω̇ = gΩω +DDΩ
ω̇ = fω + (gω +Dgω )u +DDωf

(3)

where Ω =[α β μ]T, ω =[q r p]T, and u =[δe δa δr ]
T 

being the control input. The terms DDΩ =
1
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 are caused 

by unknown disturbances and uncertain components. 
Dgω represents the model uncertainties due to aerody‐
namic perturbation and atmospheric error. The specific 
expressions for some notations in Eq. (3) are given in 

Eqs. (S2) and (S3) of the ESM. Let fω = [ fq fr fp ]
T

, 

and the detailed expressions are given in Eq. (S4) of 
the ESM.

The angle reference command is denoted as Ωd (t0 ) 
in the initial time t0. To ensure the smooth continuity of 
the reference signals and protect the control quantity 
from excessive sudden changes and fluctuations, a 
first-order filter is introduced into the signal interface. 
Then, the filtered input signal in the next discretized 
time point t1 is obtained by

-
Ω d (t1)=kftΩd (t0)+ (1-kft )

-
Ω d(t0 )  (4)

where kft is the filter coefficient, and 
-
Ω d is the filtered 

guidance command.
The following control-oriented second-order error 

dynamic model Eq. (5) is then developed as follows, 
based on the attitude model of Eq. (3). This model 
aims to convert the original state errors to assist the 
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construction of subsequent dual-channel fixed-time 
controllers.

ėΩ = Ω̇ -Ω̇̄d = gΩω -Ω̇̄d +DDΩ
ėω = ω̇ - ω̇d = fω + gωu - ω̇d +DDω

(5)

where ωd represents the reference angular rate, which 
can be obtained by the angular subsystem through the 
backstepping method, and DDω =DDgωu+DDω f.

Based on the above dynamic models and relevant 
parameters, the main purpose of this study was to 
develop a funnel-guided fixed-time controller (FGFTC) 
with an AFTR observer to address the following issues:

1. Estimate the unknown comprehensive uncer‐
tainties DDΩ and DDω composed of aerodynamic perturba‐
tion, external disturbances, and atmospheric uncertain‐
ties precisely, and then derive the fixed-time conver‐
gence characteristics with the designed AFTR observer.

2. With the given initial state conditions and guided 
performance-prescribed funnel, the attitude angle error 
vector eΩ and the angular rate error vector eω can 
achieve fast convergence to the equilibrium points of 
the control system in fixed time.

3 Results 

First, we introduce an observer design to address 
inherent uncertainties in nonlinear systems (Eq. (3)) and 
external disturbances. Then, a fixed-time robust con‐
troller for an attitude closed-loop system is presented, 

featuring a performance-prescribed funnel shrinking 
guidance for transforming error dynamics. Meanwhile, 
an auxiliary oscillation-suppressing measure is imple‐
mented in the proposed controller to facilitate rapid os‐
cillation elimination. The integrated fixed-time control 
framework developed in this study is illustrated in Fig. 1, 
and the detailed design procedure is provided below.

3.1 AFTR enhancement observer

Considering the nonlinear system of Eq. (3), define 

error vectors zΩ =Ω-
-
Ω d zω=gΩω-Ω̇̄d, and then the 

system can be rewritten as

żΩ = zω +DDΩ
żω =Fω +Gωu +DDω

(6)

where Fω= ġΩω + gΩ fω -Ω̈̄d, Gω = gΩ gω, and DDω=
gΩ(Dgωu +DDωf ). The term Ω̇̄d can be easily obtained 

under the assumption that the reference signal is second-
order differentiable.

Define a combined vector Z=[ z T
Ω z T

ω ]
T
, and then 

the second-order nonlinear system Eq. (6) is rewritten 
as the compound form:

Ż =AZ +B (Fω +Gωu) +DZ (7)

where A= é
ë
êêêê ù

û
úúúú03´3 13´3

03´3 03´3

, B=[01´311´3 ]T, DZ =[DDT
ΩDDT

ω ]
T
, 

0 represents a vector with all zeros, and 1 denotes the 
vector of all ones.

Fig. 1  Integrated fixed-time control framework. The parameters are explained in the text
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Before the detailed observer error analysis, the 
designed AFTR observer is first given as

Ż̂ =AẐ +B(Fω +Gωu)+DD̂Z +
C1siga1DZ +C2siga2DZ +C3DZ

(8)

where C1 and C2 are both diagonal matrices and the 

diagonal elements c1i, c2i>0, C3=
é
ë
êêêê ù

û
úúúú03´3 D3´3

03´3 03´3

, where 

D3´3 = diag{dn }, n=1 2 3, dn >1. The function sigl x =
sgn(x) x

l
 and sgn(x) represents the sign of x. Ẑ is 

the observed state vector and DD̂Z is the estimated val‐
ue of comprehensive disturbances and uncertainties 

for Ẑ. DZ=Z-Ẑ denotes the observation error, and 
a1Î(0 1), a2=2-a1. Based on the discussion, the term 

DD̂Z is approximated by the RBFNN.
Based on the general NN expression from Eqs. (S5) 

and (S6) of the ESM, the real and estimated distur‐

bance terms DDZ and DD̂Z can be similarly defined by

DDZ =W Th (Z ) + ϵ (Z ) 

DD̂Z = Ŵ Th (Z ) 
(9)

where ϵ(Z) is the NN approximation error, h(Z) is 

the Gaussian basis function, W and ŴÎRN ´ 6 are the 
optimal and approximated weight vectors, respectively, 
and the corresponding estimated weight errors can be 
given by

W͂ =W-Ŵ. (10)

Assumption 1 (Chen et al., 2023)    The NN approxi‐
mation error ϵ(×) has an upper bound ϵN satisfying 
 ϵ(×) ≤ ϵN, and the ideal weights are assumed to be 

bounded as  W ≤ WN.
Subscribing Eqs. (7) and (8) into DZ, the follow‐

ing dynamics can be derived:

DŻ =ADZ + W͂ Th(Z)+ ϵ(Z)-
C1siga1DZ -C2siga2DZ -C3DZ.

(11)

Then, the following convergence theorem of the 
observer is described and proven.
Theorem 1    The proposed AFTR adaptive enhance‐
ment observer (Eq. (8)) can guarantee that the obser‐
vation error (Eq. (11)) converges to a neighborhood 

of origin in a fixed time with the NN adaptive weight 
updating law Ŵ =PhDZ T -Ŵ, where P is the constant 
coefficient matrix. The detailed proof process can be 
found in Section S2 of the ESM.
Remark 1    Theorem 1 shows that the condition 
 W͂ » 0 can be satisfied when the system time satis‐

fies Ts > T0max, meaning that the observation error DD͂Z 
will converge to zero in the fixed time Ts with As‐
sumption 1. Thus, it is reasonable to assume that the 
state errors DD͂Ω and DD͂ω have upper bounds satisfying 
 DD͂Ω ≤ DΩ and  DD͂ω ≤ Dω when the convergence time 

T0 >Ts. Meanwhile, it can be further assumed that the 

derivatives DḊ͂Ω and DḊ͂ω exist and are continuously 

bounded, satisfying  DḊ͂Ω
≤ DΩ and  DḊ͂ω

≤ Dω.

3.2 Funnel-guided prescribed performance 
methodology

In general, the metrics of control performance are 
expressed by steady-state error, transition history, and 
settling time. Unrestricted states may lead to uncontrol‐
lable transitional convergence histories and invalid con‐
trol signals over a prolonged period. The performance-
prescribed technique sets strict boundaries for error 
states during the entire convergence phase, ensuring 
that tracking errors can remain within certain intervals 
to meet performance requirements.

The tracking errors of angle states expressed by 
Eq. (5) are constrained by the designed boundaries 
named funnel functions, which can be introduced by 
-ρL (t)≤ ei (t)≤ ρU (t), i = α β μ, where ρL (t) and ρU (t) 
are the lowbound and upbound functions. The smooth 
funnel functions ρL (t) and ρU (t) must satisfy two re‐
quirements: (1) ρL (t), ρU (t)> 0 are continuously differ‐
entiable functions, and lim t®¥ ρ j (t)= ρ j¥, j=L U, and 
ρ j¥ is the steady-state error boundary; (2) the deriva‐
tive of the funnel function is semi-negative definite. The 
traditional exponential funnel function of Bechlioulis 
and Rovithakis (2008) and some improved funnel 
functions (Bu and Xiao, 2018; Wang and Hu, 2018; 
Bu, 2023; Bu et al., 2023; Li et al., 2023; Lun et al., 
2024; Song and Zhang, 2024; Yin et al., 2024) still 
show some conflicts in terms of generality while being 
effectively applied to solve their relevant scientific 
challenges: 1° wide steady-state error boundaries; 2° 
uncontrollable error trajectories. This section is focused 
mainly on shrinking the steady-state error range and 
accelerating the convergence of error trajectories.
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Taking the challenge term 1° into account, we 
present an improved funnel function that has stable 
transition performance and adjustable steady-state error 
boundaries. The proposed funnel function is defined 
as follows:

ρ(t)= ρ0 /cosh(lt)

ρL(t ) =-sgn (ei(0) ) tanh ( ei( )0
aρ ) ρ (t ) - ρ i¥

ρU(t ) = sgn (ei(0) ) tanh ( ei( )0
aρ ) ρ (t ) + ρ i¥

    (12)

where ρ0 is the initial boundary, l is a constant deter‐

mining the convergence speed of the performance-
prescribed boundary, ei (0) is the initial error of state i, 

ρ i¥ denotes the ultimate steady-state error of state i, 

and aρ is a constant satisfying aρÎ(0 1). Because of 

the properties of the hyperbolic tangent function, aρ 
should be appropriately provided in the simulation for 
an effective steady-state error history range.
Remark 2    The hyperbolic tangent function, denoted 
as tanh(×), serves as an adaptive variable constraint term 

to limit the initial error. This function has two main 
features: (1) it can indirectly indicate the positivity or 
negativity of the original state error; (2) it can adap‐
tively enlarge or reduce the constraint boundaries. 
Finally, the tracking errors will converge to predefined 
steady-state values with gradually shrinking perfor‐
mance limitations.

Considering the second challenge 2°, a funnel-
guided error transition strategy is proposed to lead to 
the error convergence trajectory. Define an auxiliary 
variable sie = ei - eiop, i = α β μ, eiop = ks ρL +(1- ks )ρU 

and ksÎ(0 1), and then the derivative of sie is given by 

ṡie = ėi - ėiop. Then, the range of sie is simultaneously 
transformed into sL (t)≤ sie (t)≤ sU (t), sL (t)=ρL (t)-eiop 

and sU (t)= ρU (t)- eiop.

To convert the auxiliary error variable into the 
unconstrained space, the following transformation 
function is defined:

e(t ) = ln ( ζ ( )t
1 - ζ ( )t ) 

ζ (t ) =
sie( )t - sL( )t

sU( )t - sL( )t
.

(13)

Then, the transformed error equation can be de‐
rived by Eq. (14), where the terms Td and Tc are de‐
scribed in Eq. (S14) of the ESM.

e̇(t)=
ζ̇ (t)
ζ (t) (1 + ζ (t)

1 - ζ (t) ) =  sU - sL
(sie - sL )(sU - sie )

ṡie +

 
sie (ṡL - ṡU )- ṡLsU + ṡUsL

(sie - sL )(sU - sie )
= Td ṡie + Tc.

(14)

Remark 3    Note that if sie® 0, the state error ei will 
converge to eiop. The coefficient ks is crucial to control 
the error convergence trajectories, which will influence 
the transient performance of ei and significantly enhance 
the controllability and stability during the error con‐
vergence process. Based on the above discussion, the 
performance-prescribed transformation method in this 
article is called the funnel-guided convergence strategy.
Remark 4    Some singularity issues will occur in 
Eq. (13). This is manifested mainly in the following 
aspects: First, the large convergence speed with the 
small steady-state boundary of the funnel boundary is 
infeasible. In this case, the controller in the angular 
velocity loop cannot respond rapidly to changes in the 
reference angular rate, resulting in the accumulation of 
angle errors and causing the error value to exceed the 
funnel boundary. Second, an improper value of ks will 
lead to a significant discrepancy between the actual 
initial angle error and the reference value. In this case, 
the controller in the angular velocity loop will deviate 
from the reference angular rate command during the 
initial period, resulting in the accumulation of angle 
errors and causing the error value to exceed the funnel 
boundary. Therefore, it is necessary to coordinate the 
relationship between the funnel boundary convergence 
speed, the steady-state error boundary, the reference 
error trajectory, and the dynamic characteristics of the 
angular rate loop based on the parameter tuning guide‐
line in Section 3.5 to effectively avoid singularity issues 
in Eq. (13).

Based on the designed funnel function Eq. (12) 
and transformed guidance strategy Eq. (14), the error 
dynamics of the attitude angle loop in Eq. (5) is fur‐
ther rewritten as the following expression, and the 
angular rate loop holds:

ėΩ =TdΩėΩ +TcΩ
ėω = fω - ω̇d + gωu +DDω

(15)
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where TdΩ and TcΩ are described in Eq. (S15) of the 
ESM.
Remark 5    In this article, only the angle states are 
transformed into the performance-prescribed con‐
straints, and the angular rates will maintain conver‐
gence characteristics by the following fixed-time angu‐
lar controller for two reasons. First, the stable angle 
error trajectories can provide high-quality input signals 
for angular rates to minimize the divergence risk, and 
second, the strict-limitation angular rates will compli‐
cate parameter tuning and system structure, which may 
worsen the controller oscillation frequency and is not 
practical for real-world applications.

3.3 Fixed-time attitude tracking controller design

Based on the proposed AFTR and performance-
prescribed methodology, a fixed-time attitude tracking 
control scheme was developed to ensure strong stability 
of the entire closed-loop flight control system.

For the attitude angle control subsystem, consider‐

ing the transformed state error ēΩ =[ ēα ēβ ēμ ]
T

ÎR3, 

the double-integral sliding mode manifold SΩ is con‐
structed by

SΩ = ēΩ + c0∫
0

t

ēΩ dτ + ∫
0

t

k1 sigb1 ēΩ + k2sigb2 ēΩdτ,    (16)

where c0, k1, k2, b1, and b2 are all constants, and b1>1, 
0<b2<1.

A desired virtual angular rate controller ω* can 
be designed as

ω* = T -1
dΩ g -1

Ω (-TdΩDD̂Ω - TcΩ - c0 ēΩ -

k1sigb1 ēΩ - k2sigb2 ēΩ - k3sigb3 SΩ -

)k4sigb4 SΩ - k5 tanh
SΩ

w


(17)

where k3, k4, k5>0, b3>1, 0<b4<1, and w > 0.
The two integral terms of the proposed sliding 

mode manifold SΩ can ensure that the output can closely 
match a small steady-state error. However, such a treat‐
ment may destabilize and slow down the dynamic 
response of a closed-loop system. Further simulation 
tests reveal that ensuring the dynamic response at the 
convergence stage by tuning parameters alone is chal‐
lenging. Therefore, to improve the dynamic transition 
characteristics of the system, an ancillary control term 

ucomp is designed to compensate the controller Eq. (17) 
as follows:

ω* = T -1
dΩ g -1

Ω (-TdΩDD̂Ω - TcΩ - c0 ēΩ -

k1sigb1 ēΩ - k2sigb2 ēΩ - k3sigb3 SΩ -

)k4sigb4 SΩ - k5 tanh
SΩ

w
+ ucomp 

(18)

where

ucomp =-kΩe || tanh ( )ṠΩ
dSΩ( )t

dt
 (19)

where the constant kΩ >0, and the coefficient KΩ =
kΩe|tanh(ṠΩ )| has a parameter range of KΩÎ(kΩ2.718kΩ ). 

The term 
dSΩ (t)

dt
 can initially be approximated by the 

following equation, and the explanation can be found 
in Eqs. (S16) and (S17) of the ESM.

ṠΩ(t0 ) =
dSΩ( )t0

dt
»

SΩ( )t0 + hs - SΩ( )t0

hs

 (20)

where hs is the time step.
Lemma 5    Considering the designed virtual angle 
controller Eq. (18), the constructed sliding mode man‐
ifold SΩ will be fixed-time stable with analytical settling 
time TΩ. The detailed proof process can be found in 
Section S4 of the ESM.

For the attitude angular rate subsystem, the angu‐

lar rate errors are denoted as eω=[ ]eq er ep

T
ÎR3. Sim‐

ilar to Eq. (16), the angular rate sliding mode mani‐
fold Sω is given by

Sω = eω + cω∫
0

t

eω dτ + ∫
0

t

l1 sigc1eω + l2sigc2eωdτ    (21)

where the coefficients cω, l1, l2 >0, c1 >1, and 0<c2<1. 
The derivative of Sω with respect to time t is

Ṡω = fω + gωu +DDω +cωeω + l1sigc1eω + l2sigc2eω.   (22)

Then, the designed actual control input u* is 
given by

u* = g -1
ω (-fω -DD̂ω - cωeω - l1sigc1eω -

l2sigc2eω - k6sigc3 Sω - k7sigc4 Sω -

)k8 tanh
Sω

w
- kωe || tanh ( )Ṡω Ṡω 

(23)
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where k6, k7, k8, kω >0, c3 >1, 0<c4<1, and the coeffi‐

cient Kω = kωe || tanh(Ṡω )  satisfies KωÎ(kω 2.718kω ).
Lemma 6    Considering the designed real controller 
Eq. (23), the constructed sliding mode manifold Sω 
will be fixed-time stable with analytical settling time 
Tω. The detailed proof process is similar to that of 
Lemma 5 and can also be found in Section S4 of the 
ESM.

3.4 Integrated stability analysis and discussion

In summary, the sliding mode motion can be di‐
vided into two stages: (1) first, the sliding mode vari‐
ables SΩ and Sω converge to sliding mode hyperplanes 
(SΩ® 0 Sω® 0) from arbitrary initial states of the 
system; (2) second, the system states reach the equi‐
librium points (eΩ® 0 eω® 0) along the hyperplanes. 
Having obtained the fixed-time convergence properties 
of the first stage from Lemmas 5 and 6, the stability 
analysis of the second stage is discussed in this section.
Theorem 2    Consider the transformed attitude error 
system Eq. (15), with the arbitrary initial conditions 
given. If the sliding mode surfaces SΩ and Sω con‐
verge to the effective residual sets, then the proposed 
AFTR observer Eq. (8) with weight updating law Ŵ 
and controllers (Eqs. (18) and (23)) with suitable 
parameters can guarantee that the observation errors 
DD͂Ω, DD͂ω and the state errors ēΩ, eω can achieve a fast 
convergence to the equilibrium points in fixed time. 
Furthermore, the defined auxiliary state se can also 
converge to the original points, which means that the 
attitude angle error eΩ will converge to the reference 
trajectory eop in the fixed time, i.e., the fixed-time track‐
ing control results of actual attitude angles can be 
obtained. The complete proof process can be found in 
Section S5 of the ESM.

3.5 Parameter tuning guideline

Despite the relationship among some parameters, 
there is still a lack of guidance on how to fine-tune the 
main parameters so that the proposed observers and con‐
trollers can achieve the desired control performance. 
This section provides parameter-tuning tips for the 
AFTR, funnel boundaries, and fixed-time controllers. 
Meanwhile, the trade-off of convergence velocity and 
steady-state error range must be balanced simultane‐
ously for the highly nonlinear system of high-speed air‐
craft. The control inputs are sensitive to a number of 
controller parameters from the funnel function depicted 

in Eq. (12) and the controllers illustrated in Eqs. (18) 
and (23), which may lead to the accumulation of errors 
and delays during the convergence process.

First, to enable the funnel boundary to guide error 
convergence behavior, an effective initial threshold ρ0 
needs to be provided, generally not less than the maxi‐
mum initial state error. Then, a feasible parameter factor 
ks is needed, which indicates the final steady-state error. 
A rapid convergence trajectory needs a large shrinking 
rate, which significantly adjusts the convergence speed 
of the prescribed performance boundary. The shrinking 
rate can be selected from the range l∈[0.5, 3.0] in this 
paper. Furthermore, ρ l¥ defines the final steady-state 
error boundary of angle state i, and the order of mag‐
nitude is less than 10−2 in this article. Except for the 
above crucial parameters, the convergence process of 
the state error is not sensitive to other PPC parameters.

Second, in the fixed-time controller, the expo‐
nents of the fixed-time convergence terms, denoted as 
b1 b2 b3 b4 c1 c2 c3, and c4, need to be determined 
appropriately according to Lemmas 1 and 2. Generally, 
b1 b3 c1 c3 > 1 and b2 b4 c2 c4Î(0 1). The para‑
meters b1, b3, c1, and c3 need to be carefully selected, 
and the effective value is not greater than 5 in this arti‐
cle. After that, the control coefficients l1, l2, and kj ( j =
1 2 … 8) can be set to 1 and then modified accord‐
ing to the system’s behavior. Regarding the second 
integral terms in sliding mode manifolds Eqs. (16) and 
(21), the coefficients k1, k2 and l1, l2 should be much 
smaller than the coefficients k3, k4, k5, k6, k7, and k8 in 
the main control terms. To reduce the effort needed to 
tune these control coefficients, similar terms can have 
the same coefficient settings between Eqs. (18) and (23) 
in the initial consideration. Furthermore, the coefficients 
kΩ and kω of the ancillary control terms should not be 
greater than 0.1.

With respect to the AFTR observer, the parameter 
design principle incorporates the following components:

(1) The numerical approximation capability of 
the neural network is directly influenced by the selec‐
tion of mj. Following the design principle of the Gauss‐
ian basis function, the approximation of input signals 
xi can be enhanced by increasing the number of cen‐
troids of mj and decreasing the Euclidean distance 
between mj and xi with nonlinear selection methods 
such as the Gaussian distribution.

(2) The variable nj represents the bandwidth of the 
Gaussian basis function, which determines the mapping 
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capability of the NN to state inputs. Typically, the 
parameter should satisfy the range nj ≥ 1.
Remark 6    Table 1 systematically summarizes all 
generic parameters and their corresponding values used 
in the controllers presented in this study. It not only 
provides typical empirical ranges of these parameters 
(derived from a comprehensive review and synthesis of 
related literature), but also specifies the actual values 
adopted in the simulation cases in accordance with 
these recommended ranges. This clarifies the connec‐
tion between parameter guidance ranges and the spe‐
cific values chosen for numerical simulations.

4 Simulation verification 

In this section, we describe the validation and com‐
parative analysis of the proposed observer and con‐
troller. The first subsection focuses on the feasibility 
verification of the proposed attitude-integrated control‐
ler with the AFTR observer. The subsequent subsec‐
tion evaluates control methods from the literature and 
highlights the reliability and robustness of the proposed 
framework.

The initial flight states of a winged-cone high-
speed aircraft were given as H=33.5 km, V=2590 m/s, 
α =-2°, β =-1.5°, and μ =-0.43°, and the other initial 
states were all set to zero. The parameters associated 
with the different modules integrated in the attitude 
tracking control system are summarized in Table 1. 
Some matrix parameters were as follows: the initial 
weights of the RBFNN are given by W0 = 0N ´ 1, and 

the coefficients are {C1C2…Cj…CN} Î{-0.05 

-0.0498…0…0.05}. The following cases are 
discussed.

4.1 Nominal cases

Along with the designed parameters, three vali‐
dation scenarios were executed in this subsection.

(1) Performance verification with the original PPC 
(Bechlioulis and Rovithakis, 2008) and the FGFTC

In this case, a comparative validation was per‐
formed to highlight the advantages of the proposed 
FGFTC. The tracking error results with the proposed 
performance guidance strategy are shown in Fig. 2, 
which compares the convergence trajectories in three-
channel angle errors with different control factors ks=
0.4 0.5 0.6. The results indicate that the angle errors 
can rapidly and accurately track the reference trajecto‐
ries and achieve convergence without extra transition 
behaviors. Additionally, the overall convergence time of 
the angle subsystem is determined by the slowest con‐
vergence angle, and the close coupling among the three-
channel parameters may delay the convergence speed.

The advantages and robustness of the proposed 
strategy compared to the traditional PPC of Bechliou‐
lis and Rovithakis (2008) are illustrated in Fig. 3. The 
most apparent advantage is the tight steady-state error 
range and the superiority of the convergence speed, 
indicating that the angle errors can rapidly converge 
while remaining stable along with the reference error 
trajectories. We also conclude that the angle errors in 
FGFTC can reach 10−2 orders of magnitude, yet the 
original PPC method cannot achieve this target. Fig. 3 
shows the maximum achievable convergence speed 
and minimum steady-state error range of the original 
PPC method. Obviously, there is a gap between the 
original PPC and the method presented in this article.

(2) Performance of AFTR
Some time-varying disturbances were introduced 

into the dynamic model, and then the performance of 
the designed AFTR was verified.

Table 1  Empirical range of parameter tuning

Module

Funnel module

AFTR observer

Angle tracking 
subsystem

Angular rate tracking 
subsystem

Parameter

ρ0, ks, l, ρ iinf, aρ

N, P, a1, c1i, c2i, 
dn

c0, b1, b2, k1, k2, 
b3, b4, k3, k4, k5, 
w, kΩ

cω, l1, l2, c1, c2, k6, 
k7, k8,c3, c4, kω

Empirical range

ρ0>e0; ksÎ[0 1]; l >0; ρ iinf >0; 
aρÎ(0 1)

N >0; a1Î(0 1); c1i >0;c2i >0; dn >1; 
p1i >0; piiÎP

c0 >0; b1 b3 >1; 0<b2 b4 <1; w>0; 
k1, k2, k3, k4, k5 >0; kΩ >0

cω >0; c1 c3 >1; 0<l1 l2<1; 0<c2 
c4<1; k6, k7, k8 >0; kω >0

Simulation value

ρ0 >ei0; i=α β μ; ks=0.6; lÎ[0.5 3.0]; 
ρ iinf = 0.01; aρ=10-4

N = 500; a1 = 0.5; c1i =c2i =1; dn =1.5; 
P = diag{4 4 4 1 1 1}

0<kΩ<0.1; c0=0.02; b1=1.5; b2=0.6; 
b3=5.0; b4=0.8; k1=2´10-5; k2=3´10-5; 
k3=0.5; k4=0.001; k5=0.03; w=1

0<kω<0.1; cω=3; l1=2´10-5; l2=3´10-5; 
c1= 1.6; c2=0.8; c3=2; c4=0.2; k6=3; 
k7=0.015; k8=0.03
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DDΩ = (0.02sin(5πt)+ 0.03cos(2πt))×[1 1 1]T (24)
DDω = (0.02sin(10πt)+ 0.03cos(5πt))×[1 1 1]T. (25)

The above disturbance expressions consider that 
the angular rates may experience perturbation effects at 
a greater frequency than angle variables. Figs. 4 and 5 
show that the external unmatched disturbances within 
the attitude angle channel and angular rate channel are 
well estimated by the proposed AFTR observer. The 
approximation errors of the attitude angle in the three 
channels shown in Fig. 4 have a maximum of [2.5264° 
1.2720° 2.3290°] and an average error of [0.0568° 
0.0432° 0.0667°], which meets the required estimation 
accuracy throughout the total flight process. Mean‐
while, the approximation errors of the attitude angular 
rates in the three channels in Fig. 5 are [13.7805 (°)/s 
7.6778 (°)/s 25.8006 (°)/s] at maximum in the transition 
time node and [0.4149 (°)/s 0.1656 (°)/s 0.1639 (°)/s] 
on average during the stable convergence process. The 
fluctuations with deviation occur within the first 15 s, 
which may be caused by additional unknown uncer‐
tainties produced by the propagation of estimated errors 
from the outer-loop to the inner-loop channel. Eventu‐
ally, these deviations will be eliminated under fixed-
time compensation control.

Fig. 3  Tracking errors and bounds of attitude angles 
compared with original PPC methods

Fig. 2  Error convergence trajectories of attitude angles following the reference trajectories obtained under different control 
coefficients ks
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(3) Integrated performance verification with dis‐
turbances and uncertainties

Taking model uncertainties, aerodynamic and 
atmospheric parameters, external disturbances from 
Eqs. (24) and (25), and other perturbation factors into 
account, Figs. 6 and 7 show that the steady-state errors 
for both angle and angular rates are all less than 10-2 
magnitude with the compensation control of AFTR, 

which is interrelated to the performance verification 
in Fig. 3.

The control inputs in Fig. 8 can rapidly respond to 
and correct the introduced disturbances and uncertain‐
ties, and the sudden change in curves is first reflected 
in Fig. 5. The reason for this phenomenon is the short-
lived intense response of the control system to sudden 
perturbations. The designed sliding mode manifolds 
in the three channels can achieve effective convergence 
in a fixed time (Fig. 8). Consistency between the con‐
vergence trends of the angle sliding mode manifolds 

Fig. 7  Tracking errors of the angular rate with the observer

Fig. 6  Tracking errors of the angle with the observer

Fig. 5  Disturbance approximation in the angular rate 
channel

Fig. 4  Disturbance approximation in the attitude angle 
channel
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and the reference angle signals can be obtained when 
introducing the continuous smooth reference angle 
signals and effective controller. The above discussion 
shows that the designed observer and controller can 
achieve robust control of a complex attitude system 
for high-speed aircraft.

4.2 Comparative case

Excluding the effects of external disturbances 
while keeping the parameter uncertainties, in this sec‐
tion, we describe a comparative analysis among the 
proposed controller, the finite-time controller, the fuzzy 
fixed-time sliding mode controller of Chen et al. (2023) 
denoted as Ref[A], and the proportional-integral (PI) 
controller of Bu et al. (2023) denoted as Ref[B]. The 
comparative results are shown in Figs. 9–15. The angle 
error profiles in Fig. 9 and actual angle tracking pro‐
files in Fig. 10 show that the proposed controller can 
achieve more precise convergence than the other three 
methods, characterized by the absence of overshooting 
and severe oscillations. Similarly, the tracking errors of 
angular rates in Fig. 11 and the actual signal tracking 
trajectories in Fig. 12 show stable and excellent re‐
sults under the funnel-guided fixed-time sliding mode 
scheme. Defining the average control energy as Ei =

0.5(∑t = 0

60

ui (t)/60 ) 2

, i = 1 2 3, where i represents the 

angle channel and ui is the actual control input, from 

radar figures presented in Figs. 13–15, the control per‐
formance of the proposed method in the three channels 
was better than that of the other three methods with 
respect to settling time, steady-state accuracy, and 
average control energy, which intuitively reflect faster 
error convergence and higher tracking accuracy with 
less energy loss.

Fig. 8  Sliding mode manifolds and control inputs with an 
observer. δe, δa, and δr represent the left elevator, right 
elevator, and rudder, respectively

Fig. 9  Tracking errors and bounds of attitude angles of 
the proposed method compared with those of another three 
methods

Fig. 10  Tracking trajectories of attitude angles of the 
proposed method compared to those of another three 
methods
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5 Conclusions 

In this article, we presented a funnel-guided 
performance-prescribed fixed-time robust attitude con‐
trol framework with an AFTR observer for high-speed 
aircraft. An adaptive parameter-updating AFTR ob‐
server was first constructed based on second-order error 

dynamics to perceive the control system’s real-time 
variation. Then, we considered an effective funnel func‐
tion and error convergence strategy for controllable 

Fig. 15  Radar figure comparing the control performance 
of μ and p in the roll channel, including the total control 
energy, steady-state error, and settling time

Fig. 14  Radar figure comparing the control performance 
of β and r in the yaw channel, including the total control 
energy, steady-state error, and settling time

Fig. 13  Radar figure comparing the control performance 
of α and q in the pitch channel, including the total control 
energy, steady-state error, and settling time

Fig. 11  Tracking errors and bounds of angular rates of 
the proposed method compared with those of another three 
methods

Fig. 12  Tracking trajectories of angular rates of the 
proposed method compared with those of another three 
methods
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transition and steady-state performance. To ensure the 
robustness and rapidity of the entire closed-loop flight 
control system, we propose a double-integral fixed-
time sliding mode control scheme and an oscillation-
suppression skill by a designed auxiliary function 
during the convergence stage. The resulting simulation 
findings suggest that the control performance desired 
for high-speed aircraft can be achieved in the pres‐
ence of unknown uncertainties. Overall, the composite 
control scheme proposed in this paper can accomplish 
attitude control tasks for high-speed aircraft under 
strong nonlinearity and complex coupling with remark‐
able steady-state error and a robust convergence pro‐
cess. Based on the similarities in system modeling 
approaches and the empirical guidelines for parameter 
fine-tuning, the proposed composite controller can also 
be effectively applied to tracking control tasks in other 
nonlinear systems.
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