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Fixed‑time angle of attack 
constrained control for aircraft 
considering dynamic icing process
Zehong Dong 1, Xingya Da 1*, Yinghui Li 2,4, Zhe Li 2,4 & Like Xie 3,4

Aircraft icing deteriorates aerodynamic performance and reduces stall angle of attack, the fast 
convergence rate of tracking error is required to stabilize the aircraft when aircraft icing occurs. 
The state-of-the-art control methods for icing aircraft mostly assume that the icing of aircraft is 
instantaneous. Aiming at these issues, a fixed-time angle of attack-constrained control strategy 
is designed considering dynamic icing process. In order to explore the variation of aerodynamic 
coefficients in the process of dynamic icing, an ice wind tunnel experiment is implemented, and the 
relationship between lift coefficient, drag coefficient and pitching moment coefficient with angle 
of attack and icing intensity is obtained by fitting method. In order to prevent the stalling problem 
caused by the decrease of the stalling angle of attack in the process of dynamic icing, a method to 
determine the stalling angle of attack based on deep neural network is proposed. Considering the 
asymmetric and time-varying angle of attack constraint, a fixed-time convergent angle of attack-
constrained robust control method is designed. The ice wind tunnel experiment shows the process of 
dynamic icing of the airfoil, and the simulation results verify the effectiveness of the proposed control 
method.

Aircraft icing not only increases the weight of aircraft, but also destroys the flow field around the surface of 
airframe and changes the dynamic characteristics of aircraft, resulting in reduced lift and increased drag, which 
in turn reduces the stall angle of attack and increases the stall speed of aircraft, bringing great hidden dangers 
to flight safety1,2. Although the research on aircraft icing has lasted for decades, and rich experience has been 
accumulated in theory and practice, flight accidents caused by aircraft icing still continue to occur3. Aircraft 
icing affects the maneuverability and stability of aircraft, and many flight accidents are caused by the fact that 
the flight control system is not robust enough to aircraft icing4. Therefore, it is urgent to design a robust control 
system considering the adverse effects of aircraft icing.

In recent years, a lot of effort about aircraft icing problem has been made, including ice wind tunnel 
experiment5, dynamic inverse control6, stability region estimation7, icing protection system8, etc. However, the 
above literature only focuses on the robustness of control system to aircraft icing, ignoring the convergence rate 
of tracking errors. The operating stability of aircraft deteriorates when aircraft icing occurs. If the tracking errors 
cannot converge quickly during maneuvering, the system instability is easy to be induced. In order to improve the 
convergence rate of tracking errors, the finite-time stability control is applied to the design of tracking controller. 
On the basis of the exponential convergence controller, a fractional power term about tracking error is added 
(the power index is between 0 and 1)9. Although the finite-time control improves the convergence rate, the con-
vergence time is related to the initial state of the system. When the initial state cannot be accurately measured, it 
is difficult to calculate the convergence time of the system. To solve this issue, the fixed-time tracking controller 
is proposed. On the basis of the finite-time controller, it adds a fractional power term about the tracking error 
(the power index is greater than 1), so that the convergence time of the tracking errors does not depend on the 
initial value of the system10–13. Fixed-time tracking control has the advantage of making the system fast and stable, 
which has important theoretical and application value in the design of flight control system14,15. However, there 
is little literature on the fixed-time robust control for icing aircraft. Therefore, how to design a fixed-time robust 
tracking controller for icing aircraft is an urgent problem.

Noting that the stall angle of attack will decrease when the aircraft icing happens. If the control law of clean 
aircraft is still used, it is easy to cause the stall problem. The constrained control of the angle of attack for icing 
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aircraft is a problem that needs to be solved urgently16. It is worth mentioning that aircraft icing is a dynamic 
process. According to the ice wind tunnel experiment, the stall angle of attack decreases with the increase of icing 
intensity17. In the process of designing the control law, the constraint of angle of attack should also change with 
icing intensity, and the constraint of angle of attack is asymmetric and time-varying18. Therefore, it is of great sig-
nificance to explore the change rule of stall angle of attack with icing intensity considering dynamic icing process. 
In order to meet the constraint of angle of attack19, propose a angle of attack-constrained controller based on the 
barrier function, but only the time-invarying and symmetric constraint of angle of attack is taken into account, 
where the smallest constraint of angle of attack is adopted within the full flight envelope and such consideration 
is relatively conservative. An integrated design method is proposed for guidance and control of flight vehicle 
considering constraints based on barrier function20. The variation of flight environment is considered and an 
adaptive control method considering asymmetric and time-varying constraint of angle of attack is proposed21. 
However, the convergence rate of tracking errors in the above methods is not taken into full consideration.

In order to solve the above problems, this paper proposes a fixed-time angle of attack-constrained control 
strategy for aircraft considering dynamic icing process. The main innovations are as follows:

•	 The dynamic process of airfoil icing in flight is simulated in the ice wind tunnel. The change rule of aerody-
namic coefficients with respect to angle of attack and icing intensity is obtained by mathematical analysis 
based on experimental data.

•	 The relationship between stall angle of attack and icing intensity is given by applying the deep neural network.
•	 Considering the dynamic icing process, a fixed-time angle of attack-constrained robust controller is designed 

to make the system quickly stable and ensure that the angle of attack does not exceed the stall angle of attack. 
Compared with the state-of-the-art fixed-time angle of attack-constrained control methods, the error trans-
formation is not required via the proposed methodology, which provides a means of limiting the angle of 
attack directly.

The remainder of this article is organized as follows. In “Icing aircraft dynamic model and preliminaries” section, 
the aerodynamic coefficients under dynamic icing condition and the change rule of stall angle of attack with 
icing intensity, and preliminaries are provided. Section “Fixed-time angle of attack-constrained robust controller 
design” section gives the fixed-time angle of attack-constrained robust control method. The closed-loop stability 
analysis is given in “Stability analysis” section. In “Simulation results” section, the comparative simulation results 
are given. Finally, “Conclusion” section concludes the work.

Icing aircraft dynamic model and preliminaries
Icing aircraft dynamic model
The icing aircraft dynamic model is based on the NASA’s Generic Transport Model (GTM) in aviation, of which 
longitudinal dynamic model can be expressed as

where

where V is the velocity; m is the mass; θ is the pitch angle; α is the angle of attack; Q is the pitch rate; c̄ is the 
mean aerodynamic chord; Sref  is the reference wing surface area; Jy is the moment inertias along aircraft y axis; 
g is the acceleration of gravity; q̄ = 1

2ρV
2 is the dynamic pressure with ρ being the atmospheric density. The 

main structure parameters can be obtained by consulting full-scale model of NASA’s GTM18 and the detailed 
polynomial model parameters of axial force coefficient Cx , normal force coefficient Cz and pitching moment 
coefficient Cm can be found in paper which is obtained from flight test22, where they are polynomial functions of 
α , q and the elevator deflection δe ; Tx and Tz are the aerodynamic forces along the x axis and z axis, respectively.

The icing factor model developed by Bragg’s team is used to determine the aerodynamic coefficient model 
of icing aircraft, which is expressed as18

where CA and CA,iced are the aerodynamic derivative values of aircraft before and after icing, respectively; fice is 
the icing coefficient, which reflects the sensitivity of CA to aircraft icing.

Aircraft icing is a dynamic process, rather than an instant completion. According to the research results 
of NASA23,24, it takes about 4 min to reach the degree of severe aircraft icing. An ice wind tunnel experiment 
was carried out at the China Aerodynamics Research and Development Center to simulate the dynamic icing 
process in flight. As shown in Fig. 1, the icing wind tunnel has a closed-loop structure, including the power sec-
tion, condensation section, steady flow section, contraction section, test section and diffusion section. The test 

(1)



























V̇ = 1
m (Fx cosα + Fz sin α)+ dV ,
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section of icing wind tunnel is rectangular, 0.65 m long, 0.3 m wide and 0.2 m high. The maximum wind speed 
is 170 m/s. The median volume droplet diameter of the wind tunnel can be adjusted according to the ratio of 
water supply and gas supply pressure. Within the range of 20–50µm , the liquid water content can be adjusted 
to 0.5g/m3 or 1g/m3 by changing the number of nozzles. The adjustable temperature range of the test section 
is − 40 ◦ C to normal temperature. Figure 2 shows the icing situation of the wing in 0–4 min. The airfoil surface 
temperature distribution at different time is shown in Fig. 3, indicating that the temperature of airfoil surface is 
lower than 0 ◦ C in the whole process and the temperature gets colder and colder as the icing intensity increases.

It is worth noting that the experimental results are noisy in general, in order to facilitate the design of the 
controller, the mathematical fitting method is used to fit the lift coefficient, drag coefficient and pitching moment 
coefficient obtained from the experiment into a smooth surface, as shown in Figs. 4, 5 and 6. It can be seen that 
with the increase of icing intensity, the lift coefficient decreases, the drag coefficient increases, and the nonlinear 
characteristic of pitching moment intensifies. In order to truly simulate the impact of aircraft icing on flight safety, 
the linear function is adopted to simulate the dynamic process of aircraft icing, namely:

where t0 is the initial time of aircraft icing; tmax is the completion time of aircraft icing.
What’s more, the aerodynamic data can be generated from computer experiments, such as CFD25.

Analysis of aerodynamic characteristics of dynamic icing process
With the increase of icing intensity, the lift coefficient decreases gradually and the stall angle of attack decreases, 
as shown in Fig. 7. The stall angle of attack is affected by multiple factors, which are coupled to each other. That 
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Figure 1.   Schematic diagram of icing wind tunnel structure.

Figure 2.   The dynamic icing process.
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Figure 3.   The temperature distribution cloud map of the airfoil surface.

Figure 4.   The variation of lift coefficient with angle of attack and icing degree.

Figure 5.   The variation of drag coefficient with angle of attack and icing degree.
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makes the change rule of stall angle of attack intricate. In order to obtain the stall angle of attack based on the 
flight states and icing intensity in real time, the deep neural network is applied to characterize the relationship 
between the flight states, icing intensity and stall angle of attack. The deep neural network is trained offline and 
used online in flight simulation. The input vector of deep neural network is [V , h, γ , θ ,α,Q, η]T , whose size is 
600× 7, and the output is stall angle of attack. The fully connected multiple layer perceptron is employed and the 
ReLU activation function is utilized. The optimizer of the deep neural network is selected as SGD. The learning 
rate is set to 0.0001. The number of iterations is set to 1000000. The deep neural network contains two hidden 
layers with 128 and 256 nodes, respectively. The structure diagram of deep neural network to determine stall 
angle of attack is shown in Fig. 8.

Figure 6.   The variation of pitch moment coefficient with angle of attack and icing degree.

Figure 7.   The variation of lift coefficient curve with increasing ice degree.
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Model decomposition
In this paper, the backstepping method is used to design the controller. In order to facilitate the design of the 
controller, It assumes that sin γ ≈ γ , cos γ ≈ 1 . Considering the external disturbance and aerodynamic param-
eter perturbation, the aircraft dynamic model are decomposed into velocity subsystem and altitude subsystem, 
which are respectively expressed as

where

where T�
x  and T�

z  represent the component of engine thrust along the x axis and z axis, respectively; C�
T (α) 

represents the thrust coefficient with respect to angle of attack; Cα
M denotes the pitch moment coefficient with 

respect to angle of attack; Cδe
M denotes the pitch moment coefficient with respect to elevator deflection.

Assumption 1  There exist unknown positive constants d̄i such that di ≤ d̄i ( i ∈ V , γ ,α,Q ). The values of func-
tions FV , Fγ , Fα , FQ can be calculated based on the nominal aerodynamic coefficients, gV > 0 and gQ > 0 are 
known for the control design.

Assumption 2  The reference trajectories Vref  , href  and their derivatives V̇ref  , ḣref  are bounded and available, and 
there exists a known compact set �0 such that

with B0 being a known positive constant.
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Figure 8.   The structure diagram of deep neural network to determine stall angle of attack.
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Remark 1  The coefficient uncertainties and external disturbances are integrated into the lumped disturbances. 
As a result, the nominal values of FV , Fγ , Fα , FQ , gV , gQ > 0 are treated as known functions. Assumption 2 is a 
common condition required in adaptive control literature26. Hence, Assumptions 1–2 are reasonable.

Preliminaries

Lemma 1  27: For nonlinear system:

if there exist positive constants a, b, p > 1 , 0 < q < 1 , 0 < η < ∞ such that

then the system is called to be practical fixed-time stability within

where 0 < φ < 1 and the solution of the system will converge to the following compact set

Lemma 2  28: For any a ≥ 0 , b > 0 , c > 0 , the following inequality holds

Lemma 3  28: For any a > 0 , b ≤ a , c > 1 , the following inequality holds

Lemma 4  29: For the system (9), considering the integral-type Lyapunov function candidate

where zi = xi − αi−1,α0 := yd ,α1,α2, . . . ,αn−1 are continuously differentiable functions satisfying |αi| ≤ Ai < ki(t) 
for positive constants Ai . For |xi| < ki(t), ∀t ≥ 0 , the following inequation holds

Lemma 5  30: For any σ > 0 , ς ∈ R , there exists constant κ = 0.2785 such that

The control objective is developing a fixed-time robust controller considering the constraint of angle of attack, 
achieving fixed-time stability of the close-loop system and keeping the angle of attack always being within a 
reasonable range during the dynamic icing process.

Fixed‑time angle of attack‑constrained robust controller design
The block diagram of the angle of attack-constrained controller considering dynamic icing process is shown as 
Fig. 9.

Velocity controller design
Define the tracking error of velocity as

Taking the time derivative of eV and substituting it into (5), one has

Define εV as the absolute upper bound of FV + dV − V̇ref  , the value of which is unknown. In order to enhance 
the robustness of the system, ε̂V is used to estimate the value of εV with the estimation error being ε̃V = εV − ε̂V . 
The velocity controller is designed as

(9)ẋ(t) = f (x(t)), x(0) = x0,
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where p > 1, kV1, kV2, kV3, σV are the positve parameters to be designed. sg(•q) = sg(•)| • |q , where sg(•) is the 
sign function. The switching function �V is designed as

where 0 < q < 1, τV > 0 are the parameters to be designed.
Design the adaptive law as

where lV1, lV2, lV3 are the positve parameters to be designed.

Altitude backstepping controller design
Step 1: Define the tracking error of altitude as

Taking the time derivative of eh and substituting it into (6), one has

Define εh as the absolute upper bound of dh − ḣref  , the value of which is unknown. In order to enhance the 
robustness of the system, ε̂h is used to estimate the value of εh with the estimation error being ε̃h = εh − ε̂h . The 
altitude virtual controller is designed as

where kh1, kh2, kh3, σh are the positve parameters to be designed. The switching function �h is designed as

where τh > 0 are the parameters to be designed.

Remark 2  By using the switching function (26), the singular value problem of infinite derivative when eh equal to 
zero can be avoided, and the switching point can be ensured to be smooth. Specifically, it can be written as follows

Design the adaptive law as

where lh1, lh2, lh3 are the positve parameters to be designed.
Step 2: Define the tracking error of flight path angle as

(21)�V =

{
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(
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)

, if |eV | > τV ,
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2 τ

q−1
V eV +

q−1
2 τ

q−3
V e3V , others,

(22)˙̂εV = eV tanh

(

eV

σV

)

− lV1ε̂V − lV2sg
(

ε̂
p
V

)

− lV3sg
(

ε̂
q
V

)

,
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Figure 9.   The block diagram of the angle of attack-constrained controller.
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Combined with (6) and (29), the derivative of eγ is

Define εγ as the absolute upper bound of Fγ + dγ − γ̇d , the value of which is unknown. In order to enhance the 
robustness of the system, ε̂γ is used to estimate the value of εγ with the estimation error being ε̃γ = εγ − ε̂γ . The 
flight path angle virtual controller is designed as

where kγ 1, kγ 2, kγ 3, σγ are the positve parameters to be designed. The switching function �γ is designed as

where τγ > 0 are the parameters to be designed.
To make angle of attack satisfy the preset constraint, let αd pass the following saturation function

where αdM and αdm are the user-designed upper and lower bounds, respcetively. To facilitate the derivation of 
stability analysis, the definition ᾱ = max {|αdm|, |αdM |} is given.

Design the adaptive law as

where lγ 1, lγ 2, lγ 3 are the positve parameters to be designed.
Step 3: Define the tracking error of angle of attack as

Combined with (6) and (35), the derivative of eα is

Define εα as the absolute upper bound of Fα + dα − α̇ds +�α , �α will be defined later. In order to enhance the 
robustness of the system, ε̂α is used to estimate the value of εα with the estimation error being ε̃α = εα − ε̂α . The 
angle of attack virtual controller is designed as

where kα1, kα2, kα3, σα are the positve parameters to be designed. The switching function �α is designed as

where τα > 0 are the parameters to be designed.
The time-varying gain function  is designed as �̄α

where oα > 0 is the parameter to be designed.
The angle of attack constraint is an asymmetric time-varying function, which is expressed as

where ka(t) and kb(t) is determined by aerodynamic coefficient analysis, the detailed process is shown in Sect. 2.2.
Design the adaptive law as
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where lα1, lα2, lα3 are the positve parameters to be designed.
Step 4: Define the tracking error of pitch rate as

Combined with (6) and (42), the derivative of eQ is

Define εQ as the absolute upper bound of FQ + dQ − Q̇d , the value of which is unknown. In order to enhance the 
robustness of the system, ε̂Q is used to estimate the value of εQ with the estimation error being ε̃Q = εQ − ε̂Q . 
The actual controller is designed as

where kQ1, kQ2, kQ3, σQ are the positve parameters to be designed. The switching function �Q is designed as

where τQ > 0 are the parameters to be designed.
Design the adaptive law as

where lQ1, lQ2, lQ3 are the positve parameters to be designed.
The block diagram of the proposed method is shown as Fig. 10.
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Figure 10.   The block diagram of the proposed method.
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Remark 3  The disadvantages of the proposed method mainly include two aspects: First, although the neural 
network has a good fitting effect and can train the icing factor model accurately, it is not physically interpretable; 
Second, this method relies more on wind tunnel test, although the obtained aerodynamic data is more accurate, 
its cost is high. A valuable research direction is to combine wind tunnel and numerical calculation method to 
obtain icing aircraft aerodynamic data.

Stability analysis
Theorem 1  Consider the icing aircraft dynamics described by (1)–(4) with Assumptions 1–2, by the virtual con-
trol laws (25), (31), (37), by the actual control laws (20), (44), and by the parameter adaptation laws (22), (34), 
(41) and (46). For any ζ > 0, and bounded initial conditions satisfying L(0) ≤ ζ , there exist design parameters 
ki1, ki2, ki3, σi , τi , li1, li2, li3 such that: i) all signals of the closed-loop system are semi-globally uniformly ultimately 
bounded; ii) the tracking errors and estimated errors converge to predefined compact set within fixed-time; iii) the 
angle of attack is kept within a preset asymmetric time-varying compact set determined by k(t).

Proof  The proof details are given in Online Appendix. 	�  �

Simulation results
Simulation setup
This section verifies the effectiveness of the designed controller through simulation. The simulation step is set 
as �t = 0.005 s. The controller parameters are set as follows: p = 1.1, q = 0.9, kV1 = 0.002, kV2 = kV3 =

0.0002, kh1 = 20, kh2 = kh3 = 2, kγ 1 = 0.15, kγ 2 = kγ 3 = 0.015, kα1 = 10, kα2 = kα3 = 1, kQ1 = 25, kQ2 = kQ3
= 1, σV = σh = σγ = σα = σQ = 40, τV = τh = τγ = τα = τQ = 10−6, lV1 = lh1 = lγ 1 = lα1 = lQ1 = 0.1,

lV2 = lh2 = lγ 2 = lα2 = lQ2 = lV3 = lh3 = lγ 3 = lα3 = lQ3 = 0.01 . The asymmetric time-varying angle of attack 
constraint is given by the deep neural network in real time. In practice, the inputs of flight controller are subject 
to saturation constraints, which are considered as � ∈ [0.05, 1], δe ∈ [−20◦, 20◦] . The initial state of the aircraft 
is shown in Table 1.

The reference velocity and altitude signals are denoted by the following equations.

where V(0) and h(0) are the initial of velocity and altitude, respectively, and δVr(t) and δhr(t) are the time-varying 
components of the reference signals. The time-varying components δVr(t) and δhr(t) are generated by passing 
command signals δVc(t) and δhc(t) through a 2nd-order filter, respectively. Hence, one has

where L−1[·] denotes the inverse of Laplacian transform, “*” is the convolution operation, δVc is the commanded 
velocity, and δhc is the commanded altitude.

In order to demonstrate the superiority of the proposed method, the simulation results of the proposed 
method are compared with those of the conventional constrained control (CCC)20 and those of the conventional 
fixed-time control (CFTC)31. The structural frameworks of CCC and CFTC is shown as Fig. 11.

Scenario 1: Dynamic icing process
In this scenario, the airfoil freezes from t=0s and reaches the most severe freezing state η=0.3 at t=240s. When t 
is between 50s and 60s, the pitch angle is disturbed by �θ= 6
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In scenario 1, the velocity and tracking error of velocity are shown in Fig. 12, and the altitude and tracking 

error of altitude are shown in Fig. 13. It can be seen that in the case of dynamic icing process, the overshoot of 
tracking error of velocity and tracking error of altitude produced by the proposed method are smaller than the 
overshoot produced by the other two methods. Figure 14 shows the flight path angle, angle of attack and pitch 
rate. The angle of attack can be kept within the preset constraint by using the PFTCC and CCC, while the con-
straint is violated via the CFTC. The oscillation of attitude angles via the proposed method are smaller. The fuel 

(47)
{

V
ref (t) = V(0)+ δVr(t)

h
ref (t) = h(0)+ δhr(t)

(48)







δVr(t) = L
−1

�

0.0.0009
s2+0.057s+0.0.0009

�

∗ δVc

δhr(t) = L
−1

�

0.0.0009
s2+0.057s+0.0.0009

�

∗ δhc

Table 1.   The initial states of aircraft.

States Values

Velocity V 150 m/s

Altitude h 400 m

Flight path angle γ 0

Pitch angle θ 5◦

Angle of attack α 5 ◦

Pitch rate Q 0
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equivalent ratio and elevator deflection are shown in Fig. 15, indicating that the control input with the proposed 
method are quickly stabilized. It can be seen from Fig. 16 that the adaptive parameters of the robustness terms are 
bounded. In order to compare the control performance of the three methods more obviously, the squares sum of 
velocity tracking errors and squares sum of altitude tracking errors of the three methods are listed in Table 2. It 
can be seen that the squares sum of velocity tracking errors and squares sum of altitude tracking errors obtained 

Figure 11.   The structural frameworks of CCC and CFTC.

Figure 12.   The velocity tracking performance.



13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1388  | https://doi.org/10.1038/s41598-023-50038-y

www.nature.com/scientificreports/

by the proposed method are smaller than those obtained by the other two methods. Therefore, the proposed 
method has better control performance.

Scenario 2: deicing process
In this scenario, the icing process has completed. When t=240s, the deicing device is turned on and all the ice is 
completely removed after 160s. It is assumed that the icing intensity changes linearly during the deicing process. 
When t is between 50s and 60s, the pitch angle is disturbed by �θ= 6

[

1− exp
(

− 1
5 t
)]

deg.

Figure 13.   The altitude tracking performance.

Figure 14.   The attitude angles.
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Figure 15.   The control inputs.

Figure 16.   The values of adaptive parameters.

Table 2.   The squares sum of tracking errors for scenario 1.

Performance indicators CCC​ CFTC PFTCC​
∫

e2Vdt 6231.50 1889.86 1582.13
∫

e2hdt 846222.87 625411.82 373919.99
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In scenario 2, the velocity and tracking error of velocity are shown in Fig. 17, and the altitude and tracking 
error of altitude are shown in Fig. 18. It can be seen that the proposed method can not only make the velocity and 
altitude track their own reference commands faster, but also make the fluctuation of the tracking errors smaller 
when affected by the external disturbance. The flight path angle, angle of attack and pitch rate are shown in 
Fig. 19. After the deicing device is started, the stall angle of attack increases because the icing intensity decreases 
gradually. The angle of attack can be kept within the preset constraint by using the PFTCC and CCC, while the 
constraint is violated via the CFTC. Figure 20 shows the fuel equivalent ratio and elevator deflection. In Fig. 21, 
the boundedness of the adaptive parameters of the proposed method is demonstrated. The squares sum of velocity 
tracking errors and squares sum of altitude tracking errors in scenario 2 are shown in Table 3, indicating that the 
proposed method still has better control performance in the presence of external disturbance.

Ethical approval
This research does not include any human participants and/or Animals

Conclusion
This paper presents a fixed-time robust control method for aircraft with angle of attack constraint considering 
dynamic icing process, asymmetric time-varying constraint of angle of attack and external disturbance. Through 
theoretical analysis and simulation verification, the main conclusions are as follows:

•	 A fixed-time non-singular robust tracking controller is designed to ensure that the tracking errors and 
estimation errors converge within fixed-time, so that the singularity problem inherent in the conventional 
fixed-time control is avoided.

•	 The asymmetric time-varying constraint of angle of attack is assured not to be violated in a direct way by 
utilizing the integral-type barrier function.

•	 The variation rule between the flight states, icing intensity and stall angle of attack is obtained by applying 
deep neural network.

•	 The proposed controller has better control performance compared with the conventional fixed-time control 
method and the conventional angle of attack-constrained control.

Table 3.   The squares sum of tracking errors for scenario 2.

Performance indicators CCC​ CFTC PFTCC​
∫

e2Vdt 6233.12 1890.86 1583.16
∫

e2hdt 846230.01 625412.12 373920.30

Figure 17.   The velocity tracking performance.
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Figure 18.   The altitude tracking performance.

Figure 19.   The attitude angles.
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 3 March 2023; Accepted: 14 December 2023

References
	 1.	 Lynch, F. T. & Khodadoust, A. Effects of ice accretions on aircraft aerodynamics. Prog. Aerosp. Sci. 74, 669–767 (2001).
	 2.	 Cao, Y., Wu, Z., Su, Y. & Xu, Z. Aircraft flight characteristics in icing conditions. Prog. Aerosp. Sci. 37(8), 62–80 (2015).

Figure 20.   The control inputs.

Figure 21.   The values of adaptive parameters.



18

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1388  | https://doi.org/10.1038/s41598-023-50038-y

www.nature.com/scientificreports/

	 3.	 Robert, B. Aircraft icing. Safety Advisor, AOPA Online Documents (2013).
	 4.	 Dong, Z., Li, Y., Zheng, W., Zhou, C. & Wu, P. Optimization control for an aircraft based on the manifold theory. J. Aircr. 55(6), 

2549–2554 (2018).
	 5.	 Pouryoussefi, S. G., Mirzaei, M., Nazemi, M. M., Fouladi, M. & Doostmahmoudi, A. Experimental study of ice accretion effects 

on aerodynamic performance of an naca 23012 airfoil. Chin. J. Aeronaut. 29(3), 585–595 (2016).
	 6.	 Wei, Y., Xu, H. & Xue, Y. Adaptive neural networks-based dynamic inversion applied to reconfigurable flight control and envelope 

protection under icing conditions. IEEE Access 8, 11577–11594 (2020).
	 7.	 Qu, L., Li, Y., Xu, H., Zhang, D. & Yuan, G. Aircraft nonlinear stability analysis and multidimensional stability region estimation 

under icing conditions. Chin. J. Aeronaut. 30(3), 976–982 (2017).
	 8.	 Bragg, M. et al. Smart icing systems for aircraft icing safety. FAA In-flight Icing/Ground De-icing International Conference & Exhi-

bitionhttps://​doi.​org/​10.​4271/​2003-​01-​2100 (2003).
	 9.	 Guo, Y. & Xu, B. Finite-time deterministic learning command filtered control for hypersonic flight vehicle. IEEE Trans. Aerosp. 

Electron. Syst. 58(5), 4214–4225 (2022).
	10.	 Zhang, X., Shi, R., Zhu, Z. & Quan, Y. Adaptive nonsingular fixed-time sliding mode control for manipulator systems’ trajectory 

tracking. Complex Intell. Syst. 9(2), 1605–1616 (2023).
	11.	 Wang, X., Guo, J., Tang, S. & Qi, S. Fixed-time disturbance observer based fixed-time backstepping control for an air-breathing 

hypersonic vehicle. ISA Trans. 88, 233–245 (2018).
	12.	 Dong, Z., Li, Y. & Lv, M. Adaptive nonsingular fixed-time control for hypersonic flight vehicle considering angle of attack con-

straints. Int. J. Robust Nonlinear Control 33(12), 6754–6777 (2023).
	13.	 Yu, X., Li, P. & Zhang, Y. The design of fixed-time observer and finite-time fault-tolerant control for hypersonic gliding vehicles. 

IEEE Trans. Ind. Electron. 65(5), 4135–4144 (2018).
	14.	 Polyakov, A. Nonlinear feedback design for fixed-time stabilization of linear control systems. IEEE Trans. Autom. Control 57(8), 

2106–2110 (2012).
	15.	 Dong, Z., Li, Y., Lv, M., Zhao, Z. & Pei, B. Fuzzy adaptive prescribed performance fault-tolerant control for hfvs with fixed-time 

convergence guarantee. Int. J. Aerosp. Eng. 2022, 2438657 (2022).
	16.	 Ansell, P. J., Bragg, M. B. & Kerho, M. F. Stall warning using flap hinge moment measurements. J. Aircr. 48(5), 1822–1824 (2011).
	17.	 Xie, L., Liang, H., Zong, H., Liu, X. & Li, Y. Multipurpose distributed dielectric-barrier-discharge plasma actuation: Icing sensing, 

anti-icing, and flow control in one. Phys. Fluids 34(7), 071701 (2022).
	18.	 Zheng, W., Li, Y., Zhang, D., Zhou, C. & Wu, P. Envelope protection for aircraft encountering upset condition based on dynamic 

envelope enlargement. Chin. J. Aeronaut. 31(7), 1461–1469 (2018).
	19.	 Xu, B., Shi, Z., Sun, F. & He, W. Barrier lyapunov function based learning control of hypersonic flight vehicle with aoa constraint 

and actuator faults. IEEE Trans. Cybern. 49(3), 1047–1057 (2019).
	20.	 Guo, Y., Yan, T., Xu, B., Tao, C. & Sun, S. Asymmetric integral blf based state-constrained flight control using nn and dob. Int. J. 

Robust Nonlinear Control 32(5), 3021–3038 (2022).
	21.	 An, H., Guo, Z., Wang, G. & Wang, C. Low-complexity hypersonic flight control with asymmetric angle of attack constraint. 

Nonlinear Dyn. 100, 435–449 (2020).
	22.	 Harry, G. et al. Nonlinear analysis of aircraft loss of control. J. Guidance Control Dyn. 36(1), 149–162 (2013).
	23.	 Matthew, A. C. A simplified icing model for simulation and analysis of dynamic effects. Nonlinear Dyn. 100, 435–449 (2020).
	24.	 Ratvasky, T. P. Aircraft icing and its effects on performance and handling. NASA Glenn Research Center, Cleveland, Ohio 44135 

(2008).
	25.	 Jung, S. K., Shin, S., Myong, R. S. & Cho, T. H. An efficient cfd-based method for aircraft icing simulation using a reduced order 

model. J. Mech. Sci. Technol. 703–711, 703–711 (2011).
	26.	 Dong, Z., Li, Y., Lv, M. & Zuo, R. Adaptive accurate tracking control of hfvs in the presence of dead-zone and hysteresis input 

nonlinearities. Chin. J. Aeronaut. 34(5), 642–651 (2021).
	27.	 Ba, D., Li, Y. & Tong, S. Fixed-time adaptive neural tracking control for a class of uncertain nonstrict nonlinear systems. Neuro-

computing 363, 273–280 (2019).
	28.	 Yang, H. & Ye, D. Adaptive fixed-time bipartite tracking consensus control for unknown nonlinear multi-agent systems: An 

information classification mechanism. Inf. Sci. 459, 238–254 (2018).
	29.	 Liu, L. et al. Time-varying iblfs-based adaptive control of uncertain nonlinear systems with full state constraints. Automatica 129, 

109595 (2021).
	30.	 Polycarpou, M. M. Stable adaptive neural control scheme for nonlinear systems. IEEE Trans. Autom. Control 41(3), 447–451 (2002).
	31.	 Cui, G., Yang, W., Yu, J., Li, Z. & Tao, C. Fixed-time prescribed performance adaptive trajectory tracking control for a quav. IEEE 

Trans. Circuits Syst. II Express Briefs 69(2), 494–498 (2022).

Author contributions
All authors contributed to the study conception and design. Controller design, material preparation, data col-
lection and analysis were performed by Z.D., X.D., and Y.L. The first draft of the manuscript was written by Z.D. 
Z.L. and L.X. approved the final manuscript. All authors agree to the publication of this research.

Competing interests 
The authors have no relevant financial or non-financial interests to disclose.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​50038-y.

Correspondence and requests for materials should be addressed to X.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.4271/2003-01-2100
https://doi.org/10.1038/s41598-023-50038-y
https://doi.org/10.1038/s41598-023-50038-y
www.nature.com/reprints


19

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1388  | https://doi.org/10.1038/s41598-023-50038-y

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Fixed-time angle of attack constrained control for aircraft considering dynamic icing process
	Icing aircraft dynamic model and preliminaries
	Icing aircraft dynamic model
	Analysis of aerodynamic characteristics of dynamic icing process
	Model decomposition
	Preliminaries

	Fixed-time angle of attack-constrained robust controller design
	Velocity controller design
	Altitude backstepping controller design

	Stability analysis
	Simulation results
	Simulation setup
	Scenario 1: Dynamic icing process
	Scenario 2: deicing process
	Ethical approval

	Conclusion
	References


