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Aiming at the issue of disturbance affecting carrier landing, this
article proposes an incremental nonlinear control-based direct lift
control (DLC) technology with a predefined-time property to improve
the landing accuracy of carrier-based aircraft. First, the mechanism
and advantages of the DLC strategy for carrier landings are analyzed
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from an aerodynamic perspective. Then, a predefined-time-based in-
cremental control approach is proposed and applied to design the
automatic carrier landing system with DLC, which addresses the
issue of uncertainty in the convergence time of the existing landing
systems. Importantly, a disturbance observer with predefined-time
stability and a noise rejection filter are proposed to eliminate radar
measurement disturbances. By employing the Lyapunov method, it is
demonstrated that the designed landing system can ensure the altitude
tracking error converges to a small region within a user-defined time.
Finally, real-time simulation results demonstrate the effectiveness of
the developed landing system and its superiority compared to existing
studies.

ACRONYMS
ACLS Automatic carrier landing system.
DLC Direct lift control.
PTIBSC Predefined-time-based incremental backstep-

ping control.
NTD Nonlinear tracking differentiator.
DOB Disturbance observer.
APCS Automatic power compensation system.
PTNF Predefined-time-based nonlinear first-order

filter.

I. INTRODUCTION

THE limitations of carrier deck space make the landing
task of carrier-based aircraft more dangerous and complex
than that of land-based aircraft. In addition, various distur-
bances, such as carrier airwake and deck motion, further
reduce the landing accuracy. Consequently, achieving pre-
cise landings in such a complex and dynamic environment
remains a major challenge. From a control perspective, im-
proving the fast-tracking capability and robustness against
disturbances of the ACLS is of great practical importance
for increasing landing success rates. Driven by this demand,
research on ACLS has consistently been a focal point in
the development of carrier-based aircraft, attracting much
attention.

As research on carrier-based aircraft landings has ad-
vanced, significant progress has been made in recent years,
yielding numerous valuable outcomes. For example, the
authors in [1] and [2] proposed an H2-based preview con-
trol approach and applied it to the development of the
ACLS. This control strategy incorporates future informa-
tion from the reference glide slope, thereby improving
landing precision. In [3], a fixed-time incremental sliding
mode control was proposed for developing the ACLS,
utilizing its robustness to mitigate airwake disturbances.
Xue et al. [4] investigated fault-tolerant landing control
research for carrier-based aircraft with actuator failures.
An output feedback-based adaptive fault-tolerant controller
was designed, which employs a σ -modification update law
to address the faults. Lungu et al. [5] designed a DOB to esti-
mate airwake disturbances and suppressed them by design-
ing an inverse optimal controller. This approach effectively
reduces the coupled translational and rotational movements,
significantly improving the success rate of carrier landings.
Dinu VÎLCICĂ et al. [6] proposed a novel robust sliding
mode control method that integrates an adaptive law to
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suppress uncertainties and external disturbances. Besides,
a Kalman filter and a tracking differentiator-based compen-
sation block were designed to synchronize the motions of
the deck and the aircraft. Moreover, other approaches, such
as neural network-based sliding mode control [7], model
reference adaptive control [8], backstepping control [9],
[10], and active disturbance rejection control [11], have also
been applied to the design of ACLS.

From the perspective of control configuration, all the
above research is based on the moment control framework.
In this structure, the pitching moment generated by the ele-
vator alters the pitch angle, which in turn indirectly changes
the flight path angle and altitude. The above ACLSs, con-
figured in this structure, typically incorporate three to four
control loops, resulting in a closed-loop system featuring a
large phase lag and consequent delay. Recently, the Lock-
heed Martin Corporation proposed a novel integrated DLC
strategy for the X-35 C carrier-based aircraft to address
this issue [12]. This control strategy utilizes the normal
control surface (e.g., the elevator) for attitude control, while
employing the specific control surface (e.g., the flap or
canard) or combinations of existing control surfaces to di-
rectly adjust the lift, thereby controlling the trajectory [13].
As a benefit, this DLC strategy can eliminate the coupled
interaction between velocity and attitude, allowing changes
to the flight path without impacting the angle of attack.
For pilots, the implementation of this strategy substantially
alleviates the piloting burden during the final landing stages.
According to statistical data from [12], the number of
maneuvers required decreases dramatically from 300 to
just over 10. Critically, this strategy markedly improves
the safety and success rate of carrier landings. Given these
advantages, the DLC technology is therefore regarded as a
“game changer” for carrier landings, injecting significant
vitality into aircraft landing control.

Since its proposal, DLC technology has attracted in-
creasing attention from scholars, leading to significant ad-
vancements in recent years [14], [15], [16]. Studies [13],
[17], [18] have provided a comprehensive review and analy-
sis of this technology. To address practical concerns, various
methods have been proposed based on the DLC framework.
For example, Guan et al. [15] employed a DOB-based
backstepping control to design the DLC-based ACLS and
conducted research on a moving path following a guidance
system. The authors in [16] and [19] applied enhanced PID
control approaches with intelligent optimization to design
the DLC-based ACLS. These approaches established neural
networks to optimize control parameters online, further
improving the landing performance.

Nevertheless, the aforementioned studies have certain
limitations. Specifically, the existing ACLSs in [1], [2], [4],
[7], [13], [14], [15], [16], [17], and [18] cannot guarantee
a predetermined convergence time for tracking errors, as
the convergence time depends on the initial states. Conse-
quently, larger initial errors lead to longer required conver-
gence times for both trajectory following and angle of attack
holding. This limitation adversely affects the aircraft’s fast
landing and potentially compromises the success rate of

the nonstandard landing. Although the authors in [3], [10],
and [20] employed the fixed-time control theory to address
this limitation, the convergence time remains depends on
the controller parameters, resulting in an inherent coupling
with landing performance. Moreover, a great effort must be
dedicated to acquiring complete aerodynamic data prior to
designing an ACLS and incorporating robust algorithms,
such as the adaptive laws [4], [21], neural networks [16],
[19], and DOBs [3], [10], [15], to mitigate the impact of
model uncertainties and unmodeled dynamics. It inevitably
increases the complexity of the designed ACLS and ex-
acerbates the development challenges. Therefore, reducing
reliance on nonlinear modeling in the design of ACLS (see,
e.g., [7], [14]) is another key issue that demands urgent
attention. Notably, the attention given to the aforementioned
critical deficiencies is insufficient, and they remain unre-
solved to date.

Inspired by the works in [22], [23], and [24] and
the predefined-time control theory from [25] and [26],
a novel incremental backstepping control approach with
predefined-time properties is proposed, and a DLC-based
ACLS is developed based on this proposed control approach
to improve the landing performance of existing ACLSs. This
newly designed ACLS features a predefined-time property,
where the convergence time is independent of initial states,
and ensures fast trajectory tracking within a user-defined
time. Meanwhile, the designed ACLS enhances the capa-
bility to eliminate external disturbances, including carrier
airwake, deck motion, and radar measurement. The main
contributions of this article are outlined as follows.

1) A novel PTIBSC approach is proposed to overcome
the issue of uncertain convergence times in the incre-
mental control in [23], [27], and [28]. Furthermore,
an NTD is employed to obtain the state’s derivative
signal. The primary advantage of this method lies
in its ability to ensure both the accuracy of the
derivative signal and its smoothness. This approach
effectively avoids the amplification of residual noise
that occurs during direct derivation, thereby address-
ing the issue of noise sensitivity in the incremental
control. Consequently, this study is regarded as an
extension and development of the existing incre-
mental control research and is deemed favorable in
practical applications.

2) This article presents a comprehensive analysis of the
DLC-based landing strategy from an aerodynamic
perspective. Unlike the traditional landing frame-
work in [1], [2], [3], [4], and [7], the DLC-based
landing strategy innovatively decouples attitude and
trajectory, fundamentally enhancing the trajectory
response speed. Compared to the pitch angle-type
DLC in [29], the proposed angle of attack-type DLC
strategy demonstrates superior effectiveness in mit-
igating the impact of carrier airwake.

3) A novel DLC-based ACLS based on the pro-
posed PTIBSC is developed to improve the robust-
ness of ACLSs. Compared with existing ACLSs
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in [7], [10], and [14], the designed ACLS no longer
requires state-dependent aerodynamic derivatives,
significantly reducing reliance on nonlinear aircraft
models. In addition, it ensures that the convergence
time of the tracking error is explicit and unaffected by
initial state errors. Importantly, the convergence time
is an independently tunable parameter within the
designed ACLS architecture, which can be defined
by the user. As a result, the designed ACLS not
only improves the robustness and dynamic response
speed of the carrier-based aircraft but also enhances
its landing accuracy.

4) In addition to the influence of deck motion and
carrier airwake, this article also considers the impact
of radar measurement characteristics, which are ne-
glected in [1], [4], [7], and [15] but are always present
in practice. A new noise rejection filter is designed
to eliminate the radar noise, and a novel DOB with
predefined-time convergence property is proposed to
compensate for the effects of radar inertia. Therefore,
the research results can provide valuable references
for practical applications.

The rest of this article is organized as follows. Section II
establishes the carrier airwake, the carrier-based aircraft
model, the deck motion, and the radar model. Section III
describes the preliminaries used in this article. Section IV
shows the main results, including the analysis of the DLC
strategy and the design of the DLC-based ACLS. Stability
analysis is conducted in Section V. Section VI verifies and
compares the performance of the designed ACLS. Finally,
Section VII concludes this article.

Notation: The symbol diag(x1, . . ., xn) is used to denote
a diagonal matrix with diagonal elements x1, . . ., xn. The
time index (t ) will be omitted for simplicity if no confusion
is caused.

II. PROBLEM FORMULATION

A. Carrier Airwake Model

As one of the most significant disturbances, carrier air-
wake seriously affects the safe carrier landing. The MIL-F-
8785 C military specification categorizes the carrier airwake
into the free air turbulence component (u1, v1,w1), the
steady-state component (u2,w2), the periodic component
(u3,w3), and the random component (u4, v4,w4), given by

�
�

�

uair = u1 + u2 + u3 + u4

vair = v1 + v4

wair = w1 + w2 + w3 + w4

(1)

where uair, vair, and wair denote the carrier airwake along
three axes, with their mathematical equations given in [30].
This airwake directly affects the angle of attack α, sideslip
angle β, and true airspeed V . Based on (1), the additional
airflow angles αw and βw caused by the carrier airwake can
be calculated as follows:

αw = wair/V, βw = vair/V

V = Va +
�

u2
air + v2

air + w2
air (2)

where Va represents the aircraft’s inertial velocity.

B. Carried-Based Aircraft Model

The classical fixed-wing aircraft used for the automatic
carrier landing in this article features a control mechanism
that includes the elevator δe, aileron δa, rudder δr , flap δ f ,
and thrust T generated by the engine.

The dynamics of angular rates, airflow angles, and in-
ertial velocity can be expressed as follows [3]:

�
�

�

�̇ = f �(�,�,V, �) + d�
�̇ = f �(�,�,V, �) + d�
V̇a = 1

m

�
T cosα cosβ � D0 � mg sin γ

�
+ dV

(3)

with

f � =

�

	
(c1r + c2 p)q + c3L̄0 + c4N̄0

c5 pr � c6(p2 � r2) + c7M̄0

(c8 p � c2r)q + c4L̄0 + c9N̄0




�

f � =

�

�������
	



q � (p cosα + r sin α) tan β � L0

mV cosβ

+�T sin α+mgcos γ cosμ
mV cosβ

�

�
p sin α � r cosα + Y0�T cosα sin β

mV + gcos γ sinμ
V

�
�

�
cosα
cosβ p + sin α

cosβ r � g
V cos γ cosμ tan β

+ L0+T sin α
mV (tan β + tan γ sinμ)

� T cosα
mV tan γ cosμ sin β + Y0

mV tan γ cosμ

�

�




�������
�

d� =

�

	
c3�L̄ + c4�N̄

c7�M̄
c4�L̄ + c9�N̄




� , d� =

�

��
	

� �L
mV cosβ
�Y
mV

�L(tan β+tan γ sinμ)
mV

+�Y tan γ cosμ
mV




��
�

dV =
1

m
(�Yβw + Lαw +�D)

where c1 = Izz (Iyy�Izz )�I2
xz

IxxIzz�I2
xz

, c2 = Ixz (Ixx�Iyy+Izz )
IxxIzz�I2

xz
, c3 = Izz

IxxIzz�I2
xz

,

c4 = Ixz

IxxIzz�I2
xz

, c5 = Izz�Ixx

Iyy
, c6 = Ixz

Iyy
, c7 = 1

Iyy
, c8 =

Ixx (Ixx�Iyy )�I2
xz

IxxIzz�I2
xz

, and c9 = Ixx
IxxIzz�I2

xz
. � = [p, q, r]� and

� = [α, β, μ]� represent the angular rate and airflow angle
vectors, respectively. m is the mass of the carrier-based
aircraft. L = L0 +�L, D = D0 +�D, and Y = Y0 +�Y
represent the lift, drag, and side forces. L̄ = L̄0 +�L̄,
M̄ = M̄0 +�M̄, and N̄ = N̄0 +�N̄ denote the rolling,
pitching, and yawing moments, where the subscript “0”
denotes known variables, and the symbol “�” represents
the disturbance increment to these variables caused by αw
and βw. The above forces and moments can be expressed
as follows:
�
���

���

L̄0 = QSb
�
Clββ + Cl p

bp
2V + Clr

br
2V + Clδaδa + Clδrδr

�

M̄0 = QSc̄
�
Cm0 + Cmαα + Cmq

c̄q
2V + Cmδeδe + Cmδ f δ f

�

N̄0 = QSb
�
Cnββ + Cnp

bp
2V + Cnr

br
2V + Cnδaδa + Cnδrδr

�

�
��

��

L0 = QS
�
CL0 + CLαα + CLq

c̄q
2V + CLδeδe + CLδ f δ f

�

D0 = QS
�
CD0 + CDαα + CDq

c̄q
2V + CDδeδe + CDδ f δ f

�

Y0 = QS
�
CYββ + CY p

bp
2V + CY r

br
2V + CY δaδa + CY δrδr

�
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�
�

�

�L̄ = QSbClββw
�M̄ = QSc̄Cmααw
�N̄ = QSbCnββw

,

�
�

�

�L = QSCLααw
�D = QSCDααw
�Y = QSCYββw

where Q denotes the dynamic pressure. S, b, and c̄ denote
the wing area, wing span, and mean aerodynamic chord,
respectively. C�� represents the aerodynamic derivative.

Further, the dynamics of the flight path angle γ and
altitude h can be expressed as follows [3]:

�
γ̇ = fγ (�,�,V, δ) + dγ
ḣ = V sin γ

(4)

where fγ = 1
mV T (sinμ cosα sin β + cosμ sin α) + 1

mV (L0

cosμ� Y0 sinμ� mgcos γ ) and dγ = 1
mV (Dαw + QSCLα

αw ) cosμ+ 1
mV (Dβw � QSCYββw ) sinμ.

ASSUMPTION 1 The disturbances d�, d�, dV , and dγ caused
by the carrier airwake are bounded. Therefore, there exist
positive constants d̄1, d̄2, d̄3, and d̄4 such that �d�� � d̄1,
�d�� � d̄2, �dV � � d̄3, and �dγ � � d̄4 hold.

REMARK 1 Given the practical significance of the aircraft
system, it is reasonable to assume that the states and control
inputs of the aircraft are bounded, as is widely adopted
in [6]. Since external disturbances are functions of these
variables, Assumption 1 is justified. This assumption is also
commonly used in [5], [6], and [11].

C. Deck Motion Model

Unlike land-based aircraft landings, the ideal touch-
down point not only moves with the carrier’s motion but
also dynamically shifts due to wave action. This motion is
considered another significant disturbance affecting aircraft
landing.

The carrier motions consist of translational movements
(surge �Xs, sway �Ys, and heave �Zs) and rotational
movements (roll φs, pitch θs, and yaw ψs). In Durand’s
work [31], these motions are described using the stationary
stochastic process theory. Therefore, the authors in [1] and
[21] employed the transfer functions GT (s) and GA(s) in
(5) and (6) to describe the translational and angular deck
motions, respectively, under various sea conditions

GT (s) =
b3s2 + b2s + b1

s4 + a4s3 + a3s2 + a2s + a1
(5)

GA(s) =
d2s + d1

s4 + c4s3 + c3s2 + c2s + c1
(6)

where a1-a4, b1-b3, c1-c4, d1, and d2 are constants.
The ideal touchdown point motions (XL,YL, ZL ) can be

described as follows:
�
�

�

XL = Vst cosψ �
s +�X

YL = Vst sinψ �
s +�Y

ZL = �Z
(7)

whereVs is the velocity of the carrier.ψ �
s � ψs + ψ0,ψ0 > 0

denotes the deck angle between the direction of the carrier’s
velocity and the centerline of the deck. In addition, the
motions�X,�Y,�Z are caused by the deck’s translational

Fig. 1. Coordinate transformation of the radar measurement system.

and angular movements, as follows:
�

	
�X
�Y
�Z




� =

�

	
�Xs cosψ �

s ��Ys sinψ �
s

�Xs sinψ �
s +�Ys cosψ �

s
�Zs




�+ T�
s

�

	
X̄
Ȳ
Z̄




�

T s =

�

	
cosψ �

s cos θs sinψ �
s cos θs � sin θs

T21 T22 sin φs cos θs

T31 T32 cosφs cos θs




�

where [X̄ , Ȳ , Z̄]� represents the relative position vector
between the ideal touchdown point and the center of gravity
of the carrier. Moreover, T21 = cosψ �

s sin θs sin φs � sinψ �
s

cos θs, T22 = sinψ �
s sin θs sin φs + cosψ �

s cosφs, T31 =
cosψ �

s sin θs cosφs � sinψ �
s sin θs, and T32 = sinψ �

s sin θs

sin φs � cosψ �
s sinψ �

s.

D. Radar Measurement System Model

A radar fixed on the carrier measures the position of
the carrier-based aircraft relative to the radar, denoted by
the distance RR, elevation angle θR, and heading angle ψR.
Based on the measured carrier’s motion, the radar mea-
surement system further calculates the aircraft’s position
in the inertial coordinate system, which is unaffected by the
carrier’s movements.

Fig. 1 depicts the coordinate transformation of the radar
measurement system. The mathematical modeling of the
radar can be divided into the following four steps.

1) Considering the carrier’s movements, the position of
the aircraft in the inertial coordinate system (X,Y, Z)
can be expressed in the carrier coordinate system,
denoted by XC,YC, and ZC as follows:
�

	
XC

YC

ZC




� = T s

�

�

�

	
X
Y
Z




��

�

	
Vst
0
0




�

�

�+

�

	
�Xs

�Ys

�Zs




� . (8)

2) Let the position coordinates of the radar relative to
the center of gravity of the carrier be denoted as
X̄R, ȲR, Z̄R. The position of the aircraft in the radar
coordinate system is denoted as XR,YR, ZR

�

	
XR

YR

ZR




� =

�

	
XC

YC

ZC




�+

�

	
X̄R

ȲR

Z̄R




� . (9)
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3) The aircraft position in the radar coordinate system,
denoted by XR,YR, ZR, can be represented in the polar
coordinate system as RR, θR, ψR

θR = arcsin
ZR

RR
, ψR = arctan

YR

XR

RR =
�

X 2
R + Y 2

R + Z2
R. (10)

4) Since the presence of the inertia and noise, the radar
measurement signals can be expressed as

�
�

�

R�
R = RR + εR

ψ �
R = ψR,0 + L�1 (GR(s)�ψR) + εψ

θ �
R = θR,0 + L�1 (GR(s)�θR) + εθ

(11)

where the symbol L�1(�) represents the Laplace
inverse transformation. The subscript “0” indicates
the measured value at the previous time. The terms
εR, εψ , and εθ represent Gaussian white noises. The
transfer function GR(s) = 1

T 2
R s2+2ξRTRs+1

is used to

model the radar inertia, where TR = 1
2π fr

represents
the time constant of the radar, and ξR denotes its
damping ratio.

Data processing is the inverse process of radar mea-
surement. The coordinates of the aircraft’s position in the
inertial system, denoted by (X �,Y �, Z �), are calculated from
its coordinates in the radar coordinate system (R�

R, ψ
�
R, θ

�
R).

According to (9)–(11), the specific calculations are as
follows:

�
�

�

X �
R = R�

R cos θ �
R cosψ �

R
Y �

R = R�
R cos θ �

R sinψ �
R

Z �
R = R�

R sin θ �
R

(12)

�

	
X �

Y �

Z �




� = T�1
s

�

�

�

	
X �

R
Y �

R
Z �

R




��

�

	
�Xs + X̄R

�Ys + ȲR

�Zs + Z̄R




�

�

�+

�

	
Vst
0
0




�. (13)

REMARK 2 In practice, the radar measurement system in-
corporates a Kalman filter to mitigate noise. Consequently,
it is reasonable to consider that the residual noise εR, εψ , and
εθ do not compromise the stability of the ACLS. However,
they may still cause undesired oscillations. In addition, the
radar inertia can lead to delays in feedback of the aircraft’s
altitude, thereby reducing the accuracy of carrier landings.
To mitigate these effects, a novel noise rejection filter and
a DOB will be proposed in the subsequent section.

E. Landing Control Objectives

Carrier landing is fundamentally a multifaceted issue
encompassing guidance, navigation, and control. The air-
craft descends at a constant speed while maintaining a glide-
slope trajectory with a constant attitude angle relative to
the aircraft carrier, ultimately reaching the ideal touchdown
point safely. Unlike land-based aircraft landings, carrier-
based aircraft landings require higher precision due to the
limited landing area on the aircraft carrier. Furthermore,
during the final stage of landing, the aircraft must overcome
disturbances caused by carrier airwake and deck motions,
which places more stringent demands on the ACLS. From

a control perspective, carrier-based aircraft landing can be
formulated as a trajectory-tracking problem of a high-order,
strongly coupled nonlinear system that is subject to external
disturbances. In light of the above analysis, the ACLS
designed in this article must satisfy the following properties.

1) The aircraft can track command signals, including
velocity, attitude, and glide trajectory, with high
precision and rapidity within a user-defined time.
This capability can enhance the ability of the aircraft
to quickly follow the deck movements during the
critical final 12 s, enabling the aircraft to synchronize
rapidly with the deck motion, thereby significantly
reducing landing errors due to drift from the ideal
touchdown point.

2) By decoupling translational and rotational motions,
the designed ACLS can achieve independence be-
tween the aircraft’s attitude angle and its flight
trajectory.

3) The designed ACLS features strong robustness,
which enables it to mitigate the impact of carrier air-
wake on landings, thereby enhancing landing safety
and increasing the success rate.

4) Eliminate radar disturbances, effectively preventing
high-frequency oscillations in the aircraft caused by
the radar measurement properties.

III. PRELIMINARIES

LEMMA 1 [25], [26] For the nonlinear system

ẋ = f (x, t ), x(0) = x0 (14)

where f (�) : Rn × R � Rn represents the nonlinear func-
tion. x � Rn represents the state vector, and x0 � Rn denotes
its initial value.

If there exists a radially unbounded Lyapunov function
V (x) such that

V̇ (x) = �
π

ϕ
�

abTp

�
aV 1� ϕ

2 (x) + bV 1+ ϕ

2 (x)
�

+ ϑ (15)

where a > 0, b > 0, ϑ 	 0, and ϕ � (0, 1). Tp denotes the
user-defined time. The zero of solution of system (14) is
predefined-time stable. The settle-time is given by T �

p = Tp�
μ

and 0 < μ � 1. Only μ = 1 holds for ϑ = 0. Then, the
residual set of the solution is given by

�
�

�
lim x
t� Tp�

μ

������
V (x) � min

�
�

�



ϑϕ

�
abTp

πa(1�κ )

� 2
2�ϕ

,



ϑϕ

�
abTp

πb(1�κ )

� 2
2+ϕ

�
�

�

�
�

�
. (16)

LEMMA 2 (Barbalat’s lemma [32]) For a uniformly con-
tinuous function f (t ), if lim

t�


� t
0 f (τ )dτ = 0 exists, then

lim
t�


f (t ) = 0 must hold.

11532 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 61, NO. 5 OCTOBER 2025

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:57:25 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 2. Framework of the DLC-based ACLS.

LEMMA 3 [33] For any positive constants xi and y, where
i = 1, 2, • • • n, the following inequality holds:

�
���

���

n�

i=1
xy

i 	
�

n�

i=1
xi

�y

, if 0 < y < 1

n�

i=1
xy

i 	 n1�y

�
n�

i=1
xi

�y

, if y 	 1.
(17)

IV. MAIN RESULTS

A. Analyses of DLC-Based ACLS Strategy

Motivated by the aforementioned requirements, the
DLC-based ACLS is designed to achieve the landing control
objectives. Its framework is depicted in Fig. 2.

In the designed DLC-based ACLS structure, the attitude
control subsystem utilizes the elevator δe, aileron δa, and
rudder δr to control the aircraft’s attitude during landing,
specifically the angle of attack, thus ensuring it achieves spe-
cific attitude angles. Unlike the traditional control strategy
in [1], [2], [3], [4], and [7], the altitude control subsystem in
this ACLS employs the flap δ f instead of the angle of attack
to control the flight path angle. Furthermore, the altitude
control is implemented by adjusting the flight path angle.
In addition, the APCS maintains the aircraft’s velocity
stability during carrier landings. Since all subsystems are
designed based on predefined-time control technology, they
ensure that all states can track their commands within the
user-defined time.

The focal point of the lift generated by δ f is much closer
to the center of gravity than that of δe. Therefore, while δ f

generates lift, its contribution to the pitching moment M̄ is
negligible.

Taking a fixed-wing aircraft as an example, Fig. 3
compares the contributions of δe and δ f to the pitching
moment and lift coefficients. The results are consistent
with the above analysis: the effect of δ f on the pitching

Fig. 3. Comparison of the effects of δe and δ f on Cm and CL .

moment is negligible compared to that of δe. Importantly,
the contribution of δ f on lift is three to four times greater
than that of δe. Therefore, it is feasible to utilize δ f as the
control surface that directly generates lift.

REMARK 3 Compared to the traditional control strategy,
the DLC-based ACLS has the following advantages.

1) By increasing the altitude loop bandwidth, the phase
lag of altitude is greatly reduced. Consequently, the
DLC-based ACLS improves the altitude response
and the trajectory correction ability of the aircraft.

2) Decoupling the dynamics of the attitude and altitude
of the aircraft allows for trajectory adjustments while
maintaining the attitude angle.

3) Enhancing the ability to suppress carrier airwake, the
elevators are utilized to maintain a constant angle
of attack, thereby reducing the impact of carrier
airwake on the angle of attack αw as described in (2).
Meanwhile, δ f is employed to rapidly balance the
lift, further reducing the effect of the carrier airwake
on altitude.

4) This strategy avoids the “negative tuning” phe-
nomenon in the traditional strategy, where the ele-
vator deflection in the initial phase leads to a reverse
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change in altitude. Therefore, this strategy facilitates
rapid trajectory correction and improves trajectory
responsiveness.

B. Nonlinear Tracking Differentiator

In the subsequent design of the ACLS, it is essential
to obtain the differential signals of the states. To avoid
system oscillations caused by directly taking derivatives and
suppress noise, an NTD is introduced, with its specific form
given as follows:

�
v̇1(t ) = v2(t )
v̇2(t ) = R2 f TD (v1(t ) � r(t ), v2(t )/R )

(18)

where v1(t ) � Rn represents the estimate of the input signal
r(t ) � Rn, and v2(t ) � Rn is the estimate of its derivative,
and R is a positive constant. In addition, f TD : Rn × Rn �
Rn represents the uniformly continuous nonlinear function,
as follows:

f TD (m, n) = �l1

�
(λm)

a f
b f + m

�
� l2

�
(λn)

a f
b f + n

�

where l1 > 0 and l2 > 0 represent weight parameters, and
λ 	 0 denotes the balance between linear and nonlinear
properties. Moreover, both a f and b f are odd numbers.

THEOREM 1 The nonlinear function f TD is continuous and
satisfies the Lipschitz condition. Therefore, designed NTD
(18) is asymptotically stable, and lim

t�

||v1(t ) � r(t )|| = 0

holds.

PROOF The proof is provided in [34, Th. 2.1]. �

REMARK 4 Compared with the linear tracking differentia-
tor in [35], NTD (18) allows for the adjustable convergence
speeds of v1(t ) toward r(t ) by tuning the parameters a f and
b f . Specifically, a smaller a f /b f is better for larger input
signals r(t ), while a larger a f /b f is better for smaller ones.
Regardless of the choice of a f and b f , the convergence
of NTD (18) is always guaranteed. Moreover, the linear
range of the NTD decreases as λ increases. In practice, the
convergence rate can be improved by increasing λ as much
as possible without causing oscillations.

C. Design of Attitude Control Subsystem

The attitude control subsystem consists of angular rate
and attitude angle control loops. By adopting the Taylor
series expansion method, the dynamics of both the attitude
angle and angular rate in (3) are reformulated in incremental
form, as follows:

�
�̇ = �̇0 + G�,0�u1 + �1

�̇ = �̇0 + G�,0�� + �2
(19)

where (21) shown at the bottom of the next page,

�1 =
∂ f �

∂�

����
0

�� +
∂ f �

∂�

����
0

�� +
∂ f �

∂V

����
0

�V +�d� + o�

�2 =
∂ f �

∂u1

����
0

�u1 +
∂ f �

∂�

����
0

�� +
∂ f �

∂V

����
0

�V +�d� + o�

(20)

and the symbol ���" represents the increment of a variable
over the time interval t � [t0, t0 +�t], where �t � Ts and
Ts is the sampling time. The control vector for the angular
rate loop is u1 = [δe, δa, δr]�. � = diag(b, c̄, b). The terms
o� and o� represent the high-order terms of the angular rate
and attitude angle loops, respectively.

Define the tracking error of the attitude angle as z� =
� � �c, where �c is the attitude angle command. Then, the
PTIBSC of the attitude angle is designed as

�c = �0 +��c = �0 + G�1
�,0

�
�� � �̇TD,0 + �̇c

�
(22)

where �� represents the attitude angle virtual control, de-
signed as follows:

�� = �
π

2ϕ
�

a1b1Tp1

�
a1V

� ϕ

2
1 + b1V

ϕ

2
1

�
z� (23)

where V1 = 1
2 z�

�z� represents the Lyapunov function. Tp1

denotes the predefined time of the attitude angle loop.
Control gains satisfy a1 > 0 and b1 > 0.

In the angular angle controller (22), �̇TD,0 is the estimate
of �̇0 by the NTD, designed as follows:

 
�TD(t ) =

� t
0 �̇TD(τ )dτ

�̈TD(t ) = R2 f TD

�
��̃TD(t ), �̇TD(t )

R

� (24)

where �̃TD = � � �TD denotes the estimation error.
Directly differentiating the angular rate control com-

mand �c may lead to an ��explosion of complexity." To
avoid this issue, a novel PTNF is proposed, with its detailed
designed as follows:

�̇r = �
π

2ϕ
�

a2b2Tp2

�
a2V

� ϕ

2
2 + b2V

ϕ

2
2

�
z f 1 (25)

where a2 > 0, b2 > 0, and Tp2 represent the predefined time
of the PTNF. V2 = 1

2 z�
f 1z f 1 denotes the Lyapunov function

of this filter, where z f 1 = �r � �c is the filter error. Here, �r

is the output of PTNF (25), which is utilized as the command
for the angular rate loop.

Furthermore, the angular rate PTIBSC is designed as
follows:

u1 = u1,0 +�u1

= u1,0 + G�1
�,0
�
�� � �̇TD,0 � G�,0z� + �̇r

�
(26)

where the angular rate virtual control �� is designed as in
(27), and �TD obtained from the NTD, is designed in (28)
as follows:

�� = �
π

2ϕ
�

a3b3Tp3

�
a3V

� ϕ

2
3 + b3V

ϕ

2
3

�
z� (27)

�
�TD(t ) =

� t
0 �̇TD(τ )dτ

�̈TD(t ) = R2 f TD

�
��̃TD(t ), �̇TD(t )

R

� (28)

where V3 = 1
2 z�

� z�, with z� = � � �r indicating the track-
ing error of the angular rate. In addition, �̃TD = � � �TD

represents the estimation error of the NTD (28). Gains
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a3 > 0, b3 > 0, and Tp3 represents the predefined time of
the angular rate loop.

REMARK 5 Compared with the nonlinear control methods
in [7], [10], and [14], the designed incremental controllers
(22) and (26) require only force derivatives related to an-
gular rates and control derivatives for moments, and no
longer require other states-related aerodynamic derivatives.
This simplification significantly reduces the complexity
of controller development, particularly for complex flight
vehicles, and directly shortens the development time of
flight controllers, which is crucial for practical applications.
From the perspective of robustness, this controller reduces
dependency on the model and enhances the system’s robust-
ness to model uncertainties. Notably, the robustness of the
designed PTIBSC controller is achieved by feeding back the
states differentiations from the previous moment, without
relying on additional components, such as adaptive laws or
DOBs. Consequently, the designed PTIBSC controller can
improve the robustness of the system without increasing its
complexity.

REMARK 6 The designed attitude angle closed-loop sub-
system features predefined-time convergence property,
guaranteeing that the tracking error converges to an arbi-
trarily small region around zero within a user-defined time.
Notably, this convergence time is unaffected by the initial
conditions of the carrier-based aircraft or by disturbances.
Consequently, it addresses the issue in [7], [10], and [11],
where the convergence time of the attitude angle system is
not explicitly defined or coupled to the controller gains.

D. Design of DLC-Based Altitude Control Subsystem

The altitude control subsystem comprises the flight path
and altitude control loops. Similar to (19), the incremental
form of the flight path angle and altitude in (4) can be
expressed as follows:

�
γ̇ = γ̇0 + Gγ ,0�δ f + σ3

ḣ = ḣ0 + Gh,0�γ + σ4
(29)

where Gγ ,0 = ∂ fγ
∂δ f

���
0

=
QS cosμ0CLδ f

mV0
and Gh,0 = V0 cos γ0. σ3

and σ4 represents the residual disturbances, detailed are as
follows:

σ3 =
!

xi

∂γ̇

∂xi

����
0

�xi +�dγ + o3, σ4 = V̇0 sin γ0 + o4

(30)

where xi = V, α, T, q. o3 and o4 represent the high-order
terms.

Define hR as the measured altitude between the aircraft
and the carrier, which is provided by radar feedback. From
the established radar model in (8)–(13), the measured alti-
tude hd can be expressed as follows:

hR = �Z � = �Z + dh(GR, φs, θs, ψs) + εh

= h + dh(GR, φs, θs, ψs) + εh (31)

where the disturbance dh is a complex nonlinear function
associated with radar inertia and the rotational movements
of the carrier. εh represents the noise in the measured altitude
signal.

To eliminate this noise, the aircraft’s information ḣ and
ḧ are utilized to construct a novel noise rejection filter. The
Laplace transfer function of this filter is designed as follows:

h f (s) =
ḧ + k f 1ḣ + k f 2hR

s2 + k f 1s + k f 2
(32)

where k f 1 and k f 2 are filter gains, and h f is the output
of the filter. Generally, a smaller k f 1 enhances the noise
reduction effect but increases the lag in the output alti-
tude signal h f . Conversely, a smaller k f 2 results in more
pronounced dynamic oscillations in h f . Compared to the
typical second-order filter, the proposed noise rejection filter
not only attenuates noise but also incorporates the term
k f 1ḣ + ḧ/s2 + k f 1s + k f 2 to compensate for the phase delay
in the altitude, thereby mitigating the lag in the filtered
altitude h f . The time-domain expression of the filtered
altitude is as follows:

h f = h + dh f + εh f (33)

where the disturbance dh f � L�1
�

k f 2dh

s2+k f 1s+k f 2

�
is caused by

radar inertia, and εh f is the residual noise.

REMARK 7 By optimizing the filter gains k f 1 and k f 2, the
filter’s noise reduction ability can be enhanced to ensure that
the filtered altitude h f satisfies the desired requirements. Al-
though the designed noise rejection filter cannot completely
eliminate noise, it effectively reduces the variance of the
residual noise εh f compared to the original noise εh.

Since the noise εh f does not affect stability, the deriva-
tive of h f , with its influence reasonably neglected, can be
expressed as follows:

ḣ f = ḣ0 + Gh,0�γ + ηh (34)

G�,0 = ∂ f �
∂u1

���
0

= QS�

�

	
0 c3Clδa + c4Cnδa c3Clδr + c4Cnδr

c7Cmδe 0 0
0 c4Clδa + c9Cnδa c4Clδr + c9Cnδr




�

������
0

G�,0 =

�

�
	

� tan β cosα QSc̄CLq

2mV 2 cosβ � tan β sin α

sin α + QSbCY p

2mV 2 0 � cosα + QSbCY r

2mV 2

secβ cosα + QSbCY p

2mV 2 tan γ cosμ QSc̄CLq

2mV 2 (tan β + tan γ sinμ) secβ sin α + QSbCY r

2mV 2 tan γ cosμ




�
�

�������
0

(21)
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where ηh � σ4 + ḋh f represents the synthetic disturbance.
To reduce the effect of the synthetic disturbance, a novel

predefined-time-based DOB is designed to estimate the ηh.
First, define an auxiliary system as follows:

ξ̇h = ḣ0 + Gh,0�γ + lheh (35)

where lh is a positive constant, and the virtual error eh is
defined as eh = h f � ξh.

Then, the DOB is constructed as follows:
 
η̂h = lhêh + ėh

˙̂eh = ėh + π

2ϕ
�

mnTd

�
mV

� ϕ

2
d + nV

ϕ

2
d

�
ẽh

(36)

where êh denotes the estimation of the eh, and ẽh = eh � êh

represents the estimation error. Vd = 1
2 ẽ2

h is the Lyapunov
function of the DOB. Moreover, m and n are positive con-
stants, and Td is the predefined time.

Let zh = hr � hc be the altitude tracking error, where
hc denotes the altitude command. Then, combining the
designed DOB (36), the PTIBSC of the altitude loop can
be designed as follows:

γc = γc,0 +�γc = γc,0 + G�1
h,0

�
νh � ḣ0 � η̂h + ḣc

�
(37)

where the virtual control vh is designed as

νh = �
π

2ϕ
�

a4b4Tp4

�
a4V

� ϕ

2
4 + V

ϕ

2
4

�
zh (38)

whereV4 = 1
2 z2

h, and Tp4 is the predefined time of the altitude
loop. Controller gains satisfy a4 > 0 and b4 > 0.

Similar to (25), PTNF (39) is designed to estimate the
flight path angle command γc to prevent oscillations caused
by the ��explosion of complexity"

γ̇r = �
π

2ϕ
�

a5b5Tp5

�
a5V

� ϕ

2
5 + b5V

ϕ

2
5

�
z f 2 (39)

where a5 > 0 and b5 > 0. Tp5 is the predefined time of the
PTNF.V5 = 1

2 z2
f 2, where z f 2 = γr � γc represents the PTNF

error. Here, γr is the output of the PTNF, which is used as
the flight path angle command.

Let zγ = γ � γr be the flight path angle tracking error.
The flight path angle PTIBSC is designed as follows:

δ f = δ f ,0 +�δ f

= δ f ,0 + G�1
γ ,0

�
νγ � γ̇TD,0 � Gh,0zh + γ̇r

�
(40)

with

νγ = �
π

2ϕ
�

a6b6Tp6

�
a6V

� ϕ

2
6 + b6V

ϕ

2
6

�
zγ (41)

�
γTD(t ) =

� t
0 γ̇TD(τ )dτ

γ̈TD(t ) = R2 fTD
�
�γ̃TD(t ), γ̇TD(t )

R

� (42)

whereV6 = 1
2 z2
γ , and γ̃TD = γ � γTD is the estimation error.

Tp6 is the predefined time of the flight path angle loop.
Control gains satisfy a6 > 0 and b6 > 0.

REMARK 8 Compared with the control strategies used
in [1], [2], [3], [4], and [7], the designed DLC-based altitude
subsystem utilizes flaps δ f to control the altitude, while the
attitude angle subsystem can accurately the attitude angle.

These two subsystems collaborate to enable the aircraft to
land with the specified angle of attack and glide trajec-
tory. In contrast, the DLC strategy achieves the complete
decoupling of the angle of attack and altitude dynamics,
enhancing the aircraft’s ability to suppress carrier airwake
and, consequently, improving its landing performance.

E. Design of the APCS

The primary function of the APCS is to maintain the
velocity of the aircraft, ensuring its long-period stability.
Since the attitude control subsystem can maintain a constant
angle of attack during carrier landing, the APCS, in conjunc-
tion with this subsystem, effectively minimizes the error
between the actual and ideal touchdown points, thereby
improving landing precision.

Thrust T is utilized as the control input for the APCS,
the incremental form of the velocity (3) can be rewritten as
follows:

V̇ = V0 + GV,0�T + σ5 (43)

with

σ5 =
∂V̇

∂α

����
0

�α +
∂V̇

∂β

����
0

�β +�dV + o5 (44)

where GV,0 = cosα0 cosβ0

m denotes the control coefficient, and
σ5 is the residual disturbance.

Similarly, the PTIBSC of the APCS is designed as

T = T0 +�T = T0 + G�1
V,0

�
νV � V̇TD,0 + V̇c

�
(45)

with

νV = �
π

2ϕ
�

a7b7Tp7

�
a7V

� ϕ

2
7 + b7V

ϕ

2
7

�
zV (46)

 
VTD(t ) =

� t
0 V̇TD(τ )dτ

V̈TD(t ) = R2 fTD

�
�ṼTD(t ), V̇TD(t )

R

� (47)

where V7 = 1
2 z2

V and zV = V � Vc. ṼTD = V � VTD is the
estimation error. Tp7 is the predefined time of the APCS.
Control gains satisfy a7 > 0 and b7 > 0.

V. STABILITY ANALYSIS

The stability of the designed DLC-based ACLS is
proved and analyzed in this section.

Under the action of controllers (22), (26), (37), (40),
(45) and NTDs (24), (28), (42), (47), the dynamic errors of
the aircraft can be derived as follows:

ż� = �� + ˙̃�TD,0 � G�,0z� + �1

ż� = �� + ˙̃�TD + G�,0(z� + z f 1) + �2

żγ = νγ + ˙̃γ TD,0 � Gh,0zh + σ3

żh = νh + Gh,0(zγ + z f 2) + ηh � η̂h

żV = νV + ˙̃V TD,0 + σ5. (48)

THEOREM 2 Under the support of Assumption 1, the resid-
ual disturbances �1, �2, σ3, σ4, and σ5 are bounded. Specifi-
cally, for any arbitrary sampling time Ts, there exist positive
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constants σ̄i for i = 1, 2, . . . , 5, such that the inequalities in
(49) hold

��1� � σ̄1, ��2� � σ̄2, |σ3| � σ̄3

|σ4| � σ̄4, |σ5| � σ̄5. (49)

PROOF Since the aircraft can be regarded as a continuous
system, all states are continuous and differentiable at all
times. Therefore, it has

lim
�t�0

�� = 0, lim
�t�0

�� = 0

lim
�t�0

�V = 0, lim
�t�0

�u1 = 0. (50)

Based on Assumption 1, for any arbitrarily small sam-
pling time Ts, there exist positive constants�dω,�d�,�dγ ,
�dh, �dV such that

��d�� � �dω, ��d�� � �d�,
���dγ

�� � �dγ

|�dh| � �dh, |�dV | � �dV . (51)

Furthermore, the norms of high-order terms o�, o�, oγ ,
oh, and oV decrease with the sampling time Ts.

According the form of the residual disturbances in (20),
(30), and (44), �1, �2, σ3, σ4, and σ5 are bounded for the
fixed sampling time Ts. Therefore, inequalities (49) hold.
In addition, as the sampling time decreases, the bounds σ̄i

with i = 1, 2, • • • 5 also decrease such that

lim
Ts�0

��d�� = 0, lim
Ts�0

��d�� = 0, lim
Ts�0

���dγ
�� = 0

lim
Ts�0

|�dh| = 0, lim
Ts�0

|�dV | = 0.

This completes the proof. �

THEOREM 3 Considering the DOB as designed in (36), the
following bound holds:

|ηh(t ) � η̂h(t )| � ε̄o �t 	 Td (52)

where ε̄o is a positive constant.

PROOF According to the dynamics of the filtered altitude
in (34) and the auxiliary system in (35), the derivative of
the virtual error eh can be given as follows:

ėh = ḣ f � ξ̇h = ηh � lheh. (53)

Combining (36), the derivative of the estimation error
ẽh can be expressed as

˙̃eh = �
π

2ϕ
�

mnTd

�
mV

� ϕ

2
d + nV

ϕ

2
d

�
ẽh. (54)

Then, the derivative of the Lyapunov function Vd is

V̇d = ẽ�
h

˙̃eh = �
π

ϕ
�

mnTd

�
mV

1� ϕ

2
d + nV

1+ ϕ

2
d

�
. (55)

Based on Lemma 1, it follows that the estimation error
ẽ can converge to zero within the predefined time Td .

Furthermore, define the estimation error of the DOB
as zd � ηh � η̂h. Then, substituting (36) and (53) into the
estimation error zd yields

zd = ηh � (lhêh + ėh) = ηh � (lhêh + ηh � lheh)

= lhẽh. (56)

Therefore, it has |ηh � η̂h| = |zd | � ε̄o for �t 	 Td .
The proof is completed. �

THEOREM 4 For the aircraft (19), (29), (34), and (43) under
the designed DLC-based ACLS, including PTIBSCs (22),
(26), (37), (40), (45); NTDs (24), (28), (42), (47); PTNFs
(25), (39); and the DOB (36), if selected controller gains
satisfy the following constraints:

ai > bi(�1κi )
2, bi > ai(�2κi )

2, i = 1, 2 • • • 7 (57)

where �1 = ϕTp

π
2� ϕ

2 , �2 = ϕTp

π
2
ϕ

2 , κ1 = ||G�|| + 2, κ2 =
||G�|| + 1, κ4 = κ5 = |Gh| + 1, κ3 = κ6 = κ7 = 2, and
Tp � max

i=1,2•••7
(Tpi, Td ).

Then, the DLC-based ACLS closed-loop system is
predefined-time stable, and the altitude tracking error can
converge the arbitrarily small region (58) within the prede-
fined time Tp/

�
κ

|zh| � 2 min

�
�

�



ϑϕ

�
āb̄Tp

π ā(1 � κ )

� 1
2�ϕ

,



ϑϕ

�
āb̄Tp

π b̄(1 � κ )

� 1
2+ϕ

�
�

�
.

(58)

PROOF Define the Lyapunov function as YV =
�7

i=1 Vi.
Under the designed ACLS, by combining the dynamic
errors in (48), the derivative of YV can be derived as follows:

ẎV = z�
��� + z�

��� + zγ vγ + zhvh + zV vV + z�
f 1�̇r

+ z�
� ( ˙̃�TD,0 + �1) + z�

�( ˙̃�TD,0 + G�,0z f 1 + �2)

+ zγ ( ˙̃γ TD,0 + σ3) + zh(zd + Gh,0z f 2) + z f 2γ̇r

+ zV ( ˙̃V TD,0 + σ5) � z�
f 1�̇c � z f 2γ̇c. (59)

Combined with the conclusion of Theorem 3 in (49) and
applying the Young’s inequality, the above inequality can
be further expressed as

ẎV � z�
��� + z�

��� + zγ vγ + zhvh + zV vV

+ z�
�

˙̃�TD,0 + z�
�

˙̃�TD,0 + zγ ˙̃γ TD,0 + zV
˙̃V TD,0

+
1

2
(z�

� z� + z2
γ + z2

V ) +
1

2



!

i=1,2,3,5

σ̄ 2
i + z2

d

�

+
||G�|| + 1

2

�
z�
�z� + z�

f 1z f 1

�
+ z f 2γ̇r + z�

f 1�̇r

+
|Gh| + 1

2

�
z2

h + z2
f 2

�
+

1

2

�
γ̇ 2

c + �̇�
c �̇c

�
. (60)

Supported by [34, Th. 2], the estimation error of NTDs
satisfy lim

t�

[�̃TD]i = 0, lim

t�

[�̃TD]i = 0, lim

t�

[γ̃TD]i = 0,

and lim
t�


[ṼTD]i = 0 for i = 1, 2, 3. According to Lemma 2,

it has

lim
t�


[ ˙̃�TD]i = 0, lim
t�


[ ˙̃�TD]i = 0

lim
t�


[ ˙̃γ TD]i = 0, lim
t�


[ ˙̃V TD]i = 0. (61)

Therefore, the following inequalities hold:
"" ˙̃�TD

"" � μ1,

""" ˙̃�TD

""" � μ2,
�� ˙̃γ TD

�� � μ3,

��� ˙̃V TD

��� � μ4
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for �t 	 Tp, where μi > 0 for i = 1, 2, 3, 4 are positive
constants.

Then, inequality (60) becomes

ẎV � z�
��� + z�

��� + zγ vγ + zhvh + zV vV + z�
f 1�̇r

+ z f 2γ̇r + z�
� z� + z2

γ + z2
V +

||G�|| + 2

2
z�
�z�

+
||G�|| + 1

2
z�

f 1z f 1 +
|Gh| + 1

2

�
z2

h + z2
f 2

�

+
1

2



!

i=1,2,3,5

σ̄ 2
i + z2

d +
4!

i=1

μ2
i

�

+
�̇�

c �̇c + γ̇ 2
c

2
.

(62)

According to the form of PTIBSCs (22) and (37), there
exist positive constants ε̄ω̇ and ε̄γ̇ such that ��̇c� � ε̄ω̇ and
|γ̇c| � ε̄γ̇ . Moreover, it follows from Theorem 1 that there
exists a positive constant εd such that |zd | � ε̄d for t 	 Tp.

Furthermore, substituting the virtual control (23), (27),
(38), (41), (46) and PTNFs (25), (39) into the above inequal-
ity, it yields

ẎV � �
7!

i=1

π

ϕ
�

aibiTpi

�
aiV

1� ϕ

2
i + biV

1+ ϕ

2
i

�

+ z�
� z� + z2

γ + z2
V +

|Gh| + 1

2

�
z2

h + z2
f 2

�

+
||G�|| + 2

2
z�
�z� +

||G�|| + 1

2
z�

f 1z f 1 + ϑ (63)

where ϑ � 1
2 (
�

i=1,2,3,5 σ̄
2
i +

�4
i=1 μ

2
i + ε̄2

o + ε̄2
ω̇ + ε̄2

γ̇ ).

Due to 0 < ϕ < 1, then the inequality y�y � |y�y|1� ϕ

2

+ |y�y|1+ ϕ

2 holds for all time. Thus, it has

ẎV � �
7!

i=1

π

ϕ
�

aibiTp

�
a�

iV
1� ϕ

2
i + b�

iV
1+ ϕ

2
i

�
+ ϑ (64)

where a�
i = ai ��1

�
aibiκi and b�

i = bi ��2
�

aibiκi.
Since all chosen parameters ai and bi satisfy constraint

(57), it follows that a�
i > 0 and b�

i > 0 hold for all time. With
the help of Lemma 3, one yields

ẎV �
�π

ϕ
�

aibiTp

�
a�

iY
1� ϕ

2
V + 7� ϕ

2 b�
iY

1+ ϕ

2
V

�
+ ϑ. (65)

Then, it exist positive constants ā and b̄, such that the
following inequality holds:

ẎV � �
π

ϕ
�

āb̄Tp

�
āY

1� ϕ

2
V + b̄Y

1+ ϕ

2
V

�
+ ϑ. (66)

It follows from Lemma 1 that for t 	 Tp/
�
κ , all sys-

tem errors, including the altitude angle tracking error, will
converge to an arbitrarily small region (58).

The proof is completed. �

REMARK 9 For the designed DLC-based ACLS, the princi-
ples for choosing the predefined time Tpi for i = 1, 2, • • • 7
should align with the singular perturbation theory. Given
the differential response speeds in the dynamics between
inner and outer loop states, it is essential to set shorter

Fig. 4. Photo of the automatic landing real-time simulation platform.

TABLE I
Parameters of the DLC-Based ACLS

predefined times for the angular rate and flight path angle
loops. Thus, Tp1 > Tp3 and Tp4 > Tp6 ensures consistency
with the system’s dynamic hierarchy. The determination
of the predefined time Tp7 for the APCS should take into
account the lag characteristics of the engine. To ensure that
the PTNF can rapidly track the input signals, Tp2 and Tp5 are
generally set to be small. Furthermore, the convergence time
of the DOB should be shorter than that of the altitude loop,
ensuring that Td � Tp4. To improve the control performance
of the altitude loop, Td should be generally as small as
possible, provided that there are no undesirable oscillations.

VI. RESULTS AND DISCUSSIONS

In this section, the performance of the designed
DLC-based ACLS is validated and compared through the
real-time simulation. The photo of the automatic landing
real-time simulation platform is shown in Fig. 4. The com-
ponents of the platform are described in detail in [36].
In the experiment, the velocity and descent angle of the
carrier-based aircraft can be set according to the actual
situation, and the landing system automatically calculates
the desired descent trajectory for landing (indicated by the
green line). Subsequently, the aircraft performs autonomous
landing based on the designed ACLS. During the landing
process, the observer can take control the aircraft using
the joystick and throttle to terminate the automatic landing
mode.

The parameters of the designed ACLS are detailed list
in Table I. Actuators are modeled as the first-order with a
time constant of 0.025s, and their limitations are described
in Table II. The throttle model is consistent with [37] and is
detailed in (67). Moreover, the sampling time for the ACLS
is set at 50 Hz

GT h(s) =
2.994(s3 + 3.5s2 + 9.18s + 3.13)

s4 + 6.5s3 + 18.25s2 + 26.28s + 9.37
. (67)
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TABLE II
Limitations of Actuators

TABLE III
Description of the Experiment Groups

Fig. 5. Comparison of the altitude and tracking error.

The initial states of the aircraft are listed as
follows: h(0) = 200m, V (0) = 80m/s, α(0) = θ (0) =
7.23�, p(0) = q(0) = r(0) = 0�/s, γ (0) = 0�, δ f (0) = 20�,
T (0) = 330869.2N , and δe(0) = �2.76�.

A. Performance Verification

The control performance of the designed DLC-based
ACLS is verified in this subsection. It is assumed that the
aircraft carrier moves forward at Vs = 30 knots and the sea
condition is level 3. The deck angle ψ0 is 11�. At this time,
the initial distance between the carrier-based aircraft and
the carrier is 2520 m.

In the real-time experiment, the desired flight path angle
is set to γ = �3.5�. Accordingly, the altitude command is
set as hc = 200 � 80t sin(3.5/57.3). Throughout the entire
landing process, the aircraft must maintain an angle of attack
of 8.1�. Free air turbulence disturbances always are present
during the landing. When the aircraft is less than 800 m
from the carrier, the longitudinal deck motion is added to
the altitude command, aiming to synchronize the aircraft’s
motion with that of the ideal touchdown point. In addition,
when the aircraft is within 600 m of the carrier, the effects
on the carrier’s airwake are taken into account.

The real-time experiment is divided into five groups, all
of which utilize the PTIBSC proposed in this article. The
specific differences between these groups are detailed in
Table III. The experiment results are given in Figs. 5–9.

Fig. 6. Comparison of the angle of attack and flight path angle.

Fig. 7. Comparison of the elevator and flap.

Fig. 8. Comparison of the velocity and thrust.

Fig. 9. Disturbance estimation η̂.

From Fig. 5, it is evident that under the designed DLC-
based ACLS, the altitude can track its command within the
predefined time Tp4 = 12s. Moreover, the altitude error is
well-maintained within –0.5 m during the last 5 s. In con-
trast, Case 4, which employs the traditional ACLS, presents
a significantly greater initial altitude error compared to
Cases 1–3, and it also requires a much longer time to reach
a steady state. Importantly, in the final stage, the range
of the altitude error significantly exceeds that observed
in the DLC-based ACLS. This indicates that the rapidity
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Fig. 10. Comparison of the altitude and tracking error.

and robustness of the DLC-based ACLS are considerably
improved compared to the traditional ACLS. Due to the
absence of a noise rejection filter, the altitude error in Case
2 tends to oscillate. Meanwhile, Case 3 lacks a DOB to
compensate for radar inertial effects, resulting in inferior
altitude tracking accuracy compared to Case 1.

As plotted in Fig. 6, the angles of attack in Cases 1–3
are well-tracked at 8.1�. Even under the carrier airwake
disturbance, their error range is kept within –0.05�. Con-
versely, the traditional ACLS in Case 4 not only fails to
maintain the desired angle of attack but also exhibits sig-
nificant fluctuations after experiencing carrier airwake. As
can be observed from Fig. 7, radar noise causes the control
surfaces in Case 2 to oscillate. In addition, since Case 3 is
unable to compensate for the radar inertia, it results in small
oscillations in control surfaces. A similar situation is also
observed in Fig. 8, which reveals that the velocity-holding
ability of the DLC-based ACLS is superior to that of the
traditional ACLS. Lastly, the results of the Monte Carlo
experiments illustrate the consistent performance and high
reliability of the designed DLC-based ACLS, indicating that
the results obtained are generalizable.

In summary, the effectiveness of the proposed DLC-
based ACLS is convincingly verified, and its predefined-
time performance, rapidity, and robustness are clearly
demonstrated through experiments. Moreover, these prop-
erties represent a considerable improvement over the tradi-
tional ACLS.

B. Comparison of Control Performance

This subsection focuses on evaluating the superiority of
the designed DLC-based ACLS by comparing it with ex-
isting state-of-the-art control approaches, including incre-
mental nonlinear dynamic inversion (marked as INDI) [38],
estimation-based INDI (marked as EINDI) [23], and fixed-
time-based incremental sliding mode control (marked as
ISMC) [3]. The comparison results are presented in
Figs. 10–13.

Fig. 10 clearly profiles the altitude tracking error un-
der different controllers, highlighting that the rapidity and
robustness of the proposed PTIBSC are superior to those
of other controllers. Specifically, the peak of the altitude
error under the PTIBSC is the smallest, and its convergence
rate is the fastest. Not only that, even when subjected to the

Fig. 11. Comparison of the angle of attack and flight path angle.

Fig. 12. Comparison of the elevator and flap.

Fig. 13. Comparison of the velocity and thrust.

carrier airwake, the PTIBSC ensures that the altitude error
fluctuation is significantly smaller than other controllers.
Furthermore, the angle of attack and the flight path angle are
depicted in Fig. 11, indicating that the abilities of the INDI,
EINDI, and ISMC controllers exhibit significantly poorer
ability to suppress carrier airwake. The deflections of the
elevator and flap, shown in Fig. 12, are acceptable, and their
fluctuations are primarily caused by carrier airwake rather
than the high gain of the controller. Lastly, Fig. 13 shows that
the designed PTIBSC minimizes velocity changes under the
influence of carrier airwake, and thereby has the strongest
velocity-holding ability among all the controllers.

To assess the superiority of the above controllers more
visually, the following evaluation indexes are utilized.

1) Average of Absolute Error (AAE): EAAE =
1
n

�
n |zh|.

2) Variance of Absolute Error (VAE): EVAE =
1
n

�
n (zh � EAAE)2.

3) Average of Time-Multiplied Absolute Error (ATAE):
EATAE = 1

n

�
n tn|zh|.
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Fig. 14. Comparison of the velocity and thrust.

The AAE and VAE can be used to evaluate the control
accuracy and response consistency of the designed con-
troller. In practice, it is expected that the closer the aircraft
is to the ideal touchdown point, the smaller the altitude
error will be. Accordingly, the ATAE is employed to assess
this specific criterion. Deck motion and carrier airwake
are the primary factors impacting the accuracy of carrier
landings. Therefore, the altitude errors during the last 10 s
are statistically analyzed, and the results are presented in
Fig. 14.

Statistical analysis reveals that the proposed PTIBSC
achieves the smallest error values, indicating its superior
robustness against the carrier airwake and its ability to
rapidly track deck motion, thereby effectively mitigating
disturbance effects during the critical final landing phase.

A series of comparative experiments indicate that the
proposed PTIBSC can rapidly track landing commands and
effectively counteract the adverse effects of carrier airwake
and deck motion, thereby significantly improving landing
accuracy. Furthermore, the proposed PTIBSC significantly
outperforms existing controllers in terms of response speed
and robustness.

VII. CONCLUSION

This article investigates the automatic landing control
issue of carrier-based aircraft in the presence of multiple
disturbances. By applying predefined-time theory, a novel
DLC-based ACLS was designed to enhance flight perfor-
mance and landing accuracy. In addition, a predefined-time-
based DOB and a noise rejection filter were developed to
mitigate the radar measurement disturbances. A stability
proof demonstrated that all tracking errors of the closed-
loop system can converge to an arbitrarily small region
around zero within a user-defined time. A series of real-time
simulations indicated that the designed DLC-based ACLS
effectively reduces the influence of radar measurements,
carrier airwake, and deck motions, and outperforms existing
works. Future work will focus on fault-tolerant landing
control for carrier-based aircraft in case of failures, along
with deck motion prediction and compensation to further
improve landing accuracy.
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