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For the carrier-based unmanned aerial vehicles (UAVs), one of the important problems is the design of an 
automatic carrier landing system (ACLS) that would enable autonomous landing of the UAVs on a moving 
aircraft carrier. However, the safe autolanding on a moving aircraft is a complex task, mainly because of 
the deck motion and airwake disturbances, and dimension limitation. In this paper, an innovative ACLS 
system for carrier-based UAVs is developed, which is composed of the flight deck motion prediction, 
reference glide slope generation and integrated guidance and control (IGC) modules. The particle filtering 
method is used to online predict the magnitudes and frequencies of the deck motion, which are used 
to correct the reference glide slope to achieve minimum dispersion around the ideal touchdown point. 
An optimal preview control (OPC) scheme is presented for the IGC subsystem design, which fuses the 
preview information of the reference glide slope, equality constraint of UAV dynamics and performance 
index function, and predicted information of the carrier deck motion. Simulation results of a nonlinear 
UAV model show the effectiveness of the ACLS system in carrier autolanding under the deck motion and 
airwake disturbances.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

With the successful carrier landing of the U.S. Navy’s X-47B 
by an arresting cable in 2013, the era of carrier-based unmanned 
aerial vehicle (UAV) is coming. However, carrier autolanding 
presents one of the most critical problems faced by the carrier-
based aircraft. The small space of the carrier deck along with the 
terrible marine environmental disturbances such as the deck mo-
tion and airwake impose severe limitations on the landing perfor-
mance. To overcome these difficulties, a reliable automatic carrier 
landing system (ACLS) is indispensible to improve the automatic 
landing safety of UAV.

To maintain the predetermined flight speed, stabilize the flight 
attitude and track the reference glide slope, the flight control 
plays an important role in the autolanding of UAVs. Several con-
trol methods have been used in the design of the ACLS of the UAVs. 
Wadley et al. [1] designed an inner loop comprised of a desired dy-
namics regulator, a control allocation and optimization algorithm, 
and also designed a PID based outer-loop guidance law. The U.S. 

✩ Fully documented templates are available in the elsarticle package on CTAN.
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Navy Research Laboratory developed an attitude and path angle 
control system based on the PID control method for a close-in 
covert autonomous disposable aircraft [2]. Actually, the above tra-
ditional engineering control methods may achieve satisfied landing 
performance in normal situations [3]. However, it is difficult for 
them to track the randomly changed reference glide path under 
the deck motion disturbances. Therefore, some advanced control 
methods for the ACLSs have been investigated in recent years. 
The dynamic inversion control theory was applied to design an 
ACLS for the unmanned combat aerial vehicle, which relied on 
the exact system model [4,5]. After adding wind and sea state 
turbulence, the control performance was degraded. Zheng et al.
[6,7] presented some improved back-stepping methods for carrier-
based UAVs, which were able to provide accurate tracking under 
some unknown aerodynamic parameters and actuator faults. How-
ever, the complexity of controller design makes them difficult to 
implement in engineering. An adaptive controller based on the ap-
proximate dynamic inversion and neural network was developed 
as the attitude-command-attitude-hold portion of the vehicle’s au-
topilot, which showed benefits over traditional controllers in ro-
bustness and tracking performance [8]. Moreover, some intelligent 
control methods have also sprung up, such as intelligent optimiza-
tion control [9], neural network based adaptive control [10] and 
fuzzy integrated slide mode control [11]. They were fused with 

https://doi.org/10.1016/j.ast.2018.07.039
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other methods to improve the control performance of the UAVs. 
However, they were difficult to be realized in real applications, and 
little literature considers the flight deck motion compensation and 
airwake rejection problems.

Preview control aims to solve the trajectory tracking and dis-
turbance rejection problems where the signals to be tracked or 
rejected are available a priori by a certain amount of time. It has 
attracted many researchers for its applications in autonomous ve-
hicles, robotics and process control. The applications of preview 
control for active vehicle suspension system [12,13], motor servo 
system [14], biped walking robot [15] and rotorcraft [16] have 
been presented. It is suitable for systems that have reference sig-
nals known a priori. For the carrier autolanding control problem, 
the glide path is previewable and the carrier deck motion is pre-
dictable. Therefore, this paper presents an optimal preview control 
(OPC) method for the carrier autolanding of the UAVs.

Different from the results in the literature, the main contribu-
tions of this paper are as follows:

1) The proposed OPC scheme utilizes the preview information 
of the reference glide slope, equality constraints of UAV dynam-
ics and performance index function, to improve the landing path 
tracking precision of the carrier-based UAVs, which has not been 
reported in the literature. The OPC scheme is composed of a state 
feedback controller and a previewable reference signals feedfor-
ward controller. The nonlinear UAV model simulations verify the 
high landing precision of the OPC based ACLS system.

2) The deck motion prediction information is used to compen-
sate the disturbance of the flight deck motion on the autolanding, 
which has not been studied in [1,2,6–9]. A particle filter is de-
signed to predict the future information of deck motion, and the 
OPC based ACLS utilizes it to generate the feedforward compen-
sation signal for disturbance rejection. The nonlinear UAV model’s 
simulations verify the effectiveness in disturbance rejection of the 
ACLS.

3) The OPC based ACLS is characterized by integrated guid-
ance and control (IGC), which is different from the carrier landing 
control methods in [1–4,6–8,10]. The IGC system is blended with-
out separation of the inner-loop and outer-loop controllers design, 
which simplifies the design process of the ACLS.

The rest of this paper is organized as follows. In Section 2, the 
carrier autolanding problem is described. In Section 3, an ACLS 
framework for the carrier-based UAVs is developed. In Section 4, 
an OPC based IGC scheme is designed. In Section 5, the simula-
tion results verify the desired system performance. In Section 6, 
we summarize our findings with conclusions.

2. Carrier autolanding problem of UAVs

In this section, the nonlinear UAV model, deck motion model 
and airwake model are formulated, and the carrier autolanding 
guidance and control problem of the carrier-based UAVs is de-
scribed.

2.1. Modeling of UAV, deck motion and airwake

Nonlinear UAV model. The equation of motion (EOM) set of the 
fixed-wing UAV is a fully-coupled nonlinear differential equations 
in a non-rotating Earth inertial reference frame, given by [17,18]⎧⎪⎨⎪⎩

u̇ = vr − wq − g sin θ + Fx
m

v̇ = −ur − wp + g cos θ sinφ + F y
m

ẇ = uq − vp + g cos θ cosφ + Fz
m

(1)

⎧⎨⎩
ṗ = (c1r + c2 p)q + c3 L̄ + c4N
q̇ = c5 pr − c6(p2 − r2) + c7M
ṙ = (c8 p + c2r)q + c4 L̄ + c9N

(2)

⎧⎨⎩
Ẋ = V cosμ cosϕ

Ẏ = V cosμ sinϕ

Ḣ = V sinμ

(3)

⎧⎨⎩
φ̇ = p + (r cosφ + q sinφ) tan θ

ψ̇ = 1
cos θ

(r cosφ + q sinφ)

θ̇ = q cosφ − r sinφ

(4)

⎧⎪⎨⎪⎩
V̇ = uu̇+v v̇+w ẇ

V
α̇ = uẇ−wu̇

u2+w2

β̇ = v V̇ −V v̇
V 2 cos β

(5)

Thus, the nonlinear UAV model can be expressed by

ẋ = f (x, u) (6)

where x = [V , α, β, θ, φ, ψ, p, q, r, H, Y ]T , denoting the airspeed, 
angle of attack, sideslip angle, roll, pitch and yaw angles and 
angular rates, height and lateral deviation, respectively. u =
[δe, δT , δa, δr]T , denoting the elevator, throttle, aileron and rudder 
deflections, respectively.

Deck motion model. The sea wave motion is generally consid-
ered as a stable random process with a narrow bandwidth. Durand 
presented a power spectrum based deck motion model [19]. The 
power spectral density function curves can be obtained by the 
experiments or simulations, which are used to find the optimal 
coefficients, and then a shaping filter can be constructed. The time 
domain information of the deck motion is obtained by filtering the 
white noise through the shaping filter. A general model for the 
translational deck motions (surge, sway, heave) is given by [19]

G(s) = a1s2 + a2s + a3

s4 + b1s3 + b2s2 + b3s + b4
(7)

and a general model for the angular deck motions (pitch, roll, yaw) 
is given by

G(s) = a1s + a2

s4 + b1s3 + b2s2 + b3s + b4
(8)

where a1 ∼ a3, b1 ∼ b4 are the constant coefficients.
Airwake model. A general carrier airwake disturbance model 

is composed of free air turbulence component (u1, v1, w1), steady 
component (u2, w2), periodic component (u3, w3), and random 
component (u4, v4, w4), given by [20]⎧⎨⎩ ug = u1 + u2 + u3 + u4

v g = v1 + v4
w g = w1 + w2 + w3 + w4

(9)

where ug denotes the axial airwake, v g denotes the side airwake, 
w g denotes the normal airwake. The specific mathematical equa-
tions of the four components of airwake can be found in [20].

2.2. Autolanding problem of UAV

Difficulties of the carrier autolanding. There are several rea-
sons why the carrier autolanding of the UAVs is a very difficult 
task. First, the landing must be performed in the presence of car-
rier deck motion, air wake and normal air turbulence. Especially, 
the carrier deck motion is the main factor which can greatly com-
plicate this process. Second, the UAVs usually have unstable dy-
namics at low approach speeds, because they are usually operating 
on the backside (unstable) region in the landing phase. Therefore, 
to achieve a carrier autolanding, an automatic power compensation 
is necessary for the landing speed keeping control through adjust-
ing the throttle opening. Third, the UAVs must be high enough to 
clear the carrier ramp, but low enough to catch the number 4 wire 
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