P
% aerospace
% P

Article

Backstepping- and Sliding Mode-Based Automatic Carrier
Landing System with Deck Motion Estimation
and Compensation

Mihai Lungu *, Mou Chen 2

check for
updates

Citation: Lungu, M.; Chen, M.;
Vilcica (Dinu), D.-A. Backstepping-
and Sliding Mode-Based Automatic
Carrier Landing System with Deck
Motion Estimation and Compensation.
Aerospace 2022, 9, 644. https://
doi.org/10.3390/aerospace9110644

Academic Editor: Piotr Lichota

Received: 27 September 2022
Accepted: 21 October 2022
Published: 24 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dana-Aurelia Vilcica (Dinu) 3

Faculty of Electrical Engineering, University of Craiova, 200692 Craiova, Romania

College of Automation Engineering, Nanjing University of Aeronautics and Astronautics,

Nanjing 210016, China

Aerospace Engineering Doctoral School, University Politehnica of Bucharest, 060042 Bucharest, Romania
*  Correspondence: Imal312@yahoo.com

Abstract: This paper addresses the automatic carrier landing problem in the presence of deck motion,
carrier airwake disturbance, wind shears, wind gusts, and atmospheric turbulences. By transforming
the 6-DOF aircraft model into an affine dynamic with angle of attack controlled by thrust, the
equations associated to the resultant disturbances are deduced; then, a deck motion prediction
block (based on a recursive-least squares algorithm) and a tracking differentiator-based deck motion
compensation block are designed. After obtaining the aircraft reference trajectory, the backstepping
control method is employed to design a novel automatic carrier landing system with three functional
parts: a guidance control system, an attitude control system, and an approach power compensation
system. The design of the attitude subsystem involves the flight path control, the control of the
attitude angles, and the control of the angular rates. To obtain convergence performance for the
closed-loop system, the backstepping technique is combined with sliding mode-based command
differentiators for the computation of the virtual commands and extended state observers for the
estimation of the disturbances. The global stability of the closed-loop architecture is analyzed by
using the Lyapunov theory. Finally, simulation results verify the effectiveness of the proposed carrier
landing system, the aircraft reference trajectory being accurately tracked.

Keywords: automatic carrier landing system; deck motion compensation; backstepping control;
extended state observer

1. Introduction

Carrier landing requires skills from the pilot because this landing process is character-
ized by the simultaneous movement of aircraft and carrier ship. The pilot should bring the
airplane to a certain point on the ship; if it lands before the desired point, a crash into the
stern is possible; on the contrary, if the landing on the carrier is too long, the pilot must
take off and try again. The landing phase on carrier ships is also difficult because of the
small size of the ideal landing area (e.g., width: 16.76 m and length: 12.19 m for CVN-65
Enterprise carrier). Deviation from this desired landing area (the so-called “landing box”)
can lead to a collision with other aircraft parked on the carrier ship. Another difficulty of
the landing process on aircraft carriers is related to the deviation angle of the runway in
relation to the longitudinal axis of the ship, which is 9° [1]. Due to the restrictions caused
by the optimal landing area and the short length of the runway;, the aircraft should track a
predefined landing path with a very small margin of error, while maintaining a constant
attack angle and velocity. The efficiency of the aerodynamic surfaces is low because of the
low speed and the high attack angle. The motion of the carrier deck makes the process even
more difficult as the desired landing path and the point of contact move with the runway.

Aerospace 2022, 9, 644. https:/ /doi.org/10.3390/aerospace9110644

https://www.mdpi.com/journal/aerospace


https://doi.org/10.3390/aerospace9110644
https://doi.org/10.3390/aerospace9110644
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0001-7158-8575
https://doi.org/10.3390/aerospace9110644
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace9110644?type=check_update&version=4

Aerospace 2022, 9, 644

2 of 30

The landing process is also difficult because the aircraft descends on a slope that is not
aligned with the longitudinal axis of the runway.

The need of automatic carrier landing control systems (ACLSs) is due not only to the
positioning errors that should be very small but also to the weather conditions. Therefore,
the flight officers who monitor the landing process are very strict when it comes to landing
on aircraft carriers. If the carrier is not equipped with a navigation system that transmits
its position to the airplane in real time, the airplane must be equipped with a system
that accurately estimates the position of the carrier. When the airplane approaches the
ship, the time to impact with carrier deck is computed by using the distance between
the two vehicles, as well as the airplane-ship relative speed. For this purpose, various
motion prediction techniques are used; these algorithms calculate the future position of
the aircraft center of gravity, as well as the future position of the ideal point of contact
with the runway. A standard descent trajectory is also calculated; the lateral and the
vertical deviations from the optimal trajectory are computed and then used as inputs of the
controller [2]. The position and the speed of the two vehicles can be also obtained by means
of differential global positioning systems; thus, the number of systems required for an
automatic landing can be reduced, and the level of autonomy can be increased regardless of
weather conditions. Several automatic control subsystems are used to control the trajectory
of the aircraft; the first controls the deviation of the aircraft in vertical plane in relation
to the downward trajectory to be followed by using the elevator; the second subsystem
controls the aircraft lateral-directional deviation in relation to the desired trajectory by
using the ailerons and the rudder; the third system controls the speed and the attack angle
by changing the engine operating mode.

The deck motion and the external disturbances (especially the carrier airwake) are
two main factors causing carrier landing failures [3]. Over the past decades, various
ACLSs have been designed. Ref [4] established a control loop in longitudinal plane for
trajectory tracking during landing by means of the nonlinear dynamic inversion method; the
method eliminates the roll rate and the angle coupling, maintains constant aircraft velocity
and attack angle and rejects the airwake. In [5], a fitness sharing-based ant clustering
approach was developed to optimize the landing of an aircraft in a longitudinal plane; the
method concerns the lattice rule-based space sampling strategy. The clustering strategy was
modified by a fading memory fitness sharing function, an adaptive learning strategy being
also employed to optimize the search scope of the ant colony. An optimal control (based on
the He technique) was used in ref [6] to counteract the negative effects of the vertical bursts.
In [7], one designed an ACLS based on the multivariable model reference adaptive control
and state feedback for output tracking in the case of a dynamics with nonlinearities, channel
couplings, and parametric uncertainty; the novel ACLS has two main subsystems, i.e., a
guidance subsystem and a flight control subsystem. Ref [8] treated the ACLSs as special
cyber-physical systems and introduced both a control strategy for airwake suppression and
a novel adaptive backstepping sliding mode control-based ACLS; it was proved that the
ACLS has the capability to restrain the flight performance deviation. The nonlinear dynamic
inversion method led to very good results in terms of robustness [9], the disadvantage of
this method being the need of a very good knowledge of the system dynamics, as well as
the accurate estimation of the state vector. Adjusting the parameters in the ACLS design
process is a repetitive and difficult process, various methods of parameter optimizing being
available: brain-storming optimization [10], pigeon-inspired type algorithms [11], Levy
pigeon-inspired type optimization [12], preview control [13], or sliding mode control [14].
Other control techniques used in the design of the automatic carrier landing systems
were used to guide and control the airplane on a reference glide path toward a specified
touchdown point: model predictive control [15-17], dynamic inversion control [18], active
disturbances rejection control [19], backstepping control [20-22], and finite-time and fixed-
time controls [23].

Beside the design of controllers to build up ACLSs, the literature also proposes some
deck motion prediction algorithms to compensate the effect of waves, the most important
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algorithms being the back propagation neural network [24], the particle filter [13], and the
auto-regressive model [25]. The deck motion was accurately estimated and predicted online
in [26], the deck motion information being then employed to generate correction control
laws depending on the flight path and heading angles. Ref [27] introduced improved
linearized dynamics for airplane compensating the cross-disturbance negative effects of
the wind gusts, while ref [3] proposed active disturbance rejection-based control laws that
provide excellent robustness especially due to the use of an extended state observer, which
estimates and compensates the external disturbances and the parameter uncertainties.
However, a first drawback is that only the longitudinal dynamics were considered. The
second shortcoming is the transformation of the six-degrees-of-freedom aircraft dynamics
into a linear one, this being remarked by many other papers; the control design procedure
has been simplified, but the linearized dynamics cannot accurately represent the motion of
the airplane, the anti-disturbance ability being also limited [21]. A time-varying vector field
guidance law is designed in [20] to follow a path depending on a moving target, while the
control performance is improved with a prescribed performance method; a combination
between an attitude controller for the active disturbance rejection and a backstepping
controller is employed to make sure the tracking errors do not exceed some pre-defined
arbitrary small residual sets. In the literature, the automatic carrier landing control systems
designed so far combine different advanced control methods with various observers to
estimate the external disturbances and to improve the control performance, such as the
classical disturbance observers [28], the extended state observers [3,20,29], the sliding mode
observers [30], neural network-based observers, etc.

This paper brings novelty compared to ref [22]: (1) a complete aircraft dynamics
with disturbance terms in all equations of the dynamic model; (2) ref [22] includes neither
deck motion prediction blocks nor deck motion compensation blocks as it happens in the
current paper; (3) besides the airwake disturbances, our paper takes into account additional
disturbances (wind shears, wind gusts, atmospheric turbulences); (4) the design of the
ACLS from [22] involves the fixed-time control (as control technique), fixed-time nonlinear
filters (as command filters), and fixed-time observers (to estimate the disturbances), while
the design of the new ACLS from this work employs the backstepping control, some sliding
mode-based command differentiators (SMCDs) and some extended state observers (ESOs).

This paper aims to: (i) develop a new form of the aircraft dynamics during carrier
landing; (ii) estimation and compensation of the deck motion; (iii) design of a novel ACLS
based on the backstepping control technique, sliding mode-based command differentiators,
and extended state observers. As the main contributions and features of this work, the
afore-mentioned targets are achieved in this paper by:

o  Considering both the airwake and the wind type disturbances. Unlike most studies dealing
with automatic carrier landing affected only by the carrier airwake, in this paper, the
aircraft dynamics additionally take into account the three most important wind type
disturbances, i.e., the wind shears, the wind gusts, and the atmospheric turbulences.
Since the aircraft attack and sideslip angles are influenced both by the airwake and the
wind type disturbances, the new dynamics reflect better the motion of the airplane.

o Treating separately the prediction and the compensation problems via two independent
blocks: (1) a block for the prediction of the deck motion and (2) a block for the
compensation of the deck motion. The compensation of the deck motion is achieved
by using the signal provided by the deck motion prediction block. This way, the aircraft
can correct the position of the ideal touchdown point by using fewer signals from the
ship, while the landing accuracy is improved by considering both the airplane-ship
relative landing geometry and the configuration of the landing spot on the carrier.
Compared to the existing literature, the prediction of the deck motion is achieved here
with a recursive-least squares algorithm-based filter, while a tracking differentiator-
based deck motion compensation block (TD-DMC) is used to solve the deck motion
compensation problem. The TD-DMC blocks have been used so far only for obtaining
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the imposed values of the aircraft altitude [3]; compared to the classical DMCs, TD-
DMC has a simplified structure and an easier parameter tuning.

e Obtaining a novel 6-DOF dynamics with angle of attack controlled by thrust. Considering
the three wind type disturbances, we mathematically deduced the expressions of the
new resultant disturbance type terms, and we included them in the 6-DOF dynamics
of the airplane. Additionally, we considered a complete deck motion involving both
maneuvering and seakeeping equations; a deterministic form is associated to the
maneuvering part, while the seakeeping random motion refers to the motion affected
by the wave excitation.

e Designing a control architecture mainly based on innovative combinations between slid-
ing mode-based command differentiators, extended state observers, and backstepping-
based controllers. Considering the influence of deck motion, airwake, and wind type
disturbances, our novel ACLS has a classical configuration consisting of five control
loops, i.e., guidance control, flight path angle control, control of the attitude angles,
control of the angular rates, and approach power compensation subsystem. In four of
the five loops, the sliding mode-based command differentiators are used to compute
the virtual commands and their derivatives; then, five controllers are designed to track
the generated commands. The novel ACLS is characterized by trajectory tracking
capability, as well as excellent adaptability to the unexpected and even sudden changes
in the state of the sea.

e  Enhancing the robustness of the controllers via extended state observers. The disturbances
depending on the airwake, the wind shears, the atmospheric turbulences, and the
wind gusts are successfully estimated by using ESOs and then suppressed by means
of the backstepping-based controllers.

The rest of the present work is organized as follows: the aircraft dynamics, the models
of the airwake, the model of the wind type disturbances, as well as the mathematical
expressions of the external disturbances are established in the next section. In Section 3,
we deduce the deck motion dynamics, and we design the two blocks for the deck motion
prediction and compensation. Section 4 deals with the deduction of the aircraft reference
trajectory, the design of the SMCDs and ESOs, the design of the controllers, and the stability
analysis. The fifth section includes both the software validation of the novel ACLS and the
analysis of the obtained results. Finally, the sixth section of this work concludes the study
and formulates some research directions for future research.

2. Aircraft Dynamics during Landing

The classical carrier landing involves three phases: final approach, glideslope, and
touchdown. In the first two phases, the aircraft descends to a certain point (called “marchall”
point) and then continues charging on a linear path to the point of contact with the runway.
During the touchdown phase, the aircraft places the landing gear on the ship deck and
brakes; this last stage is also carried out by means of a hook and four cables transversely
positioned on the deck [31]. The glideslope is characterized by a constant speed and a slope
angle () of —2.5 + —3.5 deg, the trajectory being linear; the vertical speed at touchdown
should be approximately 3-4 m/s. Several automatic control subsystems are used to control
the aircraft trajectory. Some of these subsystems control the aircraft deviation in vertical
plane relative to the desired downward trajectory by means of the elevator, while other
subsystems control the deviation in lateral-directional plane relative to the desired trajectory
via the deflections of rudder and ailerons; finally, the third category of subsystems control
the speed and the attack angle by changing the engine operating mode.

2.1. Aircraft Model

The aircraft considered in this paper is the SIAI Marchetti 5211 aircraft—a military
training airplane produced by the Italian corporation SIAI-Marchetti since 1981; its geome-
try and aerodynamic data are reported in [32]. The airplane is equipped with a JTI5D-48
engine providing traction of 11.12 kN (25,000 Ibs), maximum speed of 414 knots, and has a
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specific consumption of 0.57 Ib/h. The control inputs of the airplane include the deflections
of the elevator, rudder, ailerons, as well as the throttle command. The 6-DOF model of the
airplane has been obtained by using the following reference frames: (1) O;x;y;z;—the inertial
reference frame (North, East, and vertically down axes); (2) OuXsYazs—the aircraft body-fixed
reference frame (O,—aircraft center of gravity, O,x,—longitudinal axis, O,y,—right plane-
oriented axis, O,z,—vertical down axis); (3) Opxpypzpy—the ship body-fixed reference frame
(Op—ship center of gravity, Opx,—longitudinal axis of the carrier, O,y,—transversal axis
of the carrier aircraft, O,z,—vertical axis oriented downward); (4) O,x ;v 4z;—the deck body-
fixed reference frame (Oz—the desired touchdown point on the runway, O;x;—axis oriented
parallel to the runway centerline, Oz;—vertical axis parallel to Opz,—axis, Ozy;—axis
perpendicular to the plane O;x;z;). The four corresponding reference frames are depicted
in Figure 1.

Figure 1. Landing geometry and reference frames.

Assumption 1. The aircraft is considered a rigid body, being symmetrical relative to the vertical
plane Ogx,4z, ; its dynamics are described by bounded variables.

Assumption 2. The motion information of the ship (i.e., position, linear velocities, angular rates,
etc.) is measured and sent to the aircraft with very good accuracy. Moreover, the velocity of the
aircraft is supposed to be higher than the speed of the ship, the aircraft being able to catch up to the
target motion.

With proper transformations, the aircraft dynamics are described by the equations
from [32], enriched in this paper with disturbance type terms whose expressions will be
deduced in Section 2.3:

Tmax Ot cos & cos 3 —D + d
o v,
[—Y cos pu+ Lsin p+ Tmaxds (sin asin pr — cos oesin  cos )| + dy,, 1)

(L= (siny+cosysinptan) x +cosptan vy + (peos atrsin o) +dy,

. cos 3
_cosysinp cosp o

o= sp X " cosp Y peosxtan +q—rsinatanP +dy, (2)

B =X cOSY oS — 7Y sinu+ psina —rcosx +dg,

P = Ilqr + Izpq + I3M[ + I4Mn + dp ,
‘7 =Ipr+1 (7’2 - Pz) + IzMu + dq ’ 3)
r= —Dhqr + Igpg + LM, + oM, + dy,

x=Vcosycosx +dy, y=Vcosysiny+dy, z=—Vsiny+d, 4)
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where x, y, z are the aircraft position coordinates in inertial reference frame; V is the
airplane speed; vy is the slope angle of the airplane trajectory; x is the heading angle; Tinax is
the maximum values of the thrust force; &, 3, i denote the attack angle, the sideslip angle,
and the bank angle; §; € [0, 1] is the throttle command; D, L, Y are the drag, the lift, and
the lateral forces (their expressions are given in Section 2.3); p, g, r are the roll, pitch, and
yaw angular rates; Iy, k = 1, 9, are functions (given in Appendices A and B) of the axial
inertia moments (Ix, Ly, IZ) and the planar inertia moment (Iy;), while M;, M,;,, M,, are
the roll, pitch, and yaw aerodynamic moments (also presented in Appendices A and B).
Before the design of the ACLS, the mathematical description of the aircraft is rewritten

into an affine form; for this, we proceed to some notations:
=1y z =[x v] xm=100 8 W xa=1[p g r],6=1[6. & 5],

dy = [dy d] T, dy = [do dp dy] T,d4 = [d, dy d] T According to the issues pre-
sented above, we rewrite (1)—(4) into an affine form as follows:

5(1 :fl(xz, V)+b1(V)X2+d1,

5(2(1) = fz(Xz, X3, V) +b2(X2, V)X3(3) +dx,

X3 :f3(5c2,x2,x3) +b3(x2,x3)x4+d3, 5)
xg =fy(x3, x4, V) +ba(V)85+dy,

o= foc(x21 X4, V) +b<x(v) o +d/oc1

with x,(1) = x, x3(3) = u; the explicit expressions of f;, b; (i =1, 2, 3, 4, ), and distur-
bance d’ are provided in Appendices A and B, while the expressions of the disturbance
type terms are deduced in this section.

Assumption 3. The disturbances included in dynamigs from Equation(5), namely dy , dy , d3, dy, d'
are bounded by unknown constants, i.e., ||d;|| < d;, withi=1,%, 3, 4, «.

Remark 1. The 6-DOF affine dynamics from Equation (5) contain novelty; compared to the
nonlinear dynamics deduced in [20-22,33], where some disturbances have been not considered, all
the equations from the model shown in Equation (5) contain external disturbances, thus making the
aircraft dynamics closer to the real case.

Remark 2. The affine dynamics from some studies (e.g., [34]) were obtained by independently
controlling the aircraft speed via the thrust force, but these results cannot be directly used in the
design of the automatic carrier landing controller. Therefore, we obtained novel nonlinear dynamics,
which consider the attack angle not the speed controlled by thrust.

Remark 3. The control of the aircraft during landing is obtained by going through the three control
surfaces (ailerons, elevator, and rudder) and also by adjusting the thrust. The dynamics of actuators
relating the control inputs d,, de, by, & and the outputs of the controllers (84, , de, , 8., Ot ) are:
S]- = — % 6]- + % 6]-6, withj=a,e 1t T representing the time constants of the actuators and of
the engine, respectively [32]. For SIAI Marchetti S211 airplane, the constants are: To = T, = T, =
0.0495, vy = 1. The rate limits for the elevator, ailerons, and rudder are: [—60 deg/s; 60 deg/s],
[—80 deg/s; 80 deg/sl, and [—120 deg/s; 120 deg/s], respectively. The position limits are [—25 deg;
25deg], [-21.5 deg; 21.5 degl, and [—30 deg; 30 degl, respectively.

2.2. Models of Airwake and Wind Type Disturbances

The accuracy of landing is mainly affected by the external disturbances (airwake and
wind type disturbances). The airwake is strong behind the aircraft carrier and, therefore,
the airplane may be blown away from the reference trajectory in the last part of the carrier
landing process. On the contrary, the wind is a disturbance, which alters the aircraft attitude
and velocity during all the three phases of landing. Unlike most studies dealing with the
automatic carrier landing, where only the airwake was considered, the present paper
considers both the airwake and the wind type disturbances (wind shears, atmospheric
turbulences, wind gusts) in the dynamics of the airplane.
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H”a (S) =

According to [3], the airwake type turbulence consists of four parts: free-air tur-
bulence, constant and random carrier-wake turbulences created by the waves that are
produced by the aircraft carrier, and turbulence induced by the periodic motion of the
carrier. Subsequently, the models of airwake type turbulences are described below.

Free-air turbulences do not depend on the aircraft position, being calculated by passing
a white noise through a filter; the transfer functions associated to the three components of
the free-air turbulence are [35]:

ui(s) /200 1 (s)_vl(s)_ 5900 1+ 400 H (S)_wl(s)_ 716 1 ©)
n(s) V14 10070 n(s) Vop4 700 4 4G5 n(s) Vo141

3V2

where 1, v1, wy are the components (speeds) of free-air turbulence along the lon-
gitudinal, lateral, and vertical axes; V is the aircraft speed, while 1 is a band-limited
white noise.

The constant carrier-wake turbulences are mainly produced by the waves created
by the ship and the air flowing on the back of the aircraft carrier. The lateral component
of this turbulence is negligible (v, = 0), while the horizontal (u;) and the vertical (w,)
components depend on the distance between the ship center of mass and the aircraft center
of mass. Using the graphic from [35], we made some approximations for the velocities 1,
and w; in relation to the distance between the airplane and the desired touchdown point

(de [ft]):
0, d.e[-3000, —1800) 0, d. € [—3000, —2600)
0.025V, /g, d. € [~1800, —1400) —0.06 Vg, de € [~2600, —2200)
1y = 0.04V,,q, do € [—1400, —1000) , wy =2 { —0.05V,,q, dc € [-2200, —1500) , @)
0.1V, dc € [—1000, —400) —0.015V,,,4 , d. € [~1500, —750)
0.05 V4, de € [—400, 0] 0.01V, /4, d.€[~750,0]

where V,, /4 [ft/s] is the wind speed over the deck.

The random carrier-wake turbulences can be generated by filtering white noises
and depend on the deck wind V,,, [ft/s] and the distance between the aircraft and the
touchdown point. The transfer functions associated to the horizontal and the vertical
components (13 and w3) are [2]:

us(s)  o(de)/27(de) _vs(s) _ 0.035V,,41/6.66 ws(s) _ 0.035V,,41/6.66

A(s) s t1 ) =R T T aams 1 ) = R 333s+1 '

where o(d.) and the time constant t(d.) are computed in [35] as percentage of the speed
Vw4 depending on the distance between aircraft and its ideal touchdown point:

®)

0.01Vy,q, de € [—3000, —2000) 1sec, de € [—3000, —2000)
0.02V,,q, de € [-2000, —1500) 1sec, d. € [—2000, —1500)
o(d;) 2 { 0.04V,,s, d.€[—1500, —1000) , ©(d.)={ 1.1sec, d. € [~1500, —1000) . ©)
0.03 V4, de € [~1000, —500) 0.4 sec, d. € [—1000, —500)
0.05V, /g, de € [~500, 0] 0.4 sec , d. € [—500, 0]

In Equation (8), the white noise fj is chosen as follows [36]: } =1 ]ZU% sin (107tt).

The turbulence induced by the periodic motion of the aircraft carrier occurs because
of the heave motion of the carrier; the lateral component has negligible values, while the
horizontal and the vertical components depend on the wind speed on the deck, ship heave
frequency (w,), pitch angle induced by the ship heave motion (8,) , aircraft speed (V),
and distance between the airplane and the desired touchdown point (d.). The expressions
for the horizontal and vertical components are [36]:

Uy = Gpr/d (222 + 0009(15) C, Wy = Gpr/d <498 + 00018115) C, (10)
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H,(s)

where C = cos {wp {t (1 - (‘)/_ 8;‘(,’:? i) + 0_85‘1‘20”} +P } , with P—random phase. One should

mention that uy = 0if d. > 2236ft and wy = 0 if d. > 2536 ft. In Equation (10), the
time f can be computed by considering constant values for the velocities of the airplane
(V =37 m/s = 121.36 ft/s) and of the ship (Vp = 10 m/s = 32.8 ft/s); one obtains:

t = Vifvp = 88.‘;66[[2? 75 - We borrowed from [35] the following values: 0, = 0.018rad,

wp = 0.62rad/s, Vyy g = 9.841t/s, P = m/4.

Although the airwake has a greater influence on landing than a wind type disturbance,
the latter should be also considered in the aircraft dynamics. Thus, the equations of the
atmospheric turbulences, wind shears, and gusts are included into the airplane dynamics.

One defines three vectors: W5 = [u5 Us w5] T_the velocity vector associated to the wind
shears, Wy = [u6 Ve wé] T_the velocity vector associated to the Dryden atmospheric

turbulences, and Wy = [uy vy w7] '_the wind gust velocity vector.

The wind shears occur from a variety of geographical or atmospheric factors. The
mean wind shear has the magnitude [37]: W5 = Wy %, 1m < H < 300m, with
Who—the wind speed at 20 ft, H—the flight altitude, while zy depends on the flight stage.

The atmospheric turbulences are stochastic processes defined by means of the velocity
spectra. In the Dryden spectral model, the longitudinal, the lateral, and the vertical spectra
functions are presented in MIL-HDBK-1797/1797B [38]:

2L, 1 2L, 14 B 2Ly, 14 lus
ou\| — ———, Ho(s) = op\/ — —————, Hy(s) = op — (11)
iV 14 Lu a4 L \2 a4 Lo \?
V'S (1+7”s> <1+ \75)

where L, Ly, Ly, represent the turbulence scale lengths, while o, 0,, 0y are the intensities
of the turbulence. At low altitude, Wy is 15 knots for light turbulences, 30 knots for
moderate turbulences, and 45 knots for severe turbulences; the scale lengths and the

intensitiesare [39: L, = —H | —H o, =—— % 5 —01-Why.
39): L (0.177-+0.000832H)2” = 7 77 T (0.177+-0.000832H) " Y 20

The wind gusts use the implementation of a standard “1-cos” function, being associ-
ated to the Military Specification MIL-F-8785C; their expression is [40]:

0, x<0,
W, = %(1—cosg—f),0§fédm, (12)

WH’l/ f>d1’l’l/

where X is the travelled distance, while W, and d,, are the gust magnitude and length.

Considering both the airwake and the wind disturbances, we define the components
7 7 7
of the resultant disturbance: uyw = }_ u;, vw = ) vj, ww = ) w;;indexjis1,2,3,4 for
airwake and 5, 6, 7 for the other three wind type disturbances.

2.3. Mathematical Expressions of the External Disturbances

The wind and the disturbances caused by waves lead to the modification of the aircraft
attack and sideslip angles. Thus, supplementary dimensionless angles appear (measured
in [rad]): oy = G¥ and By = —; the influence of these supplementary angles on
the aerodynamic forces acting in longitudinal and lateral-directional planes is graphically
presented in Figure 2. The black color has been used to present the forces in the absence of
the disturbances, while the blue color and the red color were employed to figure out the
forces if the disturbances are taken into account.
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Figure 2. Influence of the attack and sideslip supplementary angles on aircraft motion in longitudinal
plane (a) and lateral-directional plane (b).

The expressions of the drag (D), lift (L), and lateral force (Y) are [36]:
2 2 2
D = pdSCD = %SCD, L= PdSCL = %SCL, Y = pdSCy = %SCy, (13)

where p; = pV?/2 is the aircraft dynamic pressure, S is the wing area, while the drag force
coefficient (Cp), the lift force coefficient (C; ), and the lateral force coefficient (Cy) are [41]:

Cp = Cp, + Cp, +§V Cp,q + Cp;, 5,
Cr=Cry+Cr o+ ﬁCLE,q + CL5€5e, (14)
Cy = Cy, + Cyg B+ o7 (Cyyp + Cy,) + Cuy 8+ oy 0,

with b—wing span, c—aerodynamic mean chord, 6.—elevator deflection, §,—rudder
deflection, 5,—deflection of ailerons, Cp,, Cp,, CDq, CLys ClLys CLq—longitudinal stabil-
ity derivatives, Cy,, Cyﬁ, Cy 7 Cy,—lateral-directional stability derivatives, C Ds,” C Ls,—
longitudinal control derivatives, while Cyér , Cyéa —lateral-directional control derivatives.
According to Figure 2a, the new attack angle is « + ay; therefore, the lift force

coefficient becomes:
C'L = Cpy +Cr (0 + o) + %Cqu + Cry, 8¢ = Cp + Cr o, (15)
while the lift force obtains the form: L' = pTVzS(CL +Cp, aw) = L+ Ly, where

2
Ly = %SC L. Xw. Using these expressions and Figure 2a, the new expression of the
lift force is deduced:

L'w = (L+Lw + Dayy) cosoy = L+ Ly + Doy - (16)
Similarly, improved expressions are obtained for the drag and the lateral forces:

D+D
D'y = # >~ D4 Dy, Y'w = (Y + Y — DBw) cosBw = Y + Yoy — DBy, (17)
W

where Dy = pTWSCDaocW and Yy = "TWSCY[5 By -

Compared to other papers, Equations (1)—(4) consider the airwake, the wind shears, the
atmospheric turbulences, or the wind gusts in the expressions of the disturbances. Because
these external disturbances modify the attack and sideslip angles, the aerodynamic forces
have new expressions; thus, new expressions for these disturbances should be deduced.

The external disturbance dy from first line of Equation (1) is deduced by replacing
D with D'y = D + Dy, while the expressions of disturbances d, and d., are obtained by
replacing L and Y with L'y = L + Ly + Doyy and Yy = Y + Yy — DBy in the last two
lines of Equation (1); it results in:
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—(Yw — DBw) cost+ (Lw + Doy ) sin
dV:_ildX: ,d,y:

(Yw — DBw) sinpu+ (Lw + Dayy) cos p
m mV cosy '

mV

(18)

The expressions of the disturbances from Equation (2) are deduced by using the replace-
ments x — X +dy and y — v +d, ; we obtain:

d. = —(Yw—DByw) siny cos pu+(Ly+Doyy) (siny sin p+cosy tan 3)

mV cosy 4 (19)
d. = _ Ly+tDoxy de = _ Yu—Dpy
C mV cos 37/ - mV .

According to the first line of Equation (3), we write p = p (M;, M,), with the roll
and the yaw aerodynamic moments (M; and M;) depending on the roll and the yaw
aerodynamic moment coefficients C; and C,, with expressions given in Appendices A and B.
By replacing 3 with 3 + 3y, we obtain: C; = C; + Cy, By, Cn = Cu + Cug By . Thus,

one obtains: M; — M; + "TVszClB Bw and M, — M, + "Tszanﬁ Bw. For the second
line of Equation (3), we write ¢ = g (M,,), with the pitch aerodynamic moment (M,,)
depending on the pitch aerodynamic moment coefficient Cy;; replacing o« with o« + apy in

the equation of C;,, we obtain: C,, — Cy;, + Cpp oty and My, — My, + pTVZSme‘chV\/. The
same methodology is applied for the third line of Equation (3); we obtain:
V2 V2

_ V2
d, = "Tsz;(lgclB + 14cnﬁ) By, dy = pTSch“ocw, d, = "TSb(L@B n Igcnﬁ) By . (20)

To deduce the expressions of the disturbances dy, dy, and d., we consider that the at-
tack and the sideslip angles are small enough, 6 = v + «, and we use the equation
YEO0—a—0—(a+ay) =7y —y— oay; thus, by replacing y with vy — ayy into the
three equations in Equation (4), we obtain:

dy = Vaycosxsiny, dy = Vayysinysiny, d; = Vayy cosy. (21)

In this paper, all the unknown disturbances are to be estimated by some extended
state observers that will be discussed in the fourth section of this work.

3. Model of the Deck Motion
3.1. Deck Motion Dynamics

The aircraft carrier considered in this work is a CVN-65 Enterprise carrier [32]. It has a
length of 331 m and a width of 75.6 m; the angle between the longitudinal axes of the ship
(Opxp) and the runway (O,x,) is by, = 9 deg. The distances between the carrier center of
gravity (Op) and the desired touchdown point (O;) are: 68 m along the longitudinal axis,
3 m along the transversal axis, and 20 m along the vertical axis; thus, the relative position
vector is rid =[-68 —3 —20] B
of gravity should be located on the runway centerline. Since the lines delimiting the runway
are approximately +50 ft from the runway axis, it is desired that the optimal landing area
be at +:22.65 ft from the runway centerline. The runway is equipped with four cables to
slow down the aircraft; the cables are located at 40 ft from each other, the numbering of
these cables (cables 4, 3, 2, 1) being performed in this order starting with the end of the
runway. Ideally, the aircraft should hang cable 3 during landing, and in this case, the
desired touchdown point is given by the intersection of cable 3 with the runway centerline.

The motion of the ship includes both a deterministic and a random part; thus, it can be
decoupled into maneuvering and seakeeping (directly influenced by the wave excitation) [31].
As already stated above, we assume that the ship moves along its longitudinal axis with
constant speed V), the other two components of the velocity being null. The surge, the
sway, and the heave motions of the aircraft carrier are characterized by sinusoidal signals
and the translation dynamics [32]:

. The runway distance is 265 ft, while the airplane center
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T . . . T
thea =[xyl zk] = [Apsin (wpt +Ap)  Apsin (wit+4;)  Aresin (wpet + Ar)] (22)

where x{; , yf, zP. are the displacements of the carrier mass center along Opxp, Opyp, Opzp
axes as a result of the motions induced by the wave excitation; L, is the position vector of
the ship, Ay, A;, Ay are the amplitudes of the sinusoidal signals characterizing the surge,
the sway, and the heave motions, while wy, w;, wy and Ay, Aj, Ay are the oscillation
frequencies and the initial phases of the three motions, respectively. We assume that the
carrier moves toward North (x; = ¥y + B4 = ¥ = 0), the deck pitch and roll being null
(¢4 = 04 = 0). In the absence of the airwake, the deck roll, pith, and yaw are null; instead,
if the disturbances are taken into account, the rotational dynamics of the deck are written

as: q)d = [d)d ed l‘l)d} ! = [dewave edwave lbdwnve] T’ Where q)dwuve’ edwave’ ll)dwave have
the forms ¢, =~ =Agsin(wyt), 04,,, = Aesin(wet), by, = Aysin(wyt), with
Ag, Ag, Ay,—the amplitudes of the sinusoidal signals characterizing the ship roll, pitch,
and yaw, while wg,, wg, wy,—the roll, the pitch, and the yaw oscillation frequencies. The
rotational dynamics of the aircraft carrier are obtained with respect to the vector ®; as

follows: ®, = ®;+ [0 0 9deg] T
According to Figure 1, the deck position vector relative to the inertial frame (ri 4) is:

Py =1l +1hy = R ()l + RL(@,) ) = RY,(®)) (ré’m + vt 0 0"+ r£d> ) (23)

where R; is the rotation matrix from the inertial reference frame to the carrier body-fixed
reference frame; its form is [42,43]:

cos 0 cosxbp cos 0 sinlbp —sin0,
Rpi(cbp) = |sin cbp s1.n 0y cosd)p — CC.)S d>p s%nlj)p sin d>p 51.n 0p S{nd)p —l—cc.)s (j)p cosxbp sin cbp cosBy | . (24)
cosd, sin 0 cosp, +sind,sin, cosd, sin @, siny, —sing,cosp,  cosd,cos 0y

Concluding, the real trajectory of the ship deck is written as (23), where r%,, has the
form (22), while the rotational matrix Ry; is expressed with (24). A simplified equation

for the real trajectory of the deck can be deduced if we write rﬁd = R} (®4) rfd , where

rfd =+ [th 0 0] T, while the rotation matrix from the inertial reference frame to
the deck body-fixed reference frame R;;(®;) is obtained with an equation similar in type
to Equation (24), in which we make the change: ®, — ®;. For small values of the surge,
sway, and heave amplitudes (i.e., waves up to 1 meter high), we can use the approximation
Ryi(®y4) = 1.

3.2. Prediction of the Deck Motion

The sea waves—-wind type disturbances cocktail leads to an irregular motion of the deck;
this causes the drift of the desired touchdown point and transforms the landing process into
a difficult one [33]. Moreover, the surge, the sway, and the heave motions are considered
stochastic processes; these can be measured at various times, but the measurements are
generally inaccurate and contaminated by noise. This is a serious problem that requires
the prediction of the deck motion, i.e., the estimation of the deck position vector with
high precision at any given time. By introducing an algorithm predicting the carrier deck
motion into the automatic carrier landing system, we enhance the accuracy of the guidance
architecture especially during the touchdown stage.

Difficult prediction algorithms are presented in the literature [31-33]. Usually, these
algorithms involve a simple DMC, which predict and compensate the motion of the deck. In
this paper, we separately treat the prediction and the compensation problems by designing
two independent blocks—a deck motion prediction block and a deck motion compensation
block. The output of the block for deck motion prediction represents the input of the block
for the deck motion compensation. This way, the aircraft can correct the position of the ideal
touchdown point using fewer signals from the ship, while the landing accuracy is improved
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by considering both the airplane-ship relative landing geometry and the configuration of
the landing spot on the carrier.

The prediction of the deck motion is obtained in this paper by means of a recursive-
least squares (RLS) algorithm-based filter. RLS algorithm is generally used for system
identification and adaptive control. In contrast to the least mean squares (LMS) algorithm,
the RLS filter has better convergence speed. The equations associated to a RLS filter are [44]:

k(1) = e gn “;;u(n), y(n) =w(n—1)u(n), e(n) =d(n) - y(n), 25)
wn) =wn—1)+ kY (n)e(n), P(n) =A"'P(n —1) = A" k(n) u"(n) P(n — 1),

where n—current time, u(n)—vector containing the input samples at step 1, P(n)—inverse
covariance matrix at step 1, k(n)—gain vector at step 1, w(n)—vector of estimates at step 7,
y(n)—filtered output at step 1, e(n)—estimation error at step 1, d(n)—desired response at
step 1, A—forgetting factor (coefficient), while #" (1) and k(1) are the hermitian functions

at step 1 for vectors u(n) and k(n) , respectively; 1 — - < A < 1, with L—filter length. For
2L

our case, the input of the RLS filter is d(n) = rﬁ ; (deck position vector), while the filtered
output of this block is y(n) = i'l: ; (predicted deck position vector).

3.3. Compensation of the Deck Motion

In order to cancel the inherent phase lag in the frequency range of the carrier motion
and prevent the appearance of large landing errors or even landing failures, deck motion
compensation (DMC) blocks can be introduced in the architectures of various ACLSs. The
cancellation of the phase lag can be achieved via a classical DMC (phase-lead network)
by placing the frequency response of the desired position close to the unity gain and zero
phase between the frequency ranges of the carrier motion. Compared to the frequency
domain designed DMC (used sometimes in conventional ACLSs and more), the tracking
differentiator-based deck motion compensation (TD-DMC) has much simpler structure, an
easier parameter tuning being ideal for arranging transient processes [3]. In the literature
dealing with the automatic carrier landing control, the TD-DMC blocks have been used till
now only for obtaining the imposed values of the aircraft altitude. Therefore, its use in this
paper in tandem with a deck motion prediction block represents an innovative element.
Thereby, we include in our novel landing control architecture a TD-DMC whose input is
the output of the deck motion prediction block, i.e., the predicted deck position vector i‘f T
The output of the TD-DMC (denoted i'gél) is a signal necessary to establish the reference
trajectory of the aircraft.

As any tracking differentiator, the TD-DMC block decreases the deviation between a
command signal and a feedback signal, improving the tracking performance, as well as
generating tracking and differential signals of the reference signal. Denoting the reference

signal (f'; d) with 7 and the output signal of TD-DMC (A' ! ) with 7, the equations of the
TD-DMC are [44]:

- _ - a - a

U1 =Ty, Ug = —1 (E —sgn (a)) sa—risgn(a), U, =—r (E —sgn (a)) sa —r1sgn(a), (26)
where 77 denotes the tracking signal of v; 7, is the differential signal of 7; I'1, I', 71, and
hq are scalars; d = hll’%,ao = hy 0y, Yo=0U1—0+ay=701 -0+ hv,, a1 = /d (d +8 |y0|),
ay = ap + sgn (yO)'#/Syo = [sgn (yo + 4) —sgn (yo—d)]/2, a = (ap+yo — az) sy, + az,
and s, = [sgn(a+d)—sgn(a—d)]/2. 7, is an optimal control law that guarantees an

excellent convergence (without overshoot) from v to 7, the speed of this convergence being
also adjusted by changing the parameters I';, I'p, 71, and h;.
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4. Automatic Carrier Landing System Design
4.1. Reference Trajectory of the Aircraft

Before the design of the controllers, one has to generate the reference glide slope, i.e.,
the reference trajectory of the airplane; obtaining the desired trajectory means to compute
desired expressions for the components of the aircraft position vector r/, having in mind
that the deck motion causes a drift of the ideal contact point. Let us denote the coordinates
of the aircraft desired position with x*, y*, and z*, respectively. The aircraft real position

relative to the inertial reference frame is denoted with rf .= [x y z} T, the real position
of the desired touchdown point is denoted with rf = [xd Yd zd] T, while the desired

position vector of the airplaneis 7 * = [x* y* z*] T Figure 3a [22] presents the aircraft-
ship relative motions in longitudinal and lateral-directional planes; v, = —2.5deg is the
imposed slope angle, while 05 denotes the angle between the longitudinal axes of the carrier
and runway, its desired value being 13, = 9 deg. In the longitudinal plane (Figure 3b),
for the AO,0; triangle, one writes: tan vy, = i;_zfc <z =(x;—x) tan vy, +z;. We can
also remark that z is the airplane altitude relative to the deck; therefore, considering that
hj = 30m is the high of the deck relative to the sea level, the previous equation is written
as follows: z* = (x; — x) tan ys + z4 + hy . In lateral-directional plane (Figure 3c), for
the CO,0; triangle, one writes: tan 05 = {4 < y = y* = (xg — x) tan 0; + y,; one has
considered that the angle between the longitudinal axis of the ship and the longitudinal
axis of the aircraft should be equal to the angle between the longitudinal axis of the aircraft

carrier and the runway centerline, i.e., 0, = Yap =9 deg.

Desired
touchdown point

-

2 ——
J

Angled flight deck
B —— ]
. ——r

=T
== =

" Desired path varies
with respect to time

(@)

Real trajectory

a

(b) | ©

Figure 3. Aircraft-ship relative motion in longitudinal- and lateral-directional planes (a), in
longitudinal-directional plane (b), in lateral-directional plane (c).

Concluding, the above presented method provides the expressions associated to the
aircraft reference trajectory:

X' =2x4, ¥y = (x5 —x) tan 0 +y,, z¥ = (xg—x) tan ys+z4+ hy. (27)

4.2. Design of the Sliding Mode-Based Command Differentiator

The backstepping control method to be used for the design of the controllers requires
the complete knowledge of the virtual commands and of their derivatives. Moreover,
the automatic carrier landing problem is a moving path following problems involving
high-order systems and differential calculation for obtaining the time derivatives of the
virtual commands. In these situations, the computing burden is considerable, leading to
the so called “explosion of terms”; a solution to this problem is to use command filters in
the control architecture to compute the virtual commands and their derivatives, thus not
affecting the control performance.

The command filter used here is a sliding mode-based command differentiator (SMCD),
namely a command filter (reference model), which is based on the sliding mode approach.
The equations associated to the SMCD have been borrowed from [33]. To introduce
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these equations, we first define the following vectors: e = [el e ... en]T € R",
a=[m a ... an]T ERb=[b by ... by T ¢ R". The components of these
vectors are denoted with [e];, [a];, [b];, i =1, n; all the entries of vectors a and b satisfy
the conditions: [a]; > 1,0 < [b]; <1, i =1, n. We consider y.—the calculated value of

a vector y, —the imposed value of the vector y, and jj—its derivative. For obtaining a

computational expression for 7 and ¥, with respect to Yy, one defines the function:

£o0:0:9) (e) = diag { [[e];| 1P L [sgn(le] ) sgn(lely) .. sgn(le],)] (28)

with o ([a];, [b];, [e];) = 3 ([a];+[b];) + 5 ([a]; — [b];)sgn (|[e];| = 1), i = 1, 7. Cus-
tomizing the theory from [33] to our case, we obtain:

? — _kO]fU (a,h,yfyc) (y _ yc) _ kozfa (bla'yfyc) (y — yC) , (29)

where ko = diag {k11 k12 ... ki,} and kop = diag{ka1 kxp ... ko, } are positive
definite matrices. The fast fixed-time stable convergence y — y, in a settling time depend-
ing on the components of the vectors a and b, as well as the accurate estimation of the
derivatives of the reference commands are proved in ref [33].

4.3. Design of the Controllers

This subsection includes the design of four controllers and the design of the approach
power compensation subsystem (APCS). To begin with, the design control methodology
involves three functional parts, namely a guidance subsystem, an attitude subsystem, and
an approach power compensation system. In turn, the design of the attitude subsystem
is decomposed into three different steps, namely the flight path control, the control of
the attitude angles, and the control of the angular rates. Each subsystem is controlled by
an intermediate virtual control and/or relevant actuators. Sequentially, the backstepping
control is combined with sliding mode-based command differentiators (for the computation
of the virtual commands) and extended state observers (for the estimation of the external
disturbances). The architecture of the novel automatic carrier landing system is presented
in Figure 4 with some state feedbacks omitted for simplicity.

Guidance control Vo Attitude control

X =
Guidance Flight path Attitude angle Angular rate 8 ]).ytl.arr{ics and
¥)—>{controller (33) controller (37) ¥)—>»|controller (40) controller (43) limitations of
A Cy ~ A & - ~Ke, - . 27 - control surfaces
i’ 4 X . X3 3 X, 4
ESO_1 (34) ESO_2 (38) ESO_3 (41) ESO 4 (44) 5
K Pl A A A i
Xy, X, X;,%;3 X3,X, x,;,0
Aircraft 6-DOF
o a,9,

dynamics (5)

Reference Generation Subsystem

Prediction of | "¢ i IEO—S )

dg,

dd,.dy.d,,

Fig i
the deck motion d, 5 ——
Lo ~ri + v Sr‘ .yn.am'lcs an
| %1 [ Generation of the ‘r"d Compensation of : ZF>| APCS (46) > hn“ﬂtitmils of
reference trajectory| the deck motion A e, ottle
/ o
Approach power

compensation system

Figure 4. Architecture of the automatic carrier landing system.
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Since the ACLS in Figure 4 has no measurement devices for the disturbances (airwake
and wind type disturbances), some observers for the estimation of the disturbances are
required. For this, we choose the extended state observers (ESOs) [3,20] because of their
multiple advantages [45]: (i) ESOs are efficient and powerful tools for the estimation of
the state and disturbances in uncertain nonlinear systems; (ii) these observers can estimate
in real time both the state and the disturbances of the system; (iii) ESOs are extended
high-gain observers, the system total uncertainty being considered as an extended state
and estimated simultaneously with the state of the system; (iv) intrinsic robustness with
respect to uncertainties; (v) good performance even if the observer’s gain is high; and
(vi) using the estimated state provided by an ESO, the uncertainty of a system can be
directly compensated in real time by means of a controller.

To generally present the equations of an ESO, we define general dynamics:

x=f+bu+d, (30)

where f € R"—unknown nonlinear function, d € R"—the vector of disturbances to be
estimated, and u# € R™—the vector of inputs or pseudo-commands. By means of notation
g = f+d, the system from Equation (30) obtains the form: x = g+ bu. Considering that
Assumption 3 is satisfied, the disturbance vector d can be accurately estimated with the
ESO [3,20]:

{ t =g+ Bi(x— %) +bu, -
§=Palx—2%),

where % and § are the estimated values of x and g, p; = diag {2w; 2w, ... 2w},
and B, = diag {w? w3 ... w3};w,;, i=1,n,are the amplification gains of the ESO.

Computing the vector § = f+ d, one obtains the estimation of the disturbance d = § — f.
We will consider in this work that the estimation error § = g — ¢ always converges to a
small region in finite time; the proof is given in [20].

Step 1: Guidance control

The main target of the guidance subsystem is to compute the desired values of the
heading angle (x) and trajectory slope angle (v) . In other words, we consider the known

*

vector x; = [y*  z*] T—Equation (27), and we want to obtain the vector x5 = [x* v*] T
A guidance control law has to be designed to make the aircraft accurately track the refer-
ence trajectory.

To begin with, the desired values of the components of the vector ¥; (i.e., ¥ and z),
as well as the derivatives of these variables (i.e., y and ?) are obtained by means of a first
sliding mode-based command differentiator (SMCD_1). The design of the guidance control
law is achieved by using the first line in Equation (5), the target being the convergence
x1 — X . For this, we define the tracking error ey, = X; — x1 and the Lyapunov function
Vi(ey,) = %e}l ex,; the time derivative of ey, becomes:

ex; = X —X =X —fi —bixy —di + Eey, — Eqey, (32)

where &, € R?*?2is a positive definite matrix; one chooses &; = &I, with &—positive
constant and I,—identity matrix. In order to cancel the error e,,, we impose a desired form

for (32), i.e., ey, = —&;ey, and we obtain: ¥ —f1 — bixy — dqi + &1ex; = 0, which leads to:
* _ p—1(= I
%= by (%1 —fi + Gaex, — 1), (33)

where d; is the estimated value of d; = [dy dz] T observed via the first extended state
observer (ESO_1):

{ 3?1 =g, + Bu(x1 — 1) +bixg, (34)
81 = Bou(x1 —%1),
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with By; = diag 2w, 2ws), By = diag (w? w2), § = f; +d1; ESO_1 cancels the
error 31 =d; —d,.
The time derivative of the Lyapunov function V7 is:

Vi(en) = el by, = xl( —f, b — d1> —el Erey —el d;. (35)

Step 2: Flight path angle control

The flight path angle control is the first step in controlling the aircraft attitude, which
mainly involves the determination of the command vector 8, as well as the fulfillment
of the following three convergences: x — X, x3 — ¥3, x4 — X4. The aim of this step is to
control the heading angle (x) and to obtain a pseudo—command for the next subsystem. In
Step 1, we obtained the vector x5 = [X 2% ] which is used now for the control of the
heading angle. Thus, by means of a second shdlng mode-based command differentiator
(SMCD_2), the desired values of the components of the vector ¥, (i.e., X and ¥), as well as
the time derivatives of these variables are obtained; only X and ¥ are used in this step. We
define the tracking error e, = X — x and the Lyapunov function V;(ey ) = ; by means of
the second line of Equation (5), we write:

_2X’

ex =X —X =X~ fa—bap—dy — Eey + ey, (36)

with &—positive constant defined above. By using the backstepping control and by impos-
ing a simplified form for Equation (36), namely e, = —£&ey, the virtual control is computed
as:

w* = byt (i — fo+ ey — dx) ) 37)

where dy, (the estimation of the disturbance dy ) is obtained by means of the second extended
state observer (ESO_2):

>?=§2+ﬁ12(x—>2)+b2u, (38)
8 =Bn(Xx—%),
with B = 2wy, Py = w%, and § = fo + cfx. The time derivative of the Lyapunov
function V, becomes:

Vz(ex) =eyey =6y (i—fz — bypu* _dx> = —.ie —eX X7 (39)

with dy = dy, — dy.

Step 3: Control of the attitude angles

Within this step, the convergence x3 — X3 has to be obtained by computing the virtual
control xj. To begin with, in order to deduce the expression of X3, one has to compute

first the vector x§ = [0* B* p*] " and then employ a sliding mode-based command
differentiator (SMCD_3); the pseudo-command p* has the form of Equation (37), * = 0,
while 6" = v* 4+ «*, where y* = x;(2) (computed with Equation (33)) and «* = 8deg.
By using the vector x3 as y, in Equation (29), SMCD_3 provides the desired values of
the components of the vector j = ¥3= [0 B T T as well as the time derivatives of
this vector.

Now, let us define the error ey, = ¥3 — x3 and the Lyapunov function V3(ey,) = %e% exs;
by using the same procedure as above, the fulfillment of the convergence ey, — 0 is
performed with the backstepping control method. The time derivative of the error ey, is
computed as: ey, = X3 —f3 —b3xy — dz + Ezex, — E3ex,, with &3 = EI3 € R3X3—positive
definite matrix. Imposing ey, = —&zex,, one obtains:

X = b3 (%~ fi+ Gen — ), (40)
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with d;—the estimated value of d3 = [do dp  dy] T. the error ds = d5 — dj is cancelled
by the extended state observer (ESO_3):

9?3 =83+ B13(x3 — &3) + baxy, (41)
83 = Bas(xs —33),

with By = diag (2w 2wy 2wj3), By = diag (w? w3 w?), &5 = f; + d3. We also
compute the time derivative of Lyapunov function Vj:

V3(ex3) = e;{aéx3 = e;{s <§3 —f3 —baxj — d3) = —e;£3 &3y, — 8;5333. (42)

Step 4: Control of the angular rates

A similar technique is employed in this case too, the convergence x4 — ¥4 being
obtained by computing the control vector §.. Using x; computed with Equation (40) as
the input vector of the fourth sliding mode-based command differentiator (SMCD_4),
one obtains ¥4 and ¥;. The error to cancel is ey, = X4 — x4, while the Lyapunov function
candidate is chosen as: Vy(ey,) = %eae,{4 ; the control law for the angular rate loop is
obtained as follows:

5. =b,! (@ —f1+ &alx, — 214) , (43)

with &4 :~E,3 = £I; € R3*3; the extended state observer (ESO_4), designed for cancelling
the error dy = dy — dy, is governed by:

Ry = 8y + Bra(va — %) + b8, )
8y = Boa(xs —24),

with B14 = B13, Bos = B2s, §4 = f; + ds. The time derivative of the Lyapunov function V,
is:

V4(ex4) = e,aéx4 = 631;4 (§4 —f1—b3d— d4> = —e£454ex4 - e}ﬁ;;. (45)

Step 5: Approachpower compensation subsystem design

To land safely, an accurate airspeed control is mandatory. However, because of the
deck length, the aircraft speed should be much lower, while the attack angle should
have larger values. Since this phenomenon can easily cause instability, an approach
power compensation system (APCS) is included in the architecture of the novel ACLS to
automatically control the throttle and the phugoid damping [21]. Having in mind that
the APCSs with constant attack angle provide better results than the APCSs with constant
airspeed, an APCS is developed in this subsection to directly control the attack angle, to
indirectly control the airspeed, and to formulate the throttle command &, .

According to the fifth line of Equation (5), the attack angle & depends on the throttle
input; a new sliding mode-based command differentiator is not needed here since we
consider @ = o* = 8deg. The attack angle should be maintained constantly during carrier
landing by adjusting the thrust. Let us consider the tracking error of the attack angle
ea = @ — &, as well as the Lyapunov function Vs (e« ) = 1e%; by means of the fifth line of
Equation (5), we write: e, = X— = —fax — badt —d'« — Eex + Een, with E—the positive
constant defined above. By using the backstepping control and by imposing e, = —&eq,
the throttle command is written as:

dt, :b&l (_foc‘i‘((—.eoc_dA/oc)/ (46)

where d’ (the estimation of the disturbance d’y) is obtained via the fifth extended state
observer (ESO_5):

(47)
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with B15 = B12, Bas = B, §a = fo + @'« Denoting d'y =d « —d , the derivative of
V5 becomes:

V5(e“) = —Ee%x —eod . (48)

4.4. Stability Analysis

The main outcome of this work is summarized as follows:

Theorem 1. Consider aircraft dynamics using Equation (5), under external disturbances (airwake,
wind shears, atmospheric turbulences, wind gusts) and suppose Assumptions 1 and 3 are satisfied. If
the controllers are obtained with Equations (33), (37), (40), (43), and (46), along with the convergent
extended state observers using Equations (34), (38), (41), (44), (47), as well as four sliding mode-
based command differentiators of form from Equation (29), then, the aircraft reference trajectory is
accurately tracked, and the closed loop system is globally stable.

Proof. Let us consider the complete Lyapunov candidate function as: V) = Z Vi
= % (e}lex1 + eX + ex33x3 + eMeX4 + e(x) > 0. Combining Equations (35), (39), (42) (45)
and (48), the time derivative of the function Vj is governed by:
. 5 . ~ ~ ~ ~ ~
Vo = Z Vi=— (e};l &€y, + Eei + ezség,exs + e$4i4ex4 + Ee%x) — (e}1 dy +exdy + e£3d3 + e§4d4 + eocd’oc) . (49)
=1
Because &1 = &, &3 = &4 = &I, we wrrite e}l L1ex, = E,e;exl , e;£3£,3ex3 = £e£33x3 ,
e§4£4ex4 = E,e14ex4, and we compute:
Vo = - (eglex] + e;ex3 + 6548354 + ei + e%x) — (31131 + exélvX + 635333 + ez4ﬁ4 + eoﬁ’(x) . (50)

Using Young's inequality, written under the form: z; TAz, < g|21 zz| <& (z¥z1 + zgzz) ,
with ¢ = ||A||,,, one obtains:

L <} (e + @), e <} (& +),

1
; 1)
~ Ty ~ ~2
ex3d3 < % (exSex3 + d3Td3) , J2114 < % (e,T%ex4 +d4Td4> , eald o < % (ef,c +d"x) ,
while, by means of Assumption 3, Equation (50) yields:

VO < - (E’ - %) (6}183(1 + e}3ex3 + er31;4ex4 + 82 + ez ) + % (ElTal + H3T;1{3 + a4TH4 + &%( + &702() =
Vo < —(26—1) (el ex, + el ex, + el ex, + 62 +6%) + %(El +dy +d3 +d4 +ch) , (52)

Vo
equivalent to

Vo < —@yVp +dy, (53)

where Wy =2¢ —1>0and dy = %(El +HX +d3+dy+dy
By integrating both sides of Equation (53), one obtains the following result:

W <

Vo(0) — ZZ)V] exp (—wyt) + e (54)

which proves that Vj is bounded and, in this case, ey, , ey, ex;, €y, , e« are umformly
bounded. Additionally, with Lemma 2 from [21], we obtain the boundedness of d1 , dx , d3 , d4,
and d’ . Moreover, Equations (53) and (54) show that choosing a large value for constant &
such that @y is much larger than dv, Vo converges into region () = {V() N < } The
proof is complete. [J
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5. Numerical Simulations
5.1. Numerical Simulation Setup

In this section, a series of numerical simulations has been carried out to verify
the effectiveness of the proposed control architecture. The airwake, the wind shears,
the atmospheric turbulences, and the wind gusts are adopted as the main disturbances
of the system. The geometry and the aerodynamic parameters of the SIAI Marchetti
5211 aircraft are also given in Appendices A and B. The imposed value of the slope an-
gle is set v, = —2.5deg, while the angle between the longitudinal axes of the carrier
and runway is 0s = Y, = 9deg. The initial position of the aircraft is (xo; yo; z0) =
(—2160m; 342.1m; 132.2m), i.e., 132.2 m away from the desired trajectory in longitudi-
nal plane and 342.1 m away from the imposed trajectory in lateral-directional plane. By
controlling the attack angle of the airplane (within APCS), the velocity is kept constant
(37 m/s). For the CVN-65 Enterprise carrier ship considered in this work, we assume that
the aircraft carrier moves along its longitudinal axis with constant speed (V, = 10m/s) .
The amplitudes and the frequencies of the sea perturbations (Equation (22) and the ex-
pression of vector ®;) depend on the sea state and the height of waves; we consider
in the simulation the surge, sway, and heave motions for a moderate sea, namely [32]:
Ap =02909m, A; = 0431m, A, = 0.6789 m; w, = 0.3307 rad/s, w; = 0.3307 rad/s,
wye = 0.3491rad/s; Ap=0.6223deg, Ag = 0.5162deg, Ay, = 0.18deg; wy, = 0.2856 rad/s;
wg = 0.5236 rad /s, wy, = 0.52 rad/s. For the simulation of the wind shears (Ws), atmo-
spheric disturbances (Ws), and wind gusts (W7), one used the simulation blocks from
the Matlab library, light values of the three disturbances being chosen. For the wind
shears, one considered Wyy = 15m/s and 0 degrees clockwise from North. For the
atmospheric disturbances described by Dryden spectral model, one employed a light
turbulence, with 0.1 seconds band-limited noise sample time, 533 m scale length at
medium/high altitude, and [23341 23342 23343 23344] noise seeds. For discrete wind

gusts, one has chosen a length described by [134.87 67.43 66.66] m and an amplitude of

[0.89 0.89 0.45] m/s. The initial aircraft trim state involves: x; = [342.1m 132.2m| T

x; = [-325deg —7.5deg]’, x3 = [L.5deg 0.05deg 035deg]’,x = [0 0 0],
while the trim value of the aircraft velocity is 37 m/s, this value being kept constant by
means of the APCS system.

For good convergence speed of the TD-DMC block, the following parameters were
chosen: I'1 = 2.85,Tp =1, =7, iy = 0.058. For sliding mode command differentia-
tors, we used: [a]; = 1.1, [b]; = 0.7, ko; = diag {1072 1072}, ko, = diag {14.5 14.5}
(for SMCD_1), kg = ko = diag {1073 1073} (for SMCD_2 and SMCD_4), and k¢; =
diag {0.05 0.05 0.05}, ko = diag{0.5 0.5 0.5} (for SMCD_3). The amplification
gains of the extended state observers were selected by using w; = 25, while for all the
backstepping-based controllers, we adopted & = 0.6.

Remark 4. In the literature, there are some modern techniques for tuning the design parameters
of the backstepping control laws [46,47]. On the contrary, [18] and [42] have theoretically proved
that the increase in the backstepping controller gain generally leads to better robustness since
the conditions Vi(ex,) < 0, Va(ey) < 0, Va(ey) < 0, Vy(ex,) <0, Vs(eq) < 0 are better
fulfilled. Having in mind that & = &I, &3 = &4 = &I3, the control laws in Equations (33), (37),
(40), (43), and (46) depend on the gain & ; because there are limitations regarding the maximum
values of the variables/vectors x5 , W*, xj , x3 , 8¢, 84, the gain & cannot be increased indefinitely.

5.2. Simulation Results

The simulation results are provided in Figures 5-13. Figure 5 presents the longitudinal,
the lateral, and the vertical components of the resultant airwake (consisting of free-air
turbulence, turbulence induced by the carrier periodic motion, and constant and random
carrier-wake turbulences) for moderate sea, the resultant wind (consisting of light wind
shears, light atmospheric turbulences, and light wind gusts), as well as the resultant
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disturbances in forward, lateral, and vertical directions (uy, vw, wy) defined in Section 2.
Figure 6 presents the roll, the pitch, and the yaw of the carrier deck (rotational dynamics)—
angles ¢, 84, 14, as well as the surge, the sway, and the heave motions of the carrier
(translation dynamics)—the displacement of the carrier mass center along O,x,, Opyp, and
Opz)p axes as a result of the motions induced by the wave excitation.
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Figure 6. Rotational and translation dynamics of the carrier deck.
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Figure 8. Time histories of the variables associated to ESO_1 and guidance control.
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Figure 12. Trajectory of aircraft and carrier.
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Figure 13. The distribution of the landing points depending on sea state and wind intensity.

The first three mini-graphics in Figure 7 are associated to the block for the deck motion
prediction (based on the recursive-least squares algorithm and detailed in Section 3.2); the
target of this block (i.e., the noise decontamination of the signal associated to the deck

motion) is achieved since the predicted deck position vector (ifﬁ d) tends to the real deck

position vector (r§ )~ For the deck motion prediction, it can be remarked that after less than
2 s, the curves obtained with the deck motion prediction system are superposed over to the
curves associated to the real motion, which proves the efficiency of the prediction algorithm.
The last three mini-graphics in Figure 7 are associated to the tracking differentiator-based
deck motion compensation detailed in Section 3.3. The TD-DMC block decreases the
deviation between the reference signal (i.e., the predicted deck position vector i’ﬁ ;) and
the feedback signal (i.e., the signal ?ﬁi necessary to establish the reference trajectory of the
aircraft); very good tracking performance is obtained in less than 9-10 s.

For the guidance control (Step 1), Figure 8 depicts: (i) the two components of the dis-
turbance vector d; (continuous lines), as well as their estimated values d,, rfy (dashed lines)
obtained via the first extended state observer (ESO_1); (ii) the lateral and the vertical aircraft
imposed coordinates (i and z) with continuous lines, as well as their controlled values by
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using the backstepping-based guidance controller (with dashed lines). From the estimation
point of view, ESO_1 is convergent since the components of the estimated disturbance
vector (dl) tend to their real values, this being equivalent to the cancellation of the error
d; = d; — dy. Thus, ESO_1 provides excellent ability in estimating the disturbances. When
beginning the descent path, the airplane should track the vertical and lateral references [33].
Thus, by using the controller Equation (33), the tracking error ey, = X1 — x1 is cancelled,
the convergence x; — x; being achieved in less than 4 seconds; the convergence of the
guidance controller leads to the cancellation of the initial deviation between the airplane’s
real and desired trajectories obtained with a block generating the reference glide slope
(x}) and then by means of the sliding mode-based command differentiator SMCD_1 that

achieves the convergence x] — X1, also providing the time derivative %;. For an accurate
presentation, the time histories of the vectors x] and ¥; are not provided here.

For the flight path angle control (Step 2), Figure 9 depicts: (i) the disturbance dy
(continuous line), as well as its estimated value cfx (dashed line) obtained via ESO_2; (ii)
the imposed value of the heading angle (), as well as its controlled value (x) by using the
backstepping-based flight path angle controller; (iii) the disturbance d’ (continuous line),
as well as its estimated value d’ x (dashed line) observed with ESO_5; (iv) the desired value
of the attack angle (o*), as well as its controlled value by using the backsteppmg—based
APCS. ESO_2 and ESO_5 are convergent and cancel the estimation errors dy, = dy — dy and
do=do—dy, respectively. Additionally, by means of the backstepping-based control
laws (37) and (46), the tracking errors ey, =X — x and e, = & — « are cancelled in about 5 s.

Figure 10 presents the main variables for the attitude angle control (Step 3): (i) the three
components of the disturbance vector ds (continuous lines), as well as their estimated values
do, d g, d d,, (dashed lines) obtained by means of ESO_3; (ii) the real and the imposed values
of the pltCh angle (0 and 0), sideslip angle (B and B), and bank angle (i and ), respectively.
ESO_3 cancels the estimation error d3 = d3 — d3, while the attitude angle controller uses
the signals provided by SMCD_3 and the backstepping-based virtual control shown in
Equation (40) to cancel the tracking error ey, = ¥3 — x3 and to achieve the convergence
x3 — X3 in less than 5 s.

Remark 5. In the last part of the landing process, when the variables are close to their steady values,
the pitch angle oscillates between 5 and 6 deg, especially because of the airwake producing the heave
motion; by using the mean value of the pitch angle (i.e., 5.5 deg) and the steady value of the attack
angle (8 deg) (see Figure 9), we can easily remark the concordance between the imposed value of the
slope angle and the one resulted from simulations: vy = 5.5 deg — 8 deg = —2.5deg = v;.

Similarly, for the control of the angular rates (Step 4), in Figure 11 depicts: (i) the three
components of the disturbance vector d4 (continuous lines), as well as their estimated values
dp, dg, dr (dashed lines) observed via ESO_4; (ii) the real and the imposed values of the roll,

pitch, and yaw angular rate, namely the components of the vectorsxy = [p g 7] Tand

=7 7 7 T respectively. Both ¥4 and its time derivative (necessary in the controller
Equation (43)) have been obtained by means of SMCD_4 that achieves the convergence
x; — X4, where x} has been computed with virtual control shown in Equation (40). We
remark the convergence of ESO_4 (Equation (44)), i.e., the cancellation of the estimation
error dy = ds — dy, as well as the cancellation of the tracking error ey, = X4 — x4.

Figure 12 presents the characteristic z = z (x, y) for a classical carrier landing process
involving final approach, glideslope, and touchdown phases. The following conclusions
can be drawn: (i) the aircraft successfully accomplishes the landing under the control of the
scheme from Figure 4; (ii) the real time varying trajectory of the aircraft tends to its reference
time varying trajectory, thus proving not only the accuracy of the backstepping controllers
but also their robustness with respect to the disturbances considered in this work (airwake,
shears, atmospheric turbulences, wind gusts); (iii) the airplane achieves a safe landing in the
presence of deck motion (see Figure 6), carrier airwake, and other wind type disturbances
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(see Figure 5); (iv) under the proposed ACLS, although the desired touchdown point has
oscillations in vertical and lateral planes, the airplane motion overlaps the carrier motion,
successfully capturing the time-varying reference trajectory; (v) due to the presence in the
ACLS of the blocks for the prediction and compensation of the deck motion, the glide path
commands are corrected, thus enhancing the accuracy of the guidance control scheme; (vi)
the transition from glideslope phase to touchdown phase is continuous and smooth, the
stability of the system being not altered.

Figures 5-12 have been drawn for moderate sea, light wind shears, light atmospheric
turbulences, and light gusts. Now, it is interesting to see how the intensity of the airwake
(quantified by the sea state) and the intensity of the wind influence the aircraft landing point.
Figure 13 presents the distribution of the touchdown points depending on the sea state
(airwake) and the intensities of the three wind type disturbances (wind shears, atmospheric
turbulences, gusts). Thus, we simulated the functionality of the novel ACLS for different
scenarios by considering three types of wind (light, moderate, and severe) and four types of
sea (calm, moderate, rough, and very rough). The three mini graphics prove that the wind
intensity influences to an insignificant extent the touchdown point, whether or not a DMC
block is used. Instead, the state of the sea and the amplitude of the sea waves have a visible
influence on touchdown landing point; moreover, the use of a deck motion compensation
block also influences the point of contact with the runway. A quantitative comparison is
detailed in Table 1. The more turbulent the sea and the higher the intensities of airwake
disturbances are, the greater the longitudinal and lateral deviations from the ideal point of
contact with the runway are. Moreover, the deck motion compensation block improves
the landing accuracy, decreasing on average the longitudinal touchdown error by 39.38%
and the lateral touchdown error by 63.76%. Thus, we conclude that the TD-DMC block
significantly increases the success rate of the ACLS. The longitudinal and lateral errors have
been computed relative to the ideal touchdown point (intersection of the runway center line
with the third cable transversely positioned on the deck) characterized by (x; y) = (0; 0).
Even in the most unfavorable scenario (very rough sea), for the novel ACLS (Figure 4),
the two tracking errors remain within an imaginary circle with radius R = 1 m, which
corresponds to the best landing standards of the Federal Aviation Administration [33,48].

Table 1. Distribution of the touchdown points.

Longitudinal Without tracking differentiator-based DMC With tracking differentiator-based DMC
Touchdown Error [m] Light wind Moderate wind Severe wind Light wind Moderate wind Severe wind
Calm sea 0.0975 m 0.0964 m 0.0951 m 0.0028 m 0.0018 m 0.0007 m
Moderate sea 0.2191 m 0.2180 m 0.2170 m 0.1163 m 0.1153 m 0.1142 m
Rough sea 0.3893 m 0.3882 m 0.3870 m 0.2793 m 0.2783 m 0.2773 m
Very rough sea 0.6233 m 0.6223 m 0.6211 m 0.5011 m 0.5002 m 0.4990 m
Lateral Touchdown Without tracking differentiator-based DMC With tracking differentiator-based DMC
Error [m] Light wind Moderate wind ~ Severe wind Light wind Moderate wind ~ Severe wind
Calm sea 0.341 m 0.341 m 0.341 m —0.2913 m —0.2913 m —0.2913 m
Moderate sea 0.5151 m 0.5151 m 0.5151 m 0.1930 m 0.1930 m 0.1930 m
Rough sea 0.7915m 0.7915 m 0.7915m 0.4833 m 0.4832 m 0.4832 m
Very rough sea 1.1609 m 1.1609 m 1.1609 m 0.8708 m 0.8708 m 0.8707 m

Remark 6. From the time characteristics presented in Figures 5-13, the following can be concluded:
(1) the deck motion is accurately predicted and compensated; (2) the SMCDs from the architecture of
the ACLS provide the virtual commands and their time derivatives, preventing the occurrence of the
“explosion of terms” phenomenon and not affecting the control performance; (3) the disturbances,
depending on the airwake, wind shears, atmospheric turbulences, and wind gusts, are successfully
estimated by means of the five ESOs and then suppressed by means of the five backstepping
controllers; (4) the novel ACLS is characterized by excellent trajectory tracking capability, as
well as very good adaptability to the unexpected and even sudden changes in the state of the sea;
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(5) we managed to prove both theoretically and through numerical simulations that the proposed
landing auto-pilot ensures the landing at the desired touchdown point within small error margin.

The ACLS proposed in this work brings innovative elements, the most important
being: (1) the deck motion involves both the maneuvering and the seakeeping motions;
(2) complete new dynamics, all the equations including disturbance type terms; (3) the
dynamics are brought to an affine form, thus making many advanced nonlinear control
methods suitable to be employed; (4) the deck motion compensation is, for the first time,
achieved using the signal provided by a deck motion prediction block; (5) the disturbances
in the system include, for the first time, not only the airwake but also the wind shears, the
atmospheric turbulences, and the wind gusts; (6) within guidance and attitude control, one
designed an innovative combination between sliding mode-based command differentiators,
extended state observers, and backstepping controllers.

Our new designed ACLS offers tracking performance better than the conventional
automatic carrier landing systems; for the conventional ACLS presented in [3], the lon-
gitudinal and the lateral touchdown errors are both equal to 0.56 m; in contrast, for the
simulated scenario involving moderate sea and light wind type disturbances, the longi-
tudinal and the lateral touchdown errors for the backstepping-based control architecture
proposed in this work are 0.1163 m and 0.1930 m, respectively. Moreover, the controllers
from the conventional ACLSs do not have the capacity to provide the desired performances
and cannot ensure a safe landing in the case of severe or unexpected disturbances. The
proposed ACLS using blocks for prediction and compensation of the deck motion has
small touchdown dispersion from the desired touchdown point and in 100% of the possible
scenarios (including severe wind and very rough sea), the aircraft succeeds in achieving
a precision landing; in contrast, the ACLS proposed in [31] is characterized by a 95%
success rate.

The ACLS designed in this paper tracks the time-varying reference trajectories more
quickly and accurately than the ACLS from [49], which involved the use of three control
techniques (incremental sliding mode control—ISMC, nonlinear dynamic inversion—NDI,
and incremental nonlinear dynamic inversion—INDI), as well as the airwake compensation
by means of some homogeneous extended state observers. The transient regimes are 20 s
for ISMC-based ACLS, 25 s for INDI-based ACLS, and 27 s for NDI-based ACLS; in contrast,
our automatic carrier landing system provides the tracking of the reference trajectory in
only 4.5s. Moreover, all the three ACLSs given in [49] are sensitive to carrier airwake
in the last part of the descent phase, important fluctuations being remarked for velocity
(about 3 m/s), climb angle (about 0.5 deg), attack angle (about 0.6 deg), pitch angle (about
0.7 deg), and pitch angular rate (about 0.6 deg/s); unlike these three ACLSs, in the case of
the backstepping- and sliding mode-based automatic carrier landing system designed in
the present work, the deviations of above mentioned variables from their imposed values
are close to zero.

The backstepping control method used in this paper has important advantages with
respect to the control method used in [32]: (i) the dynamics should not be linearized, the
performances of the linear controllers being always restricted by the linearized dynamic
models; (ii) the backstepping control technique successfully handles the multi-variable sys-
tems with channel interferences [50,51]; (iii) superior disturbance rejection ability, smaller
overshoot, and convergence time result. Another disadvantage of ref [32] is that the LQR
control technique is suitable for strong nonlinear systems with channel interferences only
in the case of strong stable aircraft. On the contrary, by including disturbance observers
in the novel ACLS, we eliminated the main shortcoming of the dynamic inversion control
method used in [9], i.e., the complete knowledge of all the nonlinear terms.

6. Conclusions

A novel backstepping-based ACLS was proposed to control the landing of a military
training airplane subject to airwake, wind shears, atmospheric turbulences, and wind
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gusts. The deck motion is accurately predicted with a filter using the recursive-least
squares algorithm and compensated by using a tracking differentiator-based deck motion
compensation block. The novel automatic carrier landing control system consists of three
functional parts: a guidance subsystem, an attitude subsystem, and an approach power
compensation system. The design approach involved the use of some sliding mode-based
command differentiators (to compute the virtual commands) and extended state observers
(to estimate the disturbances depending on the airwake and wind type disturbances).
A campaign of simulations involving different scenarios (various sea states and wind
type disturbances) has been performed. The new designed ACLS ensures the landing
at the ideal touchdown point within a small error margin, being also characterized by
excellent trajectory tracking ability and adaptability to the uncertain and the changeable
sea environment.

Some future research directions involve: (1) the employment of new control techniques
(dynamic inversion, sliding mode, or backstepping sliding mode) and neural network-
based observers; (2) compensating the model uncertainties and/or the asymmetric flight;
(3) considering the measurement errors of the sensors as new sources of errors.
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Appendix A. Aerodynamic and Geometric Parameters [32]

Meaning Symbol Value Meaning Symbol Value
Aircraft mass m 1587.59 kg Roll moment of inertia Iy 1016.863 kg-m2
Wing area S 12.5348 m? Pitch moment of inertia I 6236.762 kg-m?
Wingspan b 8.016 m Yaw moment of inertia I 6779.089 kg-m?
Aerodynamic mean chord c 1.6459 m Product moment of inertia Iz 271.164 l<g~m2
Meaning Rolling moment coefficients Meaning Yawing moment coefficients
Symbol Cj, Ci, G, G, G, Cy, Symbol Cuy  Cu,  Cum, G,
Value 0 -014 -035 0.56 0.03 011 Value -007 -06 —157 -09
Meaning Pitching moment coefficients Meaning  Lift force coefficients
Symbol Cy, Cny Cnp Ch, Cus, Cns, Symbol Cp, Cr, CLq CL59
Value 0 016 —-0.03 -031 —011 —-0.03 Value 0.65 5 9 0.39
Meaning Lateral force coefficients Meaning  Drag force coefficients
Symbol Cy, Cyg Cyp Cy, Cys, Cy,, Symbol Cp, Cp, Cp, Cps,
Value 0 —-0.94 0.01 0.59 0.26 0 Value  0.09 1.14 0 0
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Appendix B. Variables and Vectors for Aircraft Dynamics
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