(g) (%D drones

Article

Predefined-Time Direct Lift/Side-Force Control for
Carrier Landing

Zishuang Pan 1*, Dazhao Yu !, Wei Han !, Xichao Su 2(7, Jie Wang 3, Shansong Song ! and Bing Wan **

W) Check for updates

Academic Editor: Diego

Gonzélez-Aguilera

Received: 13 July 2026

Revised: 2 August 2026

Accepted: 3 August 2026

Published: 6 August 2026
Copyright: © 2026 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.

Aviation Foundation College, Naval Aviation University, Yantai 264001, China;

ytyudazhao@aliyun.com (D.Y.); hanwei70cn@tom.com (W.H.); gianshancui2023@163.com (S.S.)

Aviation Operation and Support College, Naval Aviation University, Yantai 264001, China; suxich@126.com
Naval Aviation University, Yantai 264001, China; reality_123@126.com

Coastal Defense College, Naval Aviation University, Yantai 264001, China

*  Correspondence: hancisse@163.com (Z.P.); wanbing_0908@163.com (B.W.)

W

Highlights

What are the main findings?

* The proposed direct lift/side-force architecture improves vertical and lateral tracking
while keeping angle of attack, bank angle, and sideslip close to their landing trim values.

* The predefined-time observer and flap anti-saturation mechanism improve disturbance
rejection and retain actuator-feasible landing performance under deck motion, airwake,
gusts, and randomized initial errors.

What are the implications of the main findings?

¢ Direct-force effectors can correct glide-slope and lineup errors with less reliance on
attitude-mediated motion, supporting safer touchdown geometry and more consistent
arresting-hook engagement.

¢ Integrating prescribed transient timing with saturation-aware compensation offers a
practical approach to robust carrier-landing control when rapid disturbance rejection is
required within limited control authority.

Abstract

Carrier-based fixed-wing UAV landing is challenged by deck motion, carrier airwake, gust
disturbances, strong trajectory—attitude coupling, and actuator constraints. To address these
issues, this paper proposes a Predefined-Time Direct Lift/Side-Force-Integrated Approach
Landing (PTDIAL) method. An integrated direct-force architecture is constructed using the
trailing-edge flap for direct lift and the spoiler for direct side force, thereby reducing the
dependence of trajectory correction on angle-of-attack- and bank-angle/sideslip-mediated
regulation. A preview-based reference glide slope is generated from the predicted Ideal
Touch Point (ITP) sequence to improve the response to deck motion. Predefined-time
control laws are developed for the cascaded position, trajectory, attitude, angular rate, and
velocity loops, with prescribed-performance constraints imposed on the attitude response.
A predefined-time disturbance observer is introduced to estimate the lumped aerodynamic
disturbances, while an auxiliary anti-saturation mechanism compensates for the effect of
trailing-edge flap saturation. Lyapunov analysis establishes the practical predefined-time
stability of the closed-loop system under bounded disturbances and actuator constraints.
Various simulations demonstrate that the proposed architecture improves lateral and
vertical tracking while preserving the UAV attitude, and Monte Carlo simulations further
confirm the robustness of PTDIAL.
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1. Introduction

Carrier-based fixed-wing unmanned aerial vehicles (UAVs) have attracted increasing
attention because of their potential applications in maritime surveillance, reconnaissance,
and autonomous strike missions [1]. For such UAVs, automatic carrier landing is one
of the most demanding flight tasks, since the vehicle must approach a limited landing
area with high accuracy within a short terminal phase [2,3]. During final approach, small
deviations in the lateral or vertical position may lead to large touchdown errors near the
Ideal Touch Point (ITP) [4]. Therefore, an effective landing controller should ensure fast
error convergence, accurate attitude regulation, and reliable disturbance rejection.

The carrier-landing environment is highly challenging due to the combined effects of
carrier airwake, deck motion, and atmospheric gusts [5,6]. The carrier airwake introduces
complex wind disturbances around the stern, while deck motion changes the relative posi-
tion of the ITP and directly affects the desired approach path. In addition, gust disturbances
may cause abrupt variations in the flight-path angle, heading angle, and angular rate
dynamics [5,6]. These factors make the UAV landing problem a strongly coupled tracking-
control problem, where the position loop, trajectory loop, attitude loop, and velocity loop
must be coordinated under time-varying disturbances.

In landing systems, deck motion information is commonly predicted on the carrier
side and transmitted to the UAV for guidance command correction [7]. Typical short-term
prediction methods include autoregressive (AR) models [2,8,9], recursive least squares
(RLS) [6], and long short-term memory (LSTM) networks [10]. Owing to the inertia charac-
teristic of ship motion, these methods usually provide comparable accuracy over a short
prediction horizon. By embedding the predicted ITP motion into the guidance law [2,3,6],
the tracking delay caused by deck motion can be alleviated. However, if the predicted ITP
sequence is directly used as a moving reference, rapid changes in the deck motion trend
may introduce aggressive guidance commands and induce undesirable fluctuations in the
trajectory and attitude responses. Therefore, the predicted sequence should be integrated
into the guidance law in a smooth and coordinated manner.

In contrast to reference variations induced by deck motion, carrier airwake and gust
disturbances directly affect the UAV dynamics through aerodynamic force and moment
perturbations [3,5,6,8]. Existing studies usually address these disturbances under nonlinear
dynamic inversion (NDI) or backstepping frameworks [2,6,11,12], where robust control
techniques, such as sliding-mode control [2,5,13-16], are introduced to enhance disturbance
rejection. Disturbance observers are further implemented in many designs to provide
feedforward compensation, thereby reducing the need for overly conservative robust
gains [2,5,8,17,18]. However, carrier airwake and especially gust disturbances are unsteady,
stochastic, and rapidly varying, which imposes stricter requirements on the transient
tracking accuracy and phase response of the disturbance observer.

Direct force control provides an effective way to reduce the coupling between trajectory
regulation and attitude maneuvering for aircraft [19,20]. Instead of relying only on pitch
attitude to reshape the flight path, direct-force effectors can generate incremental lift more
directly, thereby improving response bandwidth and reducing controller workload [12].
This idea has been validated in practical carrier-landing applications through the MAGIC
CARPET program [4], where integrated direct lift control and delta flight-path command
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were implemented on carrier-based aircraft to simplify glide-slope correction and improve
touchdown consistency.

However, existing direct-force landing studies mainly focus on the longitudinal chan-
nel, especially direct lift control [2,5,12,21]. The lateral channel is still commonly handled
through bank-angle/yaw-angle and sideslip-mediated dynamics. In the ATARI project [22],
the delta-command concept was extended to the lateral direction to make lineup correction
more intuitive, but the lateral motion was still produced mainly through conventional
control surfaces and attitude-coupled dynamics. Nevertheless, the aircraft attitude itself
must also be carefully maintained for touchdown geometry, arresting-hook engagement,
and impact load reduction. Therefore, introducing a direct side-force channel is meaningful
for carrier-based UAV landing.

From the convergence perspective, conventional asymptotic control can guarantee
stability only over an infinite time horizon, which is not fully consistent with the strict
time window of carrier landing [23,24]. Finite-time control improves the transient re-
sponse by driving the tracking error to zero within a finite interval, but the settling time
usually depends on the initial condition [13,25]. Fixed-time control removes this depen-
dence by providing a uniform upper bound of the settling time, yet this bound is often
implicit or conservative and cannot be directly adjusted according to the landing task [3,26].
Predefined-time control further addresses this limitation by allowing the convergence
time to be specified in advance, making it more suitable for terminal approach problems
with clear time requirements [2,5,27-29]. The same property is also desirable for distur-
bance observers [2,5,28,29], since accurate feedforward compensation must be established
rapidly when airwake or gust disturbances enter the UAV dynamics. Recent learning-based
studies have also investigated flexible constraint handling and adjustable convergence
behavior [30,31]. However, enforcing fast convergence within a predefined time inter-
val may lead to aggressive transient commands, which makes actuator constraints and
anti-saturation design [14,32] an important issue in practical landing control.

To address the above issues, this paper develops a predefined-time integrated di-
rect lift/side-force landing-control scheme for carrier-based fixed-wing UAVs. The main
contributions are summarized as follows:

1.  Anintegrated direct lift/side-force control architecture is developed for carrier land-
ing. Existing direct-force landing studies mainly introduce a longitudinal direct-lift
channel, while lateral correction is still commonly achieved through bank-angle- and
sideslip-mediated motion. In contrast, the proposed architecture employs the trailing-
edge flap and a differential-spoiler-based side-force channel for vertical and lateral
trajectory correction, respectively, reducing reliance on attitude-mediated motion.

2. A unified practical predefined-time control framework is established for the cascaded
position, trajectory, attitude, angular-rate, and velocity loops. In contrast to asymp-
totic and finite-time methods, the proposed design allows an upper bound on the
convergence time to be specified in advance. Prescribed-performance constraints and
predefined-time disturbance observation are incorporated into the same framework
to regulate the attitude transient and compensate for the lumped disturbances.

3. AnITP-preview guidance strategy and a trailing-edge-flap anti-saturation mechanism
are incorporated. The predicted ITP sequence is smoothly integrated into the guid-
ance law, while the anti-saturation mechanism compensates for flap saturation and
mitigates its coupled influence on the longitudinal channel.

The remainder of this paper is organized as follows. Section 2 formulates the carrier-
based UAV landing problem and defines the control objectives. Section 3 introduces the
theoretical tools used for controller, observer, and anti-saturation design. Section 4 presents
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the proposed landing control scheme. Section 5 analyzes the closed-loop stability. Section 6
validates the proposed method through simulation studies. Section 7 concludes this paper.

2. Problem Formulation

This section formulates the carrier-landing problem for a fixed-wing UAV under deck
motion and wind disturbances.

2.1. UAV Model

The inertial frame Ogxgygozs and the body-fixed frame Oyxpyp,2z, are considered.
The body-fixed frame is attached to the UAV, with its origin at the center of mass. The xy,-
axis points forward, the 1,-axis points to the right wing, and the z;,-axis points downward.
The UAV configuration and the adopted control surfaces are illustrated in Figure 1.
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Figure 1. UAV configuration and control surfaces.

The high-fidelity simulation is based on the nonlinear six-degree-of-freedom (six-DOF)
fixed-wing UAV model [33,34], whose main equations are summarized in Appendix A.
For controller synthesis, the nonlinear dynamics are reorganized into a cascade affine
form. The state variables are grouped as x; = [y,z]", 22 = [x,7], 23 = [ B]’,
and x4 = [p,q,7]", where y and z denote the lateral and vertical positions, y is the heading
angle,  is the flight-path angle, u is the bank angle, « is the angle of attack,  is the sideslip
angle, and p, g, and r are the roll rate, pitch rate, and yaw rate, respectively.

The control-oriented affine model is written as

= f1(x2, V) + g1 (V)x,

= fo(x2,x3, V) + g (x2,x3, V)uz + dy,

=f3(x x3) + 83(x3) %4, (1)
iy = fu(x3,24, V) + g4(x3, V)uy + dy,
V = fy(x,x3) + gv(x3)T +dy,

where V is the velocity, T is the thrust command, x = [xlT,sz ,x3T ,x4T, VT

is the com-
pact state vector, uy = [Js, bief] | and uy = [5a,0e,0;] " are the control inputs, f;(-), g;(*),
fv(+), and gy () are known nonlinear functions derived from the six-DOF model, and
dy = [dy, dV]T, dy = [dp,dq,dr]T, and dy denote lumped disturbances in the trajectory,

angular rate, and velocity loops, respectively.

Assumption 1 ([33]). Let Zy = {x,7,p, 4.+, V} collect the six lumped-disturbance channels
associated with carrier airwake, gusts, and unmodeled aerodynamic effects. In addition to having
finite amplitudes, these disturbances are assumed to vary at finite rates. Specifically, each d;(t),
J € Ly, is continuously differentiable during the landing interval, and there exist constants d; > 0
and ©; > 0 such that |d;(t)| < d; and |d;(t)| < 7; throughout that interval.
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Assumption 2. The input gain matrices or scalars used in the cascade loops, including g1, 8-, 8,
84, and gy, are nonsingular or bounded away from zero within the considered landing envelope.

In the position loop, x, = [x,] " is regarded as the virtual control input for regulating
x1 = [y,z] 7. In the trajectory loop, the direct-force input is selected as uy = [Js, Jyf] |, where
65 denotes the differential spoiler deflection, and ;. denotes the trailing-edge flap deflec-
tion. This spoiler-based direct side-force channel follows the DSFC concept in Cao et al. [34],
where spoiler deflection is used to generate lateral force while reducing the dependence on
bank-angle and sideslip motion. The attitude loop treats x4 = [p, g, 7] as the virtual control
input for x3 = [, &, B] ' . The angular rate loop generates the conventional control-surface
commands uy = [J,, e, §r]T, where §,, de, and J; denote the aileron, elevator, and rudder
deflections, respectively. The velocity loop is independently regulated by thrust T. With the
direct-force channels incorporated into the trajectory loop, the direct lift/side-force control
architecture is formed.

Figure 2 further illustrates the control signal flow of this architecture. To facilitate
interpretation of the schematic, ¢, 6, and i denote the roll, pitch, and yaw Euler angles,
respectively; G, (s) represents the engine dynamics; Q is the dynamic pressure; and coeffi-
cients of the form C. denote the corresponding aerodynamic stability or control derivatives.
The terms a,, and S represent the wind-induced equivalent angle-of-attack and sideslip
perturbations, while arrows marked by [ indicate time integration along the corresponding
dynamic paths. The remaining state, control, force, and moment symbols are defined
above and summarized in Table A1, with the detailed aerodynamic and kinematic rela-
tions provided in Appendix A. The direct-force paths provide additional force-generation
channels for trajectory correction, so that vertical and lateral position errors can be reduced
with less reliance on angle-of-attack- and bank-angle/sideslip-mediated correction. In the
conventional longitudinal path, vertical correction is transmitted through

/ / /

5e—>A1\7I—>q'—>q—>¢ici>Aoc—>AL(a)—>7‘—>A7—>7L'—>Az. ()

By contrast, the direct-lift path can be represented as

5tef—>AL—>'}’i>A’Y—>Z'i>AZ. (3)

Thus, the trailing-edge flap can rapidly increase or decrease aerodynamic lift while
keeping the angle-of-attack nearly unchanged, which bypasses the elevator-induced non-
minimum-phase response, broadens the trajectory response bandwidth, and partially
decouples trajectory motion from attitude motion. Similarly, the lateral channel is shortened
from the conventional attitude-coupled path

(5a/(5r—>AE,AN—>;5/?Lp/rL¢/4),,B—>Xi>Ax—>yfj—>Ay 4)
to the direct side-force path
Js — AY — X I ,d
s X = Ax =y = Ay. (5)

Remark 1. For clarity, the conventional lateral path in Figure 2 and Equation (4) is represented by
the sideslip-induced side-force mechanism, i.e., p — Y — X, withsiny ~ 0 and cos y ~ 1. In the
full nonlinear model, the bank-angle-induced lift/thrust projection and the associated bank-angle
coupling terms are retained, as shown in Appendix A.
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Rgs =

2.2. Environmental Modeling

The carrier airwake is modeled according to the MIL-F-8785C standard [35], and the
airwake velocity in the body-axis frame is denoted by Vaw = [Uaw, Vaw, waw]T. Following
the standard description, the carrier airwake is composed of free atmospheric turbulence,
steady wake, periodic components, and stochastic components. Gusts are additionally
introduced to evaluate transient disturbance rejection. The gust vector is denoted by
Vg = [Vgux, Vgy, Vgz] |, where the ith component is given by V, ;(t) = A;0;(t). Here, A; is
the gust amplitude, 4 ; is the injection time, Ty; and T;; are the rise and fall times, and Ty ;

is the total duration. With 7; = t — t, ;, the profile function is defined as

g,i/
0, T < 0,
1 T
2{1—COS(TL;>}, 0< 1 <Ty,
oty =41 Tii <7 <Tai— Tt (6)
1 m(t— Tyq; + Tt
5 [1 +cos( (% Tf’f + fﬂ))}, Tai —Tei <1 < Tg,,
1
0, T > Td,i'
o 6Lef
Wy

*dircct lift

Cwrs, [ —— [ ; CLa o v / -V /
0 —> M —> > > > > [ >—— > >0 2z
: e L —
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V
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T cosasin 8

Crx 3 Cy. cosy
5./5, T LN — J / ‘[ va E_’ : S Veosy [ y
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direct sideforce

ds

Figure 2. Control signal flow of the integrated direct lift/side-force architecture.

The total wind disturbance is then expressed as Viyy = Vaw + V.

The origin of Ogxgyszg coincides with the nominal ITP at ¢ = 0. To describe the ITP
displacement caused by deck motion, a ship-fixed frame Osxsyszs is introduced. Let rirp
denote the fixed vector from the ship reference point to the ITP in the ship-fixed frame.
The rotation matrix from the ship-fixed frame to the inertial frame is

cos 05 cos s sin ¢ sin Bs cos iPs — cos s sin s cos ¢s sin B cos P + sin s sin s
cos 05 sintps  sin s sin O sin s 4 cos Ps cos Ps  €os ¢Ps sin b sin Ps — sin Ps cos Ps | , (7)
— sin 6 sin ¢s cos 05 oS s cos bs
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where ¢, 65, and s are the ship roll, pitch, and yaw angles, respectively. The instantaneous
ITP position in the inertial frame is written as

PITP(t) = P([)Tp(t) + Ptrans(t) + [Rgs(¢7s; 95/ lPs) - 13} TP, (8)

where PY;(t) denotes the nominal ITP trajectory associated with carrier translation and
satisfies P?TP(O) = 0, Pirans(t) denotes the translational deck motion due to surge, sway,
and heave, and I3 is the identity matrix. In the guidance loop, the short-term ITP displace-
ment sequence is predicted using an autoregressive (AR) model [2,8] and incorporated into
the reference generation. The predictor settings are listed in Table A7.

2.3. Control Objectives

Figure 3 illustrates the carrier-landing process considered in this paper. The UAV is
required to approach the deck-relative glide slope and converge to the neighborhood of the
ITP under carrier airwake, gust disturbances, and deck motion.

Airwake and gust w
.

ITP displacement

N

Desired deck-relative
glide slope #
>,
= -
@

Figure 3. Carrier-landing process.

With Ly (t) = Prrp.(t) — x(t), the desired glide slope is defined as

y(t) = Ly(t) tan g + Prrp (1),

Ly (t) tan(—gs )
= m + Prrp 2 (1),

where 14 is the deck-relative approach angle, and 7 is the nominal glide-slope angle.
The lateral and vertical tracking errors are e, =y — y© and e; = z — z¢, respectively.

The control objective is to drive e, and e; into a small neighborhood of zero within
a predefined time, while keeping the attitude errors of y, «, and p inside prescribed
performance bounds. Meanwhile, the angular rates and velocity should remain bounded
under wind disturbances and actuator constraints. To achieve these objectives, the following
sections develop a predefined-time direct lift/side-force controller, a predefined-time
disturbance observer, and an anti-saturation mechanism for the direct-lift channel.

3. Preliminaries
3.1. Predefined-Time Convergence

Several preliminary lemmas on predefined-time convergence and stability analysis
are introduced in this subsection.

Lemma 1 ([29]). Let x = 0 be an equilibrium point of the nonlinear dynamics x = f(x, t) with
x € R". Assume that a continuously differentiable positive definite Lyapunov function V(x) is
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available, satisfying V(0) = 0 and V(x) > 0 for all x # 0. If, along the system trajectory, there
exist constants m > 0,n >0, T, >0, ¢ € (0,1), and @ > 0 such that

V< T
- eymnT,

it follows that the system state is practically predefined-time stable. More specifically, for any
® € (0,1), the trajectory x(t) reaches

(mVlf% +nV1+%) + @, (10)

2 2
co(p\/mnTp> e <w¢\/mnTp> e 1)

Q= R": V(x) < mi

* xe (¥) < min (nm(l -9) n(l—9)
no later than T,/ /0, and this time bound is independent of the initial condition. In the disturbance-
free case @ = 0, Qy collapses to the origin, which implies predefined-time convergence of x(t)
to zero.

Lemma 2 ([2]). For nonnegative scalars x;, i = 1,2,...,N, and A > 0, the following inequali-
ties hold:

N AN N N A
Yoxi] <Y 2, 0<A<y, Yl >N"M Y x ), AL (12)
i=1 j i=1 i=1

i=1

Lemma 3 ([36]). Forany a € R and b > 0, the smooth hyperbolic-tangent approximation satisfies
0< |a] - atanh(%) < 0.2785b. (13)

To facilitate numerical evaluation near the origin, define the regularized Lyapunov
variable V. = max{V, e}, where € > 0 is a small positive threshold. Thus, Ve = V for
V > ¢, whereas Ve = ecfor0 < V < e.

3.2. Prescribed Performance

Prescribed performance control (PPC) is adopted to impose explicit transient and
steady-state bounds on attitude tracking errors. For a generic error e¢;, the prescribed
envelope is written as —8;0;(t) < e;(t) < 6;p;(t), where §; > 0 and §; > 0 determine the
lower and upper bounds, respectively. The positive function p;(t) decreases from its initial
value to a small positive constant, thereby specifying both the transient allowable range
and the final tracking accuracy.

Let &; = e;/p;(t) denote the normalized error. Then, the PPC constraint is equiva-
lent to —4; < & < 6;. To convert the constrained error into an unconstrained variable,
the following logarithmic transformation is used:

_ 1 (i +Gi
si—zln(gi_gi). (14)

Therefore, boundedness of &; guarantees that e; remains inside the prescribed-

performance envelope, while predefined-time convergence of ¢; further provides the
desired convergence time property for the attitude loop error.

Assumption 3. The initial attitude errors satisfy the prescribed-performance feasibility condition,
namely, L3;(0) < e3;(0) < Us;(0) for j € {u,a, B}.
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Remark 2. The logarithmic prescribed-performance transformation is well defined only for
—8; < & < 6;. The transformed error becomes unbounded as &; approaches either boundary
and undefined once a boundary is violated, which constitutes the singularity issue in PPC. In this
study, the preceding feasibility assumption ensures initial well-posedness, while the subsequent
stability analysis guarantees that the prescribed-performance region is preserved under the stated
conditions. If disturbances or actuator limitations make a fixed performance envelope temporar-
ily infeasible, flexible or readjustable boundaries can be introduced to maintain transformation
feasibility [37,38].

3.3. Observer Design

Consider a general affine nonlinear system with a lumped disturbance,
x= f(x) + g(x)utd, (15)

where x € R"”, u € R", and d € R" denote the state, control input, and lumped disturbance,
respectively. Let & and d be the estimates of x and d, and define the observation error and
disturbance estimation error as ¥ = x — & and d = d — d, respectively.

The predefined-time disturbance observer (PTDO) is given by

= f(x) +g(x)u+d+K, (%), a6
d = KK2(%)%,
where K; = diag{ky1, ..., ki } = 0. Equations (15) and (16) give the coupled-error dynam-
ics ¥ = d — K,(%)% and d = d — K;K2(%)%. The observer gain is applied componentwise
and selected as
K, (%) = diag{k,1(%1),..., kou(%n)},

, T —9/2 ¢/2
29 /mnT, (v 0 v

where V, ; = J?]Z/Z, Voje = max{Vo,j,eolj}, kij >0,k >0T, >0m>0n>0,
and ¢ € (0,1). Thus, k,;(%;) has the positive lower bound k,; = k; ;. The aggregate

) (17)
kolj(x]‘) = kl,j + kg ),

state-observation Lyapunov function is V, = Z7=1 Vo,j- Under Assumption 1, the state
observation error is practically predefined-time stable, while the disturbance estimation
error is ultimately bounded by a residual that depends on the disturbance variation rate.
The coupled-error derivation is provided in Section 5.

3.4. Anti-Saturation

Predefined-time control may require relatively large transient control effort, especially
when the initial tracking error is large or rapid disturbance rejection is demanded. In prac-
tical carrier landing, however, the control surfaces and propulsion system are subject to
physical limits. When the commanded input exceeds the available actuator range, the actual
input cannot exactly follow the command, and the resulting input mismatch may degrade
the predefined-time tracking performance. Therefore, an anti-saturation mechanism is
introduced to compensate for the saturation effect.

For a control input u€, the actual saturated input is expressed as u = sat(u), where
sat(-) denotes the componentwise saturation function. The saturation error is defined as
Au = u — u°. For an affine subsystem & = f(x) + g(x)u + d, the saturated input can be
rewritten as

¥ = f(x) +g(x)u® + g(x)Au+d. (18)

Thus, actuator saturation acts as an additional matched input error in the closed-
loop dynamics.
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Assumption 4. The saturation errors induced by the physical control-surface and thrust limits are
bounded within the considered landing envelope.

To reduce the influence of this mismatch, an auxiliary anti-saturation variable 7, is
introduced as

_ k17T
0T,s

sz[
0T,

flas = sig' " (1ag) = 7 518" (1) — K3 5gn(155) + Gasu, (19)
where 0 < v < 1, Tys > 0, k3 > 0, and Ggs is the compensation gain matrix. The constants
k1 and k; are selected according to the predefined-time convergence form. According to
Lemma 1, if the saturation error is bounded, #,, can be driven into a small residual region
within Ths/V/9.

The auxiliary signal is incorporated into the controller design to compensate for the
saturation-induced mismatch. As a result, the closed-loop system can preserve practical

predefined-time stability under actuator constraints.

4. Controller Design

The overall automatic carrier landing system (ACLS) architecture is shown in
Figure 4, where guidance, command filtering, predefined-time control, PTDO compensa-
tion, and anti-saturation modules are integrated to achieve accurate carrier landing under
deck motion and wind disturbances.

[ | | | | |

X X2 u, X3 X4 4
: e + e (] : e + e, g
Z Z
o “Rer [ —r -
X| X5 A X3 X .

o 57 cllxs r c A
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Figure 4. ACLS architecture.

4.1. Reference Glide Slope Generation

The nominal deck-relative glide slope is given in Equation (9). In the controller
implementation, the short-term ITP sequence predicted from the deck motion is further
used to improve the reference generation. Let the preview-corrected ITP position be

PYo(t) = Prrp(f) + APpy(t), (20)

where APpy(t) denotes the preview correction. Since the vertical deck displacement is
more pronounced during the terminal approach, the preview correction is mainly applied
to the vertical ITP component, i.e., APpy(t) = [0,0, Bpv(t)(Prrp2(t + Tov) — Prrp2(t))] T,
where T,y > 0 is the preview horizon, and By (t) is a bounded preview weight adjusted
according to the predicted deck-motion trend.

By replacing Pyrp(t) in Equation (9) with PLp(t), the position command x§ = [y<,z¢] "
is obtained. Its derivative is calculated from the ITP velocity and the UAV approach velocity
along the inertial x-axis. The generated reference glide slope is then supplied to the position
control loop.
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Assumption 5. The reference commands generated in the cascade control design and the derivatives
required by the command filters and feedback laws are bounded.

4.2. Position Control
4.2.1. Position Outer Loop Design (Guidance Control)

The position outer loop generates the trajectory-angle command for lateral and vertical
regulation. Based on Equation (1), the position dynamics can be written in the affine form

¥1 = f1(x2, V) 4+ g1(V)x2, (21)
where x; = [y,z] ", % = [x,7] ", and

vV 0

fl: 0 _V

V(cosysinx — x) B
~V(siny—9) |” 17

The reference glide-slope generation provides the position command x§ = [y¢,z¢] "
In general, a command filter can be used to obtain a smooth reference signal. Since the
position command varies slowly during the final approach, this loop directly sets x] = x§
and x] = . Define the position tracking error as e; = x; — x7.

To derive the guidance command, the desired position-error dynamics is assigned as
éfes = —Kllj ‘e1. The gain matrix is selected according to the predefined-time convergence
form in Lemma 1, namely, K}f t— diag{kfl);, kpt} with

Pt A ) j€lyz}

= sy (o
1j — 24)1] T 1T1; Tl] 1je 1j,e

Here, V3; = e%j /2 is the candidate Lyapunov function of the jth position error,
and mq; > 0, n1; > 0, ¢1; > 0, and Ty; > 0 are design parameters.

The desired derivative of x; is then obtained by #{es = &% — K{’tel. Substituting &{es
into Equation (21) gives the trajectory-angle command

x5 =g (V)[4 — Kf'er = f1(x2, V), 22)

where x5 = [x°,7°] .

4.2.2. Position Inner Loop Design (Trajectory Control)

The trajectory loop tracks the heading and flight-path angle references generated by
the guidance loop. To obtain smooth reference signals, the command x5 is passed through
a predefined-time command filter (PTCF1) using

. . t
iy =45 —Khep,  ep=x5—15, (23)

where K}fD2 = diag{k>} k?zt o} Forj € {x, 7}, the filter gain is selected as

2,x”

t T —¢n,;/2 P2,i/2
kp .= (Mfz Vo T neg V. ) ),
f2,] 2 @ 0, M 2, 7 2, TfZ,]' /] T 1£2,5,€ /] " 1£2,5,€

where Vg ; = 6%2’j/ 2, and mp; > 0,np; >0, ¢p; > 0,and T ; > 0 are design parameters.
According to Equation (1), the trajectory dynamics are expressed as

Xy = f2 + &Hun + d, (24)
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where x; = [x,7]", up = [0s, o] T, d2 = [dy,d,]T, and

Lsinp +Y\s cosp + T(sinasinpy — cosasin fcos p)

£, = mV cos 7y
2 T(sinacosp + cosasinBsinp) — Ysinp — mgcos<y + Ly, cos
mV
QSCys, cos 0
g, = mV cos 7y B
2 0 QSCls,, cos
mV

Here, Y\5, = Y — QSCys,0s and Ly s, = L — QSCls, Ot denote the side force and lift
after removing the direct-force input contributions, respectively.

The anti-saturation state is introduced into the flight-path reference to compensate for
the trailing-edge-flap realization error. Let b, = [0,1] " and let 77,5 , denote the flight-path
component generated by Equation (19). The compensated trajectory reference is defined as

xE,as - xE + b’YWaS,’Y/ ')/;s = '7r =+ Mas,y- (25)

The nominal filtered derivative %} is retained in the control command, while
the auxiliary-state dynamics compensates for the saturation mismatch in the resulting
error system.

The auxiliary state is applied to the flap channel because its realization error acts
directly through the flight-path-angle dynamics on vertical-position tracking, while all
remaining actuator realization errors are retained in the composite stability analysis.

Define the trajectory tracking error as e; = x — x3 ... The desired trajectory-error

dynamics is assigned as éges = —thez, where th = diag{kg)t(,k}zj;}. Forje {x, v},

Vv @2j/

pt _ -
2j,€

7T 2 @2i/2
k '——("12‘ + nyi V! ),
2j 2([)2]'1 /mzji’lijzj / /

2j,€

where V5; = e%j/ 2,and myj > 0, n2; > 0, @; > 0, and Tp; > 0 are design parameters. Apply-
ing the PTDO in Equation (16) to X, gives the disturbance estimate fiz. Then, the direct-force
command is designed as

u5 = g;l x5 — thez —fr— dy|, (26)

where u§ = [65,65,] .

4.3. Attitude Control
4.3.1. Attitude Outer Loop Design (Attitude Control)

The attitude outer loop generates the angular-rate command for tracking the bank-
angle, angle-of-attack, and sideslip-angle references. In the proposed landing controller,
the attitude command is specified as x§ = [u¢, a¢, B T, where ¢ = 0, a° = 8.1°, and p¢ = 0.
The command x5 is passed through a predefined-time command filter, denoted as PTCF2,
to obtain the smooth reference x5 and its derivative.

. pt _
¥y = &5 — Kiyeq, e = X3 — X5. (27)
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Here, Kf; has the same predefined-time form as PTCF1. According to Equation (1),
the attitude dynamics are written as

where x3 = [y, , 5]T, x4 = [p,9q, ”}TI and

F tan B cos p + x(siny + tan B sin p cos y)

o= . cosp sinjicosy
3 ,Ycosﬁ cos B ’
—ysinp + X cos p cos 7y
cos & sina
cos B cos B
83 = |—cosatanf 1 —sinatanf|-
sina 0 —cosa

Define the attitude tracking error as e3 = x3 — x5. For j € {,a, B}, the prescribed-
performance constraint is imposed as L3;(t) < e3;(t) < Us;(t), where Us;(t) and Ls;(t)
denote the upper and lower performance boundaries. Let c3;(t) = (Us;(t) + Lz;(t))/2 and
wsj(t) = (Usj(t) — Laj(t))/2. The normalized error and transformed error are defined as
63]' = (63]' — C3j)/Z03j and 83]' = % 11’1((1 + 63])/(1 — (:3])), respectively. Then, the derivative
of the transformed error can be expressed as ¢3; = h3;é3; + s3;, where h3; = 1/((1 — ng)wg,]-)
and s3; = —(¢3j + Eatbsj) / (1 = 85;)ws)).

Let &3 = [e3;, €34, e3l3]T, Hj3 = diag{hsy, h3s, hag}, and s3 = [53]4,S3a,53ﬁ]T. The de-
sired attitude state derivative is therefore given by

A5 =i — Hy '(s3+v3), (29)
where the stabilizing term is selected as v3 = theg,, th = diag{kg;, kg;, kg;}, and

pt 7T (m V*q)3]'/2 ) 903/'/2) .
= m3; V. +nz; Vs , je{uu B} (30)
3j Z(st\/m'rs], ] " 3j,€ ] " 3j,€ J {]’l 'B

Here, V3; = e%j/Z, and m3; > 0, n3; > 0, ¢3; > 0, and T3; > 0 are design parameters.

Substituting ¥$° into the attitude dynamics yields the angular-rate command

x5 =gt [ —Hy (s +v3) — £, (31)

where x§ = [p¢,q°, rC]T.

4.3.2. Attitude Inner Loop Design (Angular-Rate Control)

The attitude inner loop tracks the angular-rate command and produces the conven-
tional control surface commands. The angular-rate command x§ = [p€, q¢, ] T is passed
through a predefined-time command filter, denoted as PTCF3, to obtain the smooth refer-
ence x; and its derivative.

I

_ pt _
iy = x5 — Ky eq, ef = Xy — X (32)

Here, KEI has the same predefined-time form as PTCF1. According to Equation (1),
the angular-rate dynamics are expressed as

5C4 — f4 + g4u4 + d4, (33)
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where x4 = [p, g, r]T, Uy = [Ja,ée,ér]T, dy = [dp, dq,dr]T, and

c1g9r + c2pq + c3Lo + c4Np
fa=| cspr+ce(r’ —p*) +c7Mo |,

—coqr + cgpg + c4Lo + coNp
QSb(CgCD;a + C4CN¢5a) 0 QSb(CgCD;r + C4CNz5r)
84 = 0 QSC_‘C7CM‘5e 0
Q_Sb(C4CE(ga + C9CN53) 0 Q_Sb(C4CE5r + C9CN5r)

In f,, Lo, My, and Ny denote the known roll, pitch, and yaw moment components
excluding the conventional control surface increments. They include the aerodynamic
contributions of the flight states, angular rates, trailing-edge flap, and spoiler deflection.

Define the angular-rate tracking error as e, = x4 — x;. The desired derivative is
designed as

e = i — KP'ey, (34)

where K4pt = diag{ki;ﬂ kz{;,ki’:}, and

pt _ L( -V_«%j/z -V(R4j/2) . 35
57 2gy gty Ve e ) JE AP )

Here, V4j = eﬁj /2, and Myj > 0, ngj > 0, Paj > 0, and T4j > 0 are design parameters.
Applying the PTDO in Equation (16) to x4 gives the disturbance estimate dy. Substituting
e into the angular-rate dynamics yields the control-surface command

u§ =g, |45 —Ki'es— f, — dy, (36)

where u§ = [5S, 05, 6¢] T

4.4. Velocity Control

The velocity loop regulates the UAV airspeed by generating the thrust command.
In this work, the velocity reference is selected as the trimmed approach velocity, denoted
by V¢ = Vj. Since the approach velocity command is constant in the considered landing
task, the reference is directly setas V¥ = V¢and V' = 0.

According to Equation (1), the velocity dynamics can be written as

V=fy+gvT+dy, (37)

where T is the thrust, dy denotes the lumped velocity-channel disturbance, and

D . _ cosaxcosf
fv——a—gSIn')/, gV—T

Here, D is the aerodynamic drag.
Define the velocity tracking error as eyy = V — V'. The desired velocity-error dynamics
is assigned as
el = —kPley, (38)

where the predefined-time gain is selected as

pt

7T
v Zgovﬁ/mvanv(

myVy, 8% ¢ nvv{,”;/z). (39)
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Here, Vy = e%,/ 2,and my > 0,ny >0, Pv > 0, and Ty > 0 are design pararpeters.
Applying the PTDO in Equation (16) to V gives the disturbance estimate dy. Then,
the desired velocity derivative is obtained as

yies =yt ity
Substituting V¢ into Equation (37) yields the thrust command
T =gy (Vr —kyev — fv - dAV>~ (40)

5. Stability Analysis

This section establishes the practical predefined-time stability of the complete closed-
loop system by considering the cascade tracking errors, command-filter errors, disturbance-
observer errors, and anti-saturation dynamics together.

Theorem 1. Consider the UAV landing system in Equation (1) under Assumptions 1-5. Let
the channel-wise coupling coefficients q, be defined by Equation (57). Suppose that the observer
damping margins satisfy c,; > 0 and that the controller, PTCF, and anti-saturation parameters
satisfy the explicit sufficient conditions in Equation (58). Then, all closed-loop signals are bounded.
Moreover, the complete augmented error reaches the residual set R in Equation (63) no later than
T./\/8, independently of the initial condition. Consequently, the position, trajectory, angular-rate,
and velocity tracking errors are practically predefined-time stable, while the attitude errors remain
inside their prescribed-performance boundaries.

Proof. For a scalar Lyapunov component Vy, define

1-¢,/2 1 /2
Dy (V) = (v, =72 4 mv T 002), (41)

T
Pey/1ie1 Ty
where m;, > 0,1y >0, T; > 0,and 0 < @, < 1 are the parameters assigned to the channel
indexed by /.

For a scalar channel using the regularized variable V; . = max{Vy, €;}, define its actual
dissipation and maximum regularization loss as

t
Dye(Ve) = 2K .V,

Wre = SUp [DZ(VE) - DZ,E(VZ)]J,J
OSVggeg

(42)

where [a]; = max{a,0}. For a component without a negative-power evaluation, set
Dye = Dy and wy, = 0. Because the regularized and ideal gains coincide for V, > ¢,
one has

~Dype(Ve) < =De(Vy) + wpe- (43)

Let 7y = {2,3,4} identify PTCF1-PTCEF3. For i € Z;, set V; = egeﬁ/ 2. The filter
equations in Section 4 give

. t .
Vi = —egKbeg=— Y Dgje(Veij), i€l (44)
jeJi

where Vii; = ¢, /2, Jo = {x,7}, T = {2, B}, and T = {p, 4, 7}.

Before incorporating the PTDO terms into the composite analysis, the disturbance-
estimation residual is derived from the coupled observer dynamics. Consider a scalar
observer channel and abbreviate its state and disturbance estimation errors as e, = X and
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IN

b0 = d~j, respectively. Its error dynamics are é, = &, — ko(eo)e, and Sy = d]- — kak2(eo)eo,
where k,(e,) > k, > 0. Select a sufficiently small constant ¢, > 0 and define

1 ¢
W, = 555 + kd/ k% (s)s ds — 0peq0,.
0

The conditions 02 < kzk? and ky(k, — 0,) > 0,/2 ensure that W, is positive definite.
Differentiating it along the two error equations and applying Young's inequality give

Wo _ — kdkg(et))eg — 0—053 + ngo (60)6050
+ Uokdkg(eo)eg + (0o — ero)'dj

< = Ap(2 483 + \/1 + 02 17]-\/63 + 32,

where A, = min{c,/2,K3[k;(k, — 00) — 05/2]} > 0. Hence, W, < 0 whenever \/e2 4 62 >
to, where 1, = /1 + 02 vj /Ao. The joint estimation error is therefore bounded and ulti-
mately enters this rate-dependent residual region. Applying the same argument compo-
nentwise gives a finite uniform bound ||d;|| < d; for each vector observer, with its ultimate
radius determined by the corresponding 7; and observer gains.

The trajectory, angular-rate, and velocity channels employ separate PTDOs. Introduce
Ty =42,4,V}and V,; = iiTii /2 fori € Z,. Using the first coupled observer-error relation
given in Section 3.3,

y ~ 177 ~ T =
Voi = xi di — xi Koixi

€oi 1 -
< & Ko+ 2 &> + =—|di||?
i Koii + = || %] 2€oi\| l (45)
< — Y Dyii (Vi) = coillZill? + Qo € 7,
< = Y Doijie(Voij) — aill%ill* + Qo i€ L,
jejm’

where €,;; > 0 is a Young-inequality parameter, and J» = {x,7}, Jou = {p.q,7},
and Jov = {V}. The remaining linear damping margin and the observer residual are
defined as c;; = Amin(Kj;) — €;/2 > 0 and Q,; = d:l.z/ (2€,;), respectively. The latter
is bounded under Assumption 1 and the joint observer-error analysis above. Conse-
quently, the total observer Lyapunov function and residual are V, = V5 + V4 + V,y and
Qo = Qp2 + Qs + Oy, respectively.

Since xo = x5 + e2 + ep + b, 1asy, substituting Equation (22) into Equation (21) gives

e = _Klftel + 812+ 818 + &1b4as,y- (46)

Choose Vi = e] e1/2, and let ||g;|| < &;. For arbitrary €1, > 0, ¢1¢ > 0, and €1, > 0,
the Cauchy-Schwarz and Young inequalities yield

T 1Pt T T T
—e; Kie1 + e g1e2+ e g1ep + €5 §1by7asy

— Y. Dije(Vyj) +Gillenllllezll + &1llealllec |l + g1 llex]l7as,y
je{yz} (47)

€12 T €15+ €14

» & » & 2 &
— Y Dyje(Vy) + leal” + = =lle2ll” + 55— llenll” + 5= —1as,4-
jiely.z) 2 2612 2€1f 26111 as

Let Aup = up — u5 be the realization error of the spoiler and trailing-edge-flap com-
mands. Differentiating e, = x, — x;, . and using Equations (25) and (26) result in

ey = *KlzgtEZ + ;iz + ngu2 — b'ﬂ;]as,"y- (48)
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With V, = e2T e2/2, |81l < §2, and positive constants €;4, €3, and €34, one has

V, = —e;—thez +eydy + e;—nguz - e;byﬁaw
<= 1 Doje(V) + lleallllda]l + g2llex]| | Aual| + llezl[7as,y
je{xm} (49)
€24+ €n+e d|? | Slduall® | ijasy|?
<— X Dyevy) + Ut p, D G100l Ul
u a

je{xn}

The relation x4 = xj + es4 + egy, together with Equations (29) and (31), gives
&3 = —v3 + Hzgs(es +eq). Select V3 = s:,,T e3/2. Over the feasible PPC domain, let
|H3g3|| < h3. For €34 > 0 and €37 > 0,

. t
Vs = —&;3 K 3 + &3 Hagzey + &3 Hagsen
<— Y. Dsie(V5)) + hsllesllleall + Rzl €3]l |esal
je (i) (50)
€34 + €3 n2 2
<= ¥ DyelVy) + = Lllesl? + 52 llel + 52 el
je{naB} 34 3f

Boundedness of &3 guarantees [3;| < 1, and therefore ensures that the attitude tracking
errors remain within their prescribed-performance boundaries.

Define Auy = uy — uj. Substitution of Equation (36) into Equation (33) gives &4 =
—th&; + 714 +g4Au4. For V, = 6164/2, ||g4|| < S4, €49 > 0,and ey, > 0,

Vy=—e]K:'ey+ejdy+ef g Auy
< — Y Duje(Vaj) + lleallldall + Zalles| || Aug]]
j€{p.ar} (51)
€44+ €4 lds? | g3l Auyl?
<= Y Dye(Vap) + = el + -+ S
ielpar} 4d 4u

Let AT = T — T¢. Equations (37) and (40) yield éy = —kr‘)/tev +dy + gvAT. Select
Vy =¢€%/2,and let |gy| < gv. For eyy > 0and eyr > 0,

VV = —kl:‘)/te%/ + eVd~V +eygyvAT
< —Dy(Vy) + lev||dyv| + gvlev||AT]
"2 -
a4, g AT?
2eyg  2evr

(52)

IN

~Dye(Vy) + LTV

Choose Vas = 1,17, /2. The continuous realization of the robust term in Equation (19)
introduces 7; = [#]as j| — #as,j tanh(74s,1/b;), where b; > 0. Lemma 3 gives 0 < r; < 0.2785b;,
and hence ) ksr; < 0.2785k3 }; b; £ Q¢m. Applying Young's inequality to 7, GasAu
then gives

Vas < - Z Das,j(vas,j) + Cas”’faS”Z + Qs (53)
JETas

where cas > 0 is the coefficient introduced by the bounded saturation input, and (s
contains Qg and the remaining bounded saturation residuals.

The composite Lyapunov function is selected as

Ve=Vi+Voa+Va+Va+Vy+Vas+ ) Vii+ ) Vi (54)
icl; i€Z,
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Define the augmented error vector explicitly as

T =col (e, er,€3,e4,6v,1,4 €p, €53, €44,

X, Xy, fV)r

so that Ve =/ {./2.
To specify every scalar component in Equation (54), define

L={(7j):i€{1,2,3,4}, je T} U{V,as}

o , o , (55)
U{(fi,j) :ie€{2,3,4}, je JitU{(oi,j):i€{2,4}, je T} U{oV},
where J1 = {y,z}, o = {x,v}, T3 = {u,a,B}, and Ty = {p,q,r}. Thus, V, de-
notes the scalar Lyapunov component associated with £ € £; for example, V(y ;) = 65/ 2,
Viza) = €3,/2,and Vo) = £3,/2.
Combining Equations (44)—(53) gives the expanded composite bound

VC < - Z Df,e(vf) +Qc
lel

€12 + €17 + €14 le ”2
2 1

52
€rq + €7, + €
+< 2d 2u 2a + &1 )”eZ”Z

2 2612

€34 t+€
= Jles 2

€44+ € "3
+ (‘M o >|e4|2

(56)

2 2634

=2
€yqd +€VT 2 87 2
> ey + ZelfHesz

b e+ (o + AL | Il
2€3f f4 as 2e1, Hasll s

+

where Q. collects the bounded observer, actuator, anti-saturation, and reference-related
residual terms not assigned to the quadratic coefficients. The total positive quadratic
coefficients are therefore defined as

€12 T €15+ €14

qnj= 5
_ €24+ €+ € g
2 2 2612,
€34 + €3¢
qs3j = 5
€44 T Eygy h3
B = (57)
_ €vateévr
v=—>5
52 72
_ & I3
qe,j = 2€1f' qea,j = 2€3f'
52
81
= a5+ 2L,
Gas as 21,
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Let £; C L contain the scalar components associated with the coefficients in
Equation (57). By Equation (43), define Q¢ = Yy wy e and Qf = Q) + Qe. Equation (56)
can then be written as

Ve< =) De(Ve)+2 ) qiVe+ 05
el teLly

For every ¢ € L, the arithmetic-geometric mean inequality gives Dy(V;) >
21tVy/ (@¢T;). Consequently, the explicit channel-wise sufficient conditions are

7T
— > qy, leL,. 58)
¢eTy 1 i (

Under Equation (58), define the retained dissipation margins as

1_M/ EE‘Cq/
pr = T 0<p, <1 (59)
1, e L\ Ly,

The preceding lower bound implies —D;(V;) +2q,V; < —p;Dy(V;) for every £ € L;.
Therefore, summing the component-wise inequalities yields

Ve < =Y 0De(Vy) + Q. (60)
lel

The implementation adopts a common exponent ¢ for all predefined-time channels.
Let Nz = |£| = 26, and define

- ) TP [y
KC :mm{ },
el T n
eL (ply Vi 61)
/2 e ) TP [T
Sl bl

Here, the superscripts (—) and (+) correspond to the powers 1 — ¢/2and 1+ ¢/2,
respectively. By Lemma 2,

Y 0eDe(Ve) > ke VeI kv,
lel

Hence,
Ve <~k VO v 4o, (62)

For any ¢ € (0,1), define

vemmind 105 )  S5e

The residual set of the complete cascade is

Re={Tc: Ve(l) < Ve (63)

Because V. = {_ {./2, the corresponding aggregate error bound is ||{ || < /2V..
Finally, define the equivalent aggregate predefined-time parameter as Tc = 71/ (¢\/kc kJ ).
Equation (62) has the form of Lemma 1 with m. = k., n. = x, and T¢ as defined above.
Therefore, { . reaches R, within Ts < T,/ /9. The coefficients ko, x5, and T, depend on the
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selected channel parameters, the retained dissipation margins, and N, but not on V(0).
Thus, the time bound is independent of the initial condition. When Qf = 0, the residual set
reduces to the origin. In addition, boundedness of &3 guarantees that the bank-angle, angle-
of-attack, and sideslip-angle errors remain inside their prescribed-performance boundaries.
O

6. Simulations

To validate the proposed control scheme, numerical simulations were conducted
using a nonlinear six-DOF fixed-wing UAV model in the carrier landing phase. First,
the predefined-time convergence property was tested under different initial approach
errors. Second, the benefit of the integrated direct lift and side-force architecture was
examined by comparing it with reduced direct-force configurations. Third, the complete
Predefined-Time Direct Lift/Side-Force-Integrated Approach Landing (PTDIAL) controller
was compared with several baseline controllers to evaluate tracking accuracy, attitude
response, actuator behavior, and disturbance-rejection capability. Finally, Monte Carlo
simulations were performed to assess robustness under randomized initial errors, airwake
intensity, sea state scale, and gust parameters.

6.1. Simulation Setup

The initial longitudinal position of the UAV was set as xg = —1472 m, where the
nominal ITP was located at x = 0 at the initial instant. Unless otherwise specified, the initial
vertical and lateral offsets were zgp = 8 m and yy = 8 m, respectively. For the predefined-
time convergence test, several different initial offsets were additionally used to verify the
convergence behavior under different approach errors.

The UAV was initialized at the trimmed approach condition. The trim airspeed was
Vo = 70 m/s, the trim angle of attack was oy = 8°, and the trim sideslip angle, bank-
angle, and angular rates were set to zero. The flight-path angle and heading angle were
determined by the nominal glide-slope geometry and ship motion. The elevator, thrust,
and flap trim values were obtained from the nonlinear trim calculation and then kept as
the initial actuator commands.

The principal controller and PTDO parameters used in all simulation scenarios are
summarized in Tables A5 and A6, respectively, while the actuator settings are given in
Table A3.

Three simulation scenarios were considered, as summarized in Table 1. Scenario 1 was
used to verify the predefined-time convergence property. Scenario 2 was used to evaluate
the effectiveness of the integrated direct lift/side-force architecture. Scenario 3 was used
for controller comparison and Monte Carlo verification under combined disturbances.
The carrier airwake was modeled according to the MIL-F-8785C standard [35], and the
Ideal Touch Point (ITP) motion under different sea states was generated according to the
method in the reference [9]. Scenario 2 included a lateral gust with an amplitude of 5m/s,
injected at t = 15.0 s. In Scenario 3, a lateral gust with an amplitude of 5 m/s was injected
att = 15.0 s, and a vertical gust with the same amplitude was injected at t = 20.0 s.

The comparison algorithms are summarized in Table 2. Scenario 2 varied the direct-
force configuration to isolate its contribution, whereas Scenario 3 retained the integrated di-
rect lift/side-force architecture to compare the control laws, disturbance observers, and anti-
saturation mechanism. Within each scenario, all methods used the same nonlinear model,
flight condition, reference, actuator constraints, and environmental realization. PTDIAL-
NA retained the parameters of PTDIAL with only the flap anti-saturation mechanism
disabled; FxTDI and NDJI, constructed following [3] and [39], respectively, were indepen-
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dently tuned under the same nominal scenario. The selected parameters remained fixed,
and identical randomized cases were used in the Monte Carlo comparison.

Table 1. Simulation scenarios.

Scenario Purpose Initial Offset Environment
1 Predefined-time Multiple zy, yo Light airwake, normal
convergence cases sea state, no gust

. . Moderate airwake,
Direct-force architecture
2 Zo =1Yp =8m normal sea state,

validation lateral gust

Heavy airwake, high sea
3 Algorithm comparison Zp=Yo =8m state, lateral and
vertical gusts

Table 2. Comparison algorithms.

Scenario Algorithm Description
2/3 PTDIAL Proposed method

2 PTDL Direct lift only, without direct side force

2 PT No direct-force control architecture

3 PTDIAL-NA PTDIAL without the anti-saturation mechanism
3 ExTDI Fixed-time dilject—force controller With fixed-time

disturbance observation
3 NDI Nonlinear dynamic inversion with conventional

disturbance observation

6.2. Predefined-Time Convergence Verification

To evaluate predefined-time convergence, the initial error in each position channel
was setto ¢;(0) € {—8,—6,—4,—-2,2,4,6,8} m, i € {y,z}, while the remaining states were
initialized near the trim condition; the eight colored curves in each panel correspond,
respectively, to these initial offsets. The position-loop design times were T, = 7 s and
T, = 11 s, with convergence recorded when the corresponding error entered and remained
within its bounded steady-state neighborhood.

Figure 5 shows that all lateral and vertical errors converge within T, and T, respec-
tively, with little variation across the tested initial values. The vertical transient caused
by the subsequent ITP motion is also rejected. Scenario 1 isolates the effect of the initial
conditions, whereas Sections 6.4 and 6.5 examine combined and randomized disturbances;
under the conditions of Theorem 1, the convergence-time bound remains independent of
the initial state.

To further illustrate the approach process, Figure 6 presents the three-dimensional
landing trajectories under four extreme initial conditions. The UAV starts from different
vertical and lateral offsets and finally approaches the neighborhood of the ITP. This result
further verifies the effectiveness of the predefined-time guidance and the integrated direct
lift/side-force control architecture.
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Figure 5. Position-error responses under different initial offsets.
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Figure 6. Three-dimensional landing trajectories.

6.3. Direct-Force Architecture Validation

The effectiveness of the integrated direct-force architecture was evaluated by compar-
ing PTDIAL with two reduced configurations, namely, PTDL and PT. PTDIAL used both
direct lift and direct side force, PTDL retained only the direct-lift channel, and PT removed
both direct-force channels. This comparison was used to isolate the contribution of direct
lift and direct side force to carrier landing control.

Figure 7 shows the position tracking results of the three control architectures. Com-
pared with PTDL and PT, PTDIAL achieves faster and smoother lateral error convergence.
This result indicates that the direct side-force channel can effectively reduce the dependence
on bank-angle-induced lateral motion and improve lateral tracking performance. In the
vertical channel, the direct-lift channel helps reduce the coupling between vertical motion
and pitch attitude, leading to improved vertical tracking behavior compared with the
non-direct-force configuration.

Figure 8 presents the attitude responses. In the bank-angle channel, PTDIAL keeps u
almost unchanged, since the spoiler-generated side force allows the UAV to correct the lat-
eral error without relying on bank-angle/sideslip-mediated lateral correction. By contrast,
PTDL and PT require evident bank-angle variations. In the angle-of-attack channel, PT
shows large oscillations, whereas PTDIAL and PTDL remain close to the trim value due to
the use of direct lift. In the sideslip channel, PTDIAL maintains 3 near zero with only small
transient fluctuations, which are mainly related to the residual coupling introduced by
spoiler-based side-force generation. The other two configurations exhibit more persistent
sideslip oscillations.
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Figure 8. Attitude responses of different direct-force architectures.

Figure 9 shows the actuator responses. PTDIAL makes use of both the flap and spoiler
channels to generate direct vertical and lateral forces. Although this introduces additional
direct-force actuator activity, it reduces the demand on attitude maneuvering and improves
the coordination of the landing control process. Overall, the results demonstrate the
effectiveness of the integrated direct lift/side-force architecture under large initial position
deviations and lateral disturbance.
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Figure 9. Actuator responses of different direct-force architectures.

6.4. Controller Comparison Under Combined Disturbances

Scenario 3 was used to evaluate the closed-loop performance of different controllers
under combined ITP motion, carrier airwake, and gust disturbances. The compared
controllers are those listed in Table 2.

Before presenting the closed-loop responses, the disturbance-observer performance is
examined. The proposed predefined-time disturbance observer, denoted as PTDO, was
compared with FXTDO and NDO in six channels, including heading, flight-path, roll rate,
pitch rate, yaw rate, and velocity disturbances.

Figures 10 and 11 present the disturbance-observer comparison. For each disturbance
channel, the estimated disturbance and the corresponding estimation error are shown
together to provide a direct comparison of tracking accuracy and residual error. In the
heading, roll rate, and yaw rate channels, PTDO provides faster and more accurate tracking
of the disturbance variation caused by the lateral gust. In the flight-path, pitch rate, and ve-
locity channels, PTDO also maintains smaller estimation errors during the vertical gust
response. Compared with FXTDO, PTDO reduces the phase lag and improves the transient
tracking accuracy. Compared with NDO, PTDO captures the disturbance variations more
effectively, whereas NDO tends to produce smoother but delayed estimates. These results
indicate that the proposed predefined-time observer can provide more accurate disturbance
information for feedforward compensation and closed-loop control.

The closed-loop responses under Scenario 3 were further organized according to the
control architecture, as shown in Figures 12-14. Figure 12 presents the position-loop-related
responses, including the lateral and vertical position errors, the trajectory variables, and the
direct-force actuators. All controllers reduce the initial position errors, while PTDIAL gives
a smoother response under the combined deck motion and gust disturbances. Since the
four methods use the same integrated direct lift/side-force architecture, the differences
in this scenario mainly reflect the effects of the observer, predefined-time control law,
and anti-saturation mechanism.
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Figure 12. Position-control-related responses.

Figure 13 shows the attitude-loop responses and the conventional aerodynamic control
surfaces. Owing to the use of direct-force control, the attitude variables are well regulated
for all four methods, especially in the bank-angle and sideslip channels. During gust
injection, PTDIAL and PTDIAL-NA exhibit smaller fluctuations in several channels, which
is consistent with the improved disturbance-estimation accuracy shown above. The attitude
responses also show that the proposed controller maintains the prescribed performance
bounds while preserving small attitude deviations.

The velocity-loop responses are shown in Figure 14. The airspeed is maintained near
its reference value under combined disturbances, and the thrust response remains bounded.
Together with the actuator responses in Figure 12, the results indicate that the predefined-
time requirement inevitably leads to relatively large transient commands, especially in the
direct-lift channel. Without anti-saturation compensation, PTDIAL-NA produces a longer
flap saturation interval, which further affects the vertical error, flight-path angle, angle-of-
attack, pitch rate, and elevator response. By contrast, the proposed PTDIAL shortens the
flap saturation duration and alleviates the coupled longitudinal response. These results
indicate that the anti-saturation mechanism is not only used to limit actuator commands
but also helps maintain the transient quality of the predefined-time closed-loop system
under actuator constraints.

Overall, the comparison demonstrates that PTDIAL achieves a favorable balance
among predefined-time convergence, disturbance rejection, attitude regulation, and actua-
tor feasibility. Because the compared controllers share the same direct-force architecture,
the improvement mainly comes from the combined action of the predefined-time pre-
scribed performance controller, the predefined-time disturbance observer, and the flap
anti-saturation design.
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Figure 14. Velocity-control-related responses.

6.5. Monte Carlo Verification

To further evaluate robustness against uncertain landing conditions, Monte Carlo sim-
ulations were conducted based on Scenario 3. A total of 20 random cases were considered.
In each case, the initial vertical and lateral offsets were randomly selected within 4-8 m
with random signs. The carrier airwake level was randomly selected from light, moderate,
and heavy conditions, the airwake scaling factor was varied within 1.0-1.6, and the deck
motion scale was varied within 0.9-1.2. In addition, lateral and vertical gusts with random
injection times, durations, and amplitudes were imposed. The same random cases were
applied to all compared controllers to ensure a fair comparison.

Figure 15 shows the boxplots of the IAE and RMS values for the position, veloc-
ity, and attitude tracking errors. For an error signal ¢;(t), these two indices are defined

as IAE; = fgf le; ()| dt and RMS; = 1/t; ! [ife ' e2(t) dt. In both Monte Carlo figures, the

five-pointed stars denote the sample means. All Controllers complete the landing task
in the tested cases. Compared with FxTDI and NDI, PTDIAL produces more compact
error distributions in most channels, especially for the vertical position tracking error
ez, velocity error ey, and attitude errors. PTDIAL-NA shows similar lateral and attitude
tracking performance to PTDIAL, but its vertical-channel performance is more sensitive to

https://doi.org/10.3390/drones10080608


https://doi.org/10.3390/drones10080608

Drones 2026, 10, 608

28 of 36

actuator saturation. These results indicate that the proposed observer and predefined-
time control structure improve the consistency of the closed-loop response under
randomized disturbances.
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Figure 15. Monte Carlo comparison of IAE and RMS tracking metrics.

Additional quantitative metrics are further compared in Figure 16, including the
terminal position errors, the maximum attitude errors, and the flap low-saturation time.
PTDIAL maintains small terminal errors and reduced maximum attitude deviations over
the tested cases. Although the lower-gain baseline controllers may naturally spend less time
near the flap lower limit, their tracking and attitude metrics are generally less favorable.
By comparing PTDIAL with PTDIAL-NA, it can be observed that the anti-saturation
mechanism reduces the adverse influence of flap saturation on the vertical channel and
the coupled longitudinal response. Therefore, the Monte Carlo results further confirm that
PTDIAL provides a more reliable balance between tracking accuracy, disturbance rejection,
and actuator feasibility.
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Figure 16. Monte Carlo comparison of quantitative metrics.

The numerical statistics corresponding to Figures 15 and 16 are summarized in
Tables 3 and 4, respectively, as the mean =+ standard deviation.

Table 3. Monte Carlo statistics of the tracking metrics.

Tracking Metric PTDIAL PTDIAL-NA FxTDI NDI

IAE of ¢, (ms) 15.246 + 3.469 15.246 + 3.469 17.988 + 3.673 21.698 £ 4.024
IAE of e, (ms) 31.580 £ 16.628 40.821 £ 25.587 36.618 £ 20.594 35.311 £ 18.986
IAE of ey (m) 0.471 £ 0.139 0.488 £ 0.136 0.774 £ 0.140 0.829 £ 0.179
IAE of ¢y (%) 0.177 £ 0.014 0.176 £ 0.014 0.984 £ 0.116 1.735 + 0.570
IAE of e, (%) 0.317 + 0.280 0.322 + 0.276 1.316 £ 1.106 1.356 + 1.021
IAE of eg (%) 0.248 £+ 0.051 0.248 £ 0.051 0.471 £ 0.102 0.515 £ 0.140
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Table 3. Cont.
Tracking Metric PTDIAL PTDIAL-NA FxTDI NDI
RMS of e, (m) 1.621 4 0.340 1.621 4+ 0.340 1.690 + 0.359 1.830 + 0.340
RMS of e, (m) 2.002 £+ 0.746 2422 +1.214 2.189 + 0.952 2.091 + 0.835

RMS of ey (m/s)
RMS of e, (°)
RMS of e, (°)
RMS of ez (°)

0.0228 £ 0.0057
0.0145 £ 0.0008
0.0188 £ 0.0169
0.0245 £ 0.0055

0.0233 £ 0.0059
0.0145 + 0.0008
0.0194 £ 0.0168
0.0245 + 0.0055

0.0361 + 0.0067
0.0690 £ 0.0085
0.0765 £ 0.0566
0.0369 £ 0.0074

0.0400 + 0.0087
0.1243 + 0.0526
0.0747 £ 0.0527
0.0401 £ 0.0123

Table 4. Monte Carlo statistics of the landing-related metrics.

Landing Metric PTDIAL PTDIAL-NA FxTDI NDI

ley (t¢)| (m) 0.00061 £ 0.00038  0.00060 £ 0.00038  0.00693 £ 0.00101  0.00537 £ 0.00127
lez(t)] (m) 0.0329 + 0.0507 0.165 + 0.626 0.220 + 0.296 0.149 + 0.176
max|eq| (°) 0.087 + 0.074 0.092 £ 0.079 0.331 £ 0.252 0.328 £ 0.233
max|eg| (°) 0.137 + 0.024 0.137 + 0.024 0.156 + 0.021 0.173 + 0.054
max|e, | (°) 0.0983 + 0.0016 0.0983 + 0.0016 0.291 + 0.066 0.551 + 0.259
TEF low-saturation time (s) 9.78 £ 3.05 10.81 + 2.87 9.11 £ 3.34 8.97 £3.12

7. Conclusions

This paper proposed a predefined-time integrated direct lift/side-force control method
for carrier-based fixed-wing UAV landing. The trailing-edge flap and spoiler were em-
ployed to generate direct lift and side force, respectively, allowing position corrections to be
achieved with reduced attitude-mediated motion. A preview-based reference glide slope
was combined with predefined-time control, prescribed-performance attitude regulation,
predefined-time disturbance observation, and trailing-edge flap anti-saturation compen-
sation. Theoretical analysis showed that the closed-loop tracking, filtering, observation,
and auxiliary errors were practically predefined-time stable under the stated assumptions.

Simulation results demonstrated that the integrated direct-force architecture im-
proved vertical and lateral tracking while maintaining small angle-of-attack, bank-angle,
and sideslip variations. The proposed disturbance observer enhanced the rejection of
airwake and gust disturbances, while the anti-saturation mechanism shortened the flap
saturation duration and mitigated its coupled influence on the vertical channel. Compar-
isons with reduced direct-force configurations, fixed-time control, and nonlinear dynamic
inversion confirmed the overall performance advantage of PTDIAL. The Monte Carlo
results further demonstrated consistent tracking accuracy, attitude regulation, and actuator
feasibility under randomized landing conditions. Future work will focus on aerodynamic
uncertainty, multi-actuator control allocation, actuator faults, and hardware-in-the-loop or
flight-test validation.
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Appendix A

Table Al. Abbreviations and symbols.

Notation Definition

ITP Ideal Touch Point

PTDIAL Predefmed—Tnn.e Direct Lift/Side-Force-Integrated
Approach Landing

PPC, PTCE, PTDO Prescribed .perfor'manc.e control, predefined-time command filter,
and predefined-time disturbance observer

OgXgYgzg, OpXpYp2b, OsXsYsZs Inertial, body-fixed, and ship-fixed coordinate frames

x1=[y,z]" Lateral and vertical position states

x=[x7" Heading and flight-path angle states

x3 = [pu,a,B]" Bank angle, angle of attack, and sideslip angle states

xy=[p,q,1]" Roll-, pitch-, and yaw-rate states

VvV, T Airspeed and thrust

m, g Aircraft mass and gravitational acceleration

U = [55/ §tef]T

Uy = [5a/ 59/ 5r]T

L DY
L,M,N

dZ/ d4/ dV
d]‘, 17]'

Vaw, Vg/ VW

0
PITP/ PITP/ Rgs

ei, Pir Gis €
(), ()

€o, 0o

To, Ao, To

Ty, ¢, @, ¢

()% )

(')aW/ (')g/ ()w

*jas

Differential-spoiler and trailing-edge-flap inputs

Aileron, elevator, and rudder inputs

Lift, drag, and side force

Roll, pitch, and yaw moments; L is distinguished from the lift
force L by the overbar

Lumped disturbances in the trajectory, angular-rate,

and velocity loops

Bounds on the magnitude and variation rate of the jth
lumped disturbance

Carrier-airwake, gust, and total wind vectors

Instantaneous and nominal ITP positions and ship-to-inertial
rotation matrix

Tracking error, prescribed-performance function, normalized
error, and transformed error

Estimated quantity and estimation error, respectively

Scalar state and disturbance estimation errors used in the

PTDO analysis

Cross-term coefficient, dissipation margin, and residual radius in
the PTDO analysis

User-specified time parameter and the coefficients used in the
practical predefined-time stability condition; the guaranteed
convergence-time upper bound is T), / Vo

Commanded and reference quantities, respectively
Carrier-airwake, gust, and total-wind quantities, respectively
Anti-saturation-related quantity

The nonlinear six-DOF model used in the simulation is summarized in this appendix.
The physical and inertial parameters used in the simulations are listed in Table A2.

https://doi.org/10.3390/drones10080608


https://doi.org/10.3390/drones10080608

Drones 2026, 10, 608

31 0f 36
Table A2. Physical and inertial parameters of the UAV model.
Parameter Value Parameter Value
Mass, m 14,000 kg Wing reference area, S 37.16 m?
Wing span, b 114 m Mean aerodynamic chord, ¢ 3.488 m
Air density, p 1.225kg/m®  Gravitational acceleration, ¢ 9.81 m/s?
Roll moment of inertia, I, 31,184 kg m?2  Pitch moment of inertia, Iy 156,910 kg m?2
Yaw moment of inertia, I, 230,411 kg m?2  Product of inertia, L., —4028 kg m?2
The translational and trajectory dynamics are given by
. T —D
V= COSDC(;ZS’B —gsiny +dy,
. Lsinpy+Ycosp+ T(sinasin u — cosasin cos jt) d
= mV cosy X (A1)
. Lcosu —Ysiny+ T(sinacos y + cos a sin fsin ) — mgcosy
r)/ = mV + d’)’/

X =V cosycosy, 1y = Vcosysiny, z = —Vsinv,

where T is the actual thrust, and g is the gravitational acceleration.

The physical control-surface realizations used in the simulations follow first-order
dynamics subject to the position and rate constraints summarized in Table A3. In Figure 2,
the engine dynamics from the thrust command T° to the actual thrust T are represented by

T(s) 29945 + 10.48s% + 27.48s + 9.37

Gy(s) = = :
p(s) T<(s)  s*+6.55% + 18.2552 + 26.28s + 9.37

The conventional-surface dynamics, position envelopes, and engine model were
selected with reference to the carrier-landing models in [8,33], and the flap model was
benchmarked against the actuator configuration in [2]. The direct-force actuator parameters
used in the simulations are also stated explicitly in the table.

Table A3. Actuator and engine models and constraints.

Actuator Dynamics Position Limits Rate Limits
Elevator e = 30(85 — de) [—0.42, 0.18] rad +1.80rad/s
Aileron ba = 48(85 — 6,) [—0.44, 0.44] rad +1.40rad/s
Rudder o = 40(85 — 6;) [—0.52, 0.52] rad +1.40rad/s
Trailing-edge  dier = 30(6C,; — Sier) [—0.1396, 0.6981] rad +1.0472rad/s
flap

Left/right bsj = 35(65; — dsj), j € {L,R} [0, 0.6109] rad +1.0472 rad /s
spoiler

Engine T(s) = Gp(s)T<(s) 0 < T <125,000N -
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The attitude kinematics and angular rate dynamics are expressed as
= %—;—ﬁrsma + x(siny + tan B sin 1 cos y) + f tan B cos y,
) ) —X COsysiny — -y cos y
= — t ’
i =g — (pcosa+rsina)tan f + cos B
B = psina —rcosa + ¥ cosycosu — ysiny, (A2)
p = (c1r+cop)q+ 3L+ cuN +dp,
j = cspr — cg (p2 — r2) + oM +dg,
# = (cgp — car)q + c4L + coN + d,.
The Euler-angle relations used in the simulation are
$=p—+gsingtan6 + rcosPptanb, 0=17+a P =x-p (A3)
The aerodynamic forces and moments in Figure 2 are defined as
L= QSCL/ D = QSCD/ Y= QSCY/ (A4)
L= QSbCE, M = Q_SC_’CM, N = QSbCN,

where L, D, and Y denote the lift, drag, and side force, respectively; L, M, and N denote
the roll, pitch, and yaw moments, respectively. The overbar on L is used to distinguish the
roll moment from the lift force L. In addition, Q = sz /2 is the dynamic pressure, S is
the wing reference area, b is the wing span, ¢ is the mean aerodynamic chord, and p is the
air density.

For the adopted UAV model, the aerodynamic coefficients are expressed as

CL = Cpro + Crat + Crs.0e + Crs,;Stef + Crs, 053,
Cp = Cpo + Cpatt + Cps,Jsx,
Cy = CypP + Cys,0sn,

b
Cp = CrpB+ Crs,da+ Cradr + Cradon + 50 (Crop +Cpyr), (53
c
CM = CMO + CMaDL + CM(Se(Se + CMétethef + ﬁcm,ﬂz
b
Cxv = Crypb + Cus, b + Crvdr + Crvg s + 5 (Coypb + Cy7)-

The numerical coefficients corresponding to Equation (A5) are listed in Table A4.
All angular variables and control-surface deflections in these expressions are measured
in radians.

Table A4. Numerical aerodynamic coefficients used in the simulations.

Component Aerodynamic Coefficients
Cro = 0.8229, Cp, = 2.7584, Cr5, = 0.4894,

Lift Crs,, = 0.6000, Cp5, = —0.1200
Drag Cpo = 0.1027, Cp,, = 0.7476, Cpy, = 0.0800
Side force Cyp = —0.8022, Cys, = 0.3000

Crp = —0.1203, Cr,, = 0.1834, Cr,, = 0.0172,

Roll moment Cr, = —0.3800, Cr, = 0.0130, Crs = 0.0420
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Table A4. Cont.

Component Aerodynamic Coefficients

Cpto = 0.0603, Cpp,, = —0.4260, Cyy, = —3.5432,
Cy1, = —0.6596, s, = —0.0200

CNﬁ = 0.0974, CN(Sa = 0.0115, CN(Sr = —0.0859,
Cyyp = —0.0500, C;, = —0.2400, C;, = —0.0300

Pitch moment

Yaw moment

The spoiler variables used in the aerodynamic model are defined as

(5SL + 5sR>/ 5SA = ‘55R - ésL' (A6)

N —

552 =

In the trajectory-loop vector input u; in Equation (1), s denotes the direct side-force
command and is implemented as the differential spoiler deflection, i.e., Js = Js5. The sym-
metric spoiler component dsy, mainly affects lift and drag, whereas J;p generates direct side
force and lateral-directional moments.

The signed differential command is allocated to the physical spoilers by

(O, min{5§, (5s,max}) ’ 9 =0,

ds,max = 0.6109 rad.
(min{—65, 6smax},0), & <0,

(051, Or) =

The allocation satisfies 0 < 65 , 65z < s max. For |0S] < Jgmax, the resulting compo-

nents are 65, = g and 65 = |J5|/2. Both components are retained in the aerodynamic
coefficients in Equation (A5).

The wind-induced equivalent disturbance terms are computed from the angle-of-attack
and sideslip perturbations ay, and .. The corresponding aerodynamic increments are

Lw = QSCLMXW/ Dy, = QSCDMXW/ Yw - QSCYﬁ,BW/

_ - - - _ N (A7)
Lw = QSbCrgpw, Mw = QScCppttw, Nw = QSbCrpPw-
Thus, the lumped disturbances are
—YBw + Law — Dy
dy = ,
m
g (Lw + Day ) sinpt + (Yo — DBy ) cos p
T mV cos 7y ’ (A8)
(Lw + Day) cos pt + (DBw — Yay) sin
dy = ,
mV
dp = c3Lw + c4Ny, dg = c7My, d; = c4Lyw + cgNyy.
The inertia-related coefficients in the angular rate equations are
(I, - L)L — I, (L = Iy + L) I, L
A= 71 -_p 9T 1L-_p = 8T TiL_1’
LI, — Iz, LI, — IZ, LI — I,
_ Iz _ I — Iy _ Iz
“TLL -1 R T T (49
1 L(Iy — Iy) + 12, Iy
C7 = —, kg = —_— g = —————.
s ’ LI - 12, T LL -2

For reproducibility, the principal numerical settings of the proposed controller and
the PTDOs are summarized below. For all controller channels, the common double-power
parameters were ¢ = 0.45, m = 12, and n = 4, and the regularization threshold was
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€, = 1073, The predefined-time parameters are listed in Table A5; entries within each
vector follow the channel order shown in the second column.

Table A5. Predefined-time parameters of the controller.

Control Loop Channels T (s)
Position (y,2) (7,11)
Trajectory (x,7) (5,8)
Attitude (n,a,B) (6,6,5)
Angular rate (p.q71) (3,3,3)
Velocity Vv 10

For all PTDO channels, the common double-power parameters were ¢, = 0.45,
my, = 1.30, and n, = 0.85. The remaining channel-dependent parameters are listed in
Table A6.

Table A6. Channel-dependent parameters of the PTDOs.

Channels T, (s) ki ks ka €

(x7) (1.00,0.90) (0.20,0.05) (0.82,0.25) (0.14,0.25) (5 x 10-8,10°9)
(p.q,7) (0.75,0.65,0.65) (0.24,0.24,0.25) (0.82,0.90,0.90) (0.24,0.26,0.26) (10,5 x 10~7,10~8)
14 0.75 0.10 0.90 0.28 107

Table A7. Settings of the short-term AR predictor.

Setting Value
AR model order, p 10
Number of historical samples, N 20
Historical-data interval, Afar 05s
Prediction steps, n¢ 3
Prediction horizon, Tpre 15s
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