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Abstract

Carrier-based aircraft landing is a critical element in generating aircraft carrier combat
capability. Traditional landing control suffers from inherent drawbacks including strong
trajectory—attitude coupling, high pilot workload, and insufficient disturbance rejection in
complex environments. The MAGIC CARPET precision landing technology achieves de-
coupled manipulation via direct lift control, providing a feasible technical path to address
these bottlenecks. However, existing schemes still have limitations in multi-channel dy-
namic decoupling performance and controller parameter tuning efficiency. This paper de-
signs a three-channel (flap, stabilator, throttle) active disturbance rejection control landing
system based on direct lift technology, with an adaptive decoupling module introduced
to counteract the pitching moment coupling caused by flap deflection, so as to maintain
stable attitude and velocity during trajectory adjustment. An enhanced pigeon-inspired
optimization algorithm is proposed with full-process improvements in population initial-
ization, global search operator and local search operator, and a global collaborative tuning
scheme for controller parameters is constructed. Verified by multiple groups of compara-
tive simulations and Monte Carlo statistical experiments, the proposed system outper-
forms comparative schemes in tracking accuracy, decoupling effect and disturbance sup-
pression capability, and exhibits favorable robust stability under uncertain conditions.
This study offers a useful reference for the design and practical implementation of direct-
lift landing control systems for carrier-based aircraft.

Keywords: carrier-based aircraft landing technology; direct lift control; MAGIC CARPET
landing; active disturbance rejection control; pigeon-inspired optimization algorithm

1. Introduction

Carrier-based aircraft landing is a critical element in building aircraft carrier combat
capability. Unlike land-based takeoff and landing, carrier-based landing must be con-
ducted on the confined angled deck of an aircraft carrier. Throughout the entire process,
the aircraft is subjected to severe random disturbances, including carrier air wake and six-
degree-of-freedom (6-DOF) deck motion, which renders this maneuver widely recog-
nized as the most critical and hazardous flight phase [1-3]. Traditional landing control
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adjusts the trajectory indirectly via pitch attitude regulation, which entails inherent draw-
backs such as strong trajectory—attitude coupling, high pilot workload, and limited dis-
turbance rejection in complex environments. The MAGIC CARPET precision landing
technology achieves decoupled manipulation based on direct lift control, providing a fea-
sible path to break through the above bottlenecks [4-6]. This paper focuses on the design
and optimization of the direct lift landing control system for carrier-based aircraft, aiming
to improve landing accuracy and safety under complex sea conditions.

The development of carrier-based aircraft landing control technology has been
driven by three core objectives: improving safety, reducing pilot workload, and enhancing
environmental adaptability. From early fully manual visual operation to the gradual ap-
plication of the Fresnel lens optical landing system (FLOLS), instrument landing system
(ILS) and microwave landing system (MLS), landing reliability and operational scope
have been continuously improved [7-10]. However, the core logic of traditional control —
“adjusting trajectory indirectly via attitude” —has not changed fundamentally. During the
final approach phase, pilots still need to coordinately operate the control stick and throttle
to balance multiple coupled state variables. Moreover, an inherent phase lag exists be-
tween attitude input and trajectory response, which limits the corrective capability under
sudden disturbances and thereby hinders further performance improvement.

To overcome the coupling bottleneck inherent in traditional landing control, direct
lift control technology has been extensively investigated and applied in practice. Wu et al.
designed a two-stage integrated direct lift landing controller based on prescribed perfor-
mance nonlinear dynamic inversion, which achieved decoupling of longitudinal trajec-
tory and attitude and verified the landing control performance of the method [11]. Zhang
et al. proposed a direct-lift automatic landing system based on a fruit fly optimization
algorithm (FOA) with an escape-predation mechanism, and simulation results verified its
trajectory tracking capability under carrier air wake disturbance [12]. Sun et al. focused
on carrier-based UAV landing control under actuator faults, and proposed a model pre-
dictive control structure based on a nonlinear extended state observer, which achieved
simultaneous compensation of faults and disturbances [13]. As a robust control method
that does not rely on accurate plant models, active disturbance rejection control (ADRC)
is well suited to the nonlinear and multi-disturbance nature of the landing process [14].
Although existing studies have confirmed the effectiveness of direct lift control and ADRC,
further improvements are still needed in terms of dynamic decoupling performance and
parameter tuning efficiency [15].

The control performance of landing controllers is directly related to the effectiveness
of parameter tuning. The multi-channel ADRC controller under the direct lift mode has
numerous parameters to be tuned with strong coupling. Manual tuning based on engi-
neering experience is not only time-consuming and labor-intensive, but also difficult to
achieve a globally optimal trade-off among multiple objectives such as tracking accuracy,
attitude stability and disturbance rejection capability. Swarm intelligence optimization al-
gorithms, such as genetic algorithms [16] and particle swarm optimization [17], offer an
effective solution to this problem. The pigeon-inspired optimization (PIO) algorithm pro-
posed by Duan et al. features fast convergence speed and simple parameter setting, and
has been widely applied in the field of landing controller parameter optimization [18].
Yang et al. introduced the Cauchy mutation mechanism into the PIO algorithm and con-
structed a multi-layer parameter optimization strategy for automatic landing systems [19].
He et al. proposed a multi-strategy PIO algorithm for parameter tuning of ADRC control-
lers for vertical takeoff and landing fixed-wing UAVs, with optimization performance su-
perior to traditional intelligent algorithms [20]. Wu et al. adopted a PIO algorithm with a
dropout mechanism to optimize landing control parameters, which effectively reduced
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the dispersion range of landing points [21]. In addition, other swarm intelligence optimi-
zation algorithms have also been explored and applied in related fields [22,23].
Although abundant research achievements have been made in the field of carrier-
based aircraft landing control, several core problems remain to be solved. First, the multi-
channel decoupling design of direct lift landing control is insufficient, making it difficult
to fully eliminate the aerodynamic coupling effect caused by flap deflection throughout
the whole process. Second, the parameters of the ADRC controller are high-dimensional
and strongly coupled, making it difficult for manual tuning to achieve the global optimum
of comprehensive performance. Third, the basic PIO algorithm tends to converge prema-
turely in high-dimensional optimization, and existing enhanced variants are still insuffi-
cient to meet the parameter optimization requirements of the MAGIC CARPET mode.
The rest of this paper is organized as follows. Actuator establishes the carrier-based
aircraft landing simulation framework, including the longitudinal nonlinear dynamics
model of the carrier-based aircraft, the carrier air wake and deck motion disturbance
model, and the fuzzy virtual pilot model. Section 3 designs the three-channel ADRC direct
lift landing control system and introduces an adaptive decoupling module. Section 4 pro-
poses an improved PIO algorithm adapted to the landing control scenarios, and constructs
a global collaborative tuning scheme for controller parameters. Section 5 verifies the com-
prehensive performance of the system through simulation experiments. The final section
summarizes the main conclusions of this paper and prospects future research directions.

2. Model

To establish a solid basis for the design and verification of the direct lift carrier land-
ing control system, this paper constructs simulation models of carrier-based aircraft dy-
namics, environmental disturbances, and a virtual pilot for longitudinal landing. The lat-
eral-directional motion is assumed to be stabilized by an independent control loop; thus,
this work focuses exclusively on longitudinal trajectory and attitude control.

The longitudinal motion equations of the carrier-based aircraft are established as fol-
lows:

z=Vsiny
x=Vcosy
mV = F cosa—D —mgsiny
mVy=Fsina+L—-mgcosy 1)
lg=M,
0=q
a=0-y

where y denotes the flight path angle; @ denotes the angle of attack; 0 denotes the pitch
angle; z is the altitude coordinate of the aircraft in the inertial ground coordinate system;
x is the longitudinal horizontal displacement in the inertial ground coordinate system; V
is the true airspeed of the carrier-based aircraft; m is the total mass of the aircraft; F is the
net engine thrust; g is the gravitational acceleration; Iy is the pitch moment of inertia about
the body lateral axis; g is the pitch rate; L, D and My represent the aerodynamic lift, aero-
dynamic drag, and pitch aerodynamic moment acting on the aircraft in the longitudinal
plane, respectively. These aerodynamic forces and moment are expressed as:

L=0.5pV*SC,

D=0.5pV’SC, )

M, =05pV°SeC,
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where p is the standard sea-level atmospheric density; S is the wing reference area; c is
the mean aerodynamic chord of the wing; Cr, Cp and Cum are the dimensionless lift, drag,
and pitch moment coefficients, respectively. Their values are jointly determined by the
flight state and control surface deflections.
For the landing phase, the aerodynamic coefficients are formulated as:
C,=C,,+Cla+Cl8,+Cler s,
Cp=Cp+ Cga + C(D% 05 + Cgm Orir 3)
C, =Cpo+Coa+Cl g +Cpr S,y

where Cro, Cpo and Cwmo are the baseline lift coefficient, drag coefficient, and pitch moment
coefficient at zero angle of attack and zero control surface deflection, respectively; the su-
perscripts a, 0s and 6.er denote the partial derivatives of the corresponding aerodynamic
coefficients with respect to the angle of attack, stabilator deflection angle, and leading-
edge flap deflection angle, respectively.
Transfer function models are established for each actuator. The dynamic response of
the stabilator actuator is described by a first-order inertial link:
Ads(s) K
Ad. (s) - E

The flap actuator is also described by a first-order inertial link:

(4)

®)

Considering the high-order lag characteristics of the engine, the throttle servo system
adopts a fourth-order transfer function to characterize its dynamic response:

A8, (s) a8’ +a,s’ +as+a, 6
AS,,.(s) s'+bs’ +b,s’ +bs+b, ©
The specific parameter values of the three actuators are listed in Table 1.
Table 1. Parameters of Actuators.
Actuator Parameter Value
Stabilator Ks=30, t7s=30
Flap Kier =30, teer = 30
Throttle a3 =2.994, a>=10.48, a1 =27.48, a0 =9.37
bs=6.5, b>=18.25, b1 = 26.28, bo = 9.37
The deflection angle and rate limits of the stabilator and flap are listed in Table 2.
Table 2. Actuator Limits of the Carrier-Based Aircraft.
Actuator Deflection Angle Limit (deg) Deflection Rate Limit (deg/s)
Stabilator [-30, 30] [-45, 45]
Flap [-30, 30] [-30, 30]

The simulation is carried out based on a typical carrier-based aircraft configuration.
The detailed aerodynamic coefficients and key approach flight parameters are presented
in Table 3 and Table 4, respectively.

Table 3. Aerodynamic Coefficients of the Carrier-Based Aircraft.

Aerodynamic Parameter Value Aerodynamic Parameter Value Aerodynamic Parameter Value
Cho 0.0561444 Cho 0.363277 Ciro 0.01715723
Cp 0.0170819 Cy 0.068653 Cy 0.006770368
Co 0.0055025 CPs 0.019613 Cs -0.005315807
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SLEr
Cy

0.0016323 CPuer 0.019751 Couer -0.013429127

u(m/s)

(98]

Table 4. Key Approach Flight Parameters of the Carrier-Based Aircraft.

Parameter Value
m 21,280 kg
b 14 m
c 4m
S 62 m?
I 368,908 kg-m?

The entire landing process is subject to complex external disturbances. This paper
mainly considers two typical disturbances: carrier air wake and deck motion.

The carrier air wake model is established in accordance with the U.S. military stand-
ard MIL-F-8785C, and is decomposed into four components: free atmospheric turbulence,
steady disturbance component, periodic disturbance component, and local random tur-
bulence component. The vertical and longitudinal horizontal disturbance components of
the carrier air wake are shown in Figure 1.

w(m/s)
=}

Figure 1. Horizontal and vertical velocity components of carrier air wake disturbance. (a) Horizontal

velocity component; (b) vertical velocity component.

The aircraft carrier undergoes random motions driven by ocean waves, among which
pitch and heave directly alter the spatial position of the desired touchdown point. In this
paper, the spectral modeling method is adopted: time-domain signals of the carrier pitch
angle and heave displacement are generated via shaping filters, and the real-time vertical
height of the desired touchdown point is derived via geometric relations. The simulation
results of deck motion are shown in Figure 2.

(o]

Hship(m)
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Figure 2. Vertical height variation curve of carrier deck motion.

To realize closed-loop simulation of the manual landing scenario, this paper employs
a virtual pilot model based on the Fresnel Lens Optical Landing System (FLOLS). Based
on the altitude deviation of the carrier-based aircraft relative to the ideal glideslope and
the deviation rate, the model adopts a fuzzy logic controller to simulate the pilot’s manip-
ulation decision logic and outputs the flight path angle rate control command. Meanwhile,
human neuromuscular delay and control dead zone characteristics are taken into account,
ensuring the command output conforms to actual pilot manipulation characteristics and
providing realistic command inputs for the control system.

These models collectively form a complete human-in-the-loop simulation environ-
ment for carrier-based aircraft landing, providing a solid foundation for subsequent con-
trol system design, parameter tuning, and multi-condition performance verification.

3. Method

To satisfy the engineering application requirements of MAGIC CARPET precision
landing, the direct-lift landing control system designed in this paper is intended to fulfill
three core objectives.

First, trajectory tracking accuracy: the system is required to achieve high-precision
tracking of flight path angle rate commands with zero steady-state error. It must also con-
fine longitudinal touchdown deviations within the safe capture envelope of the arresting
system and maintain the baseline angle of attack and approach speed constant throughout
the landing process, thereby providing a stable aerodynamic basis for trajectory control.

Second, control decoupling: through channelized functional division of the flap, the
stabilator and the throttle, independent manipulation of trajectory control, attitude stabi-
lization and speed maintenance is realized. The additional pitching moment coupling in-
duced by flap deflection is counteracted, achieving the direct lift control goal of “trajectory
adjustment without attitude variation”.

Third, robustness: the system shall possess real-time suppression capability against
external random disturbances such as carrier air wake and deck motion, and can adap-
tively compensate for model uncertainties including aerodynamic parameter perturba-
tions and actuator characteristic deviations, thus maintaining stable control performance
under various sea conditions.

3.1. Owverall Architecture of the Control System

Based on the above control requirements, this paper proposes the overall architecture
of a three-channel (flap-stabilator-throttle) ADRC system, as shown in Figure 3. The sys-
tem takes the FLOLS as the guidance information source, and outputs flight path angle
rate manipulation commands via the virtual pilot model.

The three control channels have clear functional divisions. The flap channel serves as
the main trajectory control channel: it receives flight path angle rate commands and actual
feedback signals, and outputs flap deflection commands to directly adjust the flight tra-
jectory. The stabilator channel acts as the attitude stabilization channel, with constant an-
gle of attack as its control objective; meanwhile, feedforward decoupling compensation
for flap deflection is introduced to offset the pitching moment coupling caused by flap
manipulation. The throttle channel functions as the speed maintenance channel, which
sustains constant approach speed by adjusting engine thrust. The three channels operate
cooperatively to jointly achieve high-precision trajectory tracking as well as stable attitude
and speed maintenance under the direct lift mode.
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Figure 3. Overall structure of the direct-lift carrier landing control system.

3.2. Design of ADRC Controllers for Each Channel

ADRC does not require an accurate mathematical model of the controlled plant. It
expands both internal and external disturbances into state variables via the Extended State
Observer (ESO) for real-time estimation and feedforward compensation, thereby enhanc-
ing system robustness and disturbance rejection capability [14]. This makes ADRC partic-
ularly suitable for carrier landing control scenarios with strong disturbances and model
uncertainties. In this paper, ADRC controllers of corresponding orders are designed for
the controlled plants of the three control channels according to their respective dynamic
characteristics.

3.2.1. Design of the Flap Channel ADRC Controller

The core control objective of the flap channel is flight path angle rate tracking. Based
on the carrier-based aircraft dynamic model Equation (1) established in Section 2, the
flight path angle rate dynamic equation is given by:

mVy=Fsina+L—-mgcosy )
According to Equations (2) and (3), the linearized expression of aerodynamic lift L is:
L= O-SPVZS(CLO +Cfa+Cf“ o, +Cfm: Orer) (8)

Substituting Equation (8) into Equation (7) yields the dynamic equation of flight path
angle rate:
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0~5PVS(CL0 +Cla+Cl 8, +CPr 8,y ) N Fsina gcosy
m mV vV
All terms independent of the flap control input dcer are grouped as the system total

V= )

disturbance fy, and the control gain of the flap is defined as b,, namely:

! :OSpVS(CL0+Cfa+Cf‘5S)+ sina_ gcosy
d m my 14 (10)
_ 0.5pVSC)
b, B —

The standard form of the controlled plant for the flap channel is finally derived as:
Y =1, +b,0, (11)

Equation (11) demonstrates that the mapping from flap deflection angle to flight path
angle rate is a proportional link. Considering the first-order dynamic characteristic of the
flap actuator, the complete controlled plant of the flap channel is a first-order dynamic
system. Therefore, a first-order ADRC controller is adopted. Meanwhile, aerodynamic pa-
rameter perturbations, carrier air wake disturbances and other uncertainties are all incor-
porated into the total disturbance f,, which is estimated and compensated by the ESO.

The Tracking Differentiator (TD) provides a smooth transition process for the flight
path angle rate command from the pilot. Its discrete form is expressed as:

{7}d1(k+1) =Va(k)+h-y,,(k)
Var(k+1) =7, (k) + h-than(y,, (k) _}}c(k)’j}dz(k)’ryih;/o)

where h is the simulation time step; y,,(k) is the tracking signal of the flight path angle

(12)

rate reference command, used for subsequent error calculation; ,,(k) is the differential
estimation signal, which only participates in the internal TD iteration and is not used in
the nonlinear error feedback; 7, (k) is the reference command; ry is the speed factor; and
hyo is the filtering factor. fhan(-) is the fastest control synthesis function, whose definition
is provided in Equation (13).

d =rh,
d, =hyd
y=x +hx,
a, :\/dz +8r|y|
a,—d) .
5+ D ien) )y d, 3
a= »
xz"'aa‘yﬁ d,
rsign(a),|a |> d
fhan = —
r£,|a|Sd
d

For the first-order controlled plant, a second-order nonlinear discrete ESO is de-
signed to perform real-time estimation of the actual flight path angle rate and the system
total disturbance. Its discrete form is given by:

e (k)=z,(k)-yk)
z,(k+1)=z,(k)+h- (zy2 (k)= PB,o e, (k)+b,, O, (k)) (14)
z,(k+1)=2z,(k)—h- B, -fale, (k),a,,,0,,)

where y(k) is the feedback value of the actual flight path angle rate of the carrier-based

aircraft; orer(k) is the flap deflection control command; zyi(k) is the estimated value of the
flight path angle rate; z)2(k) is the estimated value of the system total disturbance; b,0 is the
estimated value of the control gain for the flap channel; )01 and f,02 are observer gains,
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which are tuned via the bandwidth method; fal(-) is the nonlinear power function, whose
definition is provided in Equation (15); ayo is the nonlinear factor; 6,0 is the width of the
linear segment of the fal function.
le|" sign(e), e|> S
fal(e,a,5)= e (15)

Based on the reference signal from the TD and the state estimates from the ESO, a
Nonlinear State Error Feedback (NLSEF) control law is constructed. Feedforward com-
pensation for the total disturbance is then applied to generate the final flap deflection
command.

e, (k) =7 (k) =z, (k)

u, (k) =k, -fal(e, (k). a,.5,) (16)
b,0rth) = 22020

70

where ¢)1(k) is the tracking error of the flight path angle rate; k; is the nonlinear propor-
tional gain; ay is the nonlinear factor, which is set within the range 0 <@y <1 in engineering
practice; oLer(k) is the final output flap deflection command.

3.2.2. Design of the Stabilator Channel ADRC Controller

The stabilator channel takes a constant angle of attack as its control objective. Based
on the carrier-based aircraft dynamic model established in Section 2, the geometric defi-
nition of the angle of attack and the basic relationship of pitch motion are given by:

a=0-y

where 0 is the pitch angle of the carrier-based aircraft, g is the pitch rate, and y is the flight
path angle. Taking the derivative of the angle of attack yields the basic form of the angle
of attack derivative:

a=q-y (18)
Substituting the flight path angle rate dynamic Equation (9) into Equation (18) and

rearranging yields the complete dynamic equation of the angle of attack:

_ 0508

. Fsi
a=q " (CL0+CZCI+C§‘§S+CfLEF5LEF)_ Sln06+gcos;/

mV Vv
All terms independent of the stabilator control input 6s are grouped as the system

(19)

total disturbance fs, and the control gain of the stabilator is defined as ba, namely:

0.5pVS

. - Fsina gcosy
J.=4q " (CL0+CLO'/+CL5 5LEF)_ R—

mV V

20
_0.5pV5C) 20)

m

b:

a

Accordingly, the standard form of the controlled plant for the stabilator channel is
obtained as:

a=f,+b,0, 21

Equation (21) indicates that the relationship between the angle of attack and the sta-
bilator deflection angle exhibits first-order dynamic characteristics. Considering the first-
order inertial dynamics of the stabilator actuator, the system from the stabilator deflection
command output by the controller to the angle of attack is a second-order dynamic sys-
tem. Therefore, a second-order ADRC controller is adopted for design. During the design

https://doi.org/10.3390/aerospace13080703


https://doi.org/10.3390/aerospace13080703

Aerospace 2026, 13, 703

10 of 27

process, disturbances such as flap-induced pitching moment coupling, aerodynamic pa-
rameter perturbations, and carrier air wake disturbances are all incorporated into the total
disturbance fa, which is estimated and compensated in real time by the ESO.

The TD provides a smooth transition process for the baseline landing angle of attack
command. During an ideal landing process, the input angle of attack command remains
constant. Its discrete form is expressed as:

{adl(kﬂ) =a,(k)+h-a,k)

1y (k +1) = 1y (k) + h-fhan (ct,, (k) — (k). ctgy (K).r, (22)

where } is the simulation time step of the system; aa1(k) is the tracking signal of the angle
of attack reference command, which is used for subsequent angle of attack tracking error
calculation; ax(k) is the differential estimation signal of the angle of attack reference com-
mand, which is used for subsequent differential error calculation; a.(k) is the baseline land-
ing angle of attack reference command; r« is the speed factor of the stabilator channel TD;
heo is the filtering factor; fhan(-) is the fastest control synthesis function, whose definition
is given in Equation (13).

Based on the reference signal from the TD and the state estimation values from the
ESQO, a second-order nonlinear state error feedback control law is constructed to generate
the stabilator deflection control command 6s,aprc prior to the decoupling module:

e, (k) = o, (k) -z, (k)
€, (k) = ay, (k) =z, (k)

uaO (k) = kpa : fal(eal (k)’ aal > 50: )+ kda : fal (ea2 (k)’ aaZ > 5{1 ) (23)
u,(k)y—z, ,(k
55,ADRC (k) — a0 ( )b a3 ( )

a0

where ea(k) is the tracking error of the angle of attack; es2(k) is the differential tracking
error of the angle of attack; k. is the nonlinear proportional gain; ki is the nonlinear dif-
ferential gain; as1 and a.2 are nonlinear factors, which are set to satisfy 0 < aa1 < 1<aa2 in
engineering practice; da is the width of the linear segment of the fal function; 6saprc(k) is
the stabilator deflection command before passing through the decoupling module.

Since flap deflection will also cause variations in the angle of attack, a command s dec
output by the feedforward decoupling module for flap deflection will be introduced in
the subsequent section to counteract the pitching moment coupling induced by flap de-
flection. The final control command input to the stabilator is given by:

O (k) = 65 apre (k) + I . (K) (24)

3.2.3. Design of the Throttle Channel ADRC Controller

The control objective of the throttle channel is to maintain a constant approach speed.
Based on the carrier-based aircraft dynamic model established in Section 2, the dynamic
equation of flight speed is written as:

mV =F cosa—D—mgsiny (25)

Under landing conditions, the engine operates within a steady-state low-throttle
range, where the thrust exhibits a linear relationship with throttle opening, expressed as:

F= CJ,,,_ Op (26)
where C; denotes the throttle thrust coefficient. Substituting Equation (26) into Equa-

tion (25) yields:

. C. cosa D
V=5”‘—5PL———gsin}/ (27)
m m
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All terms independent of the throttle control input 6r. are grouped as the system total
disturbance fv, and the control gain of the throttle channel is defined as bv, namely:

D .
f, =——~gsiny
m

C,, cosa (28)
y =
m
The standard form of the controlled plant for the throttle channel is derived as:
V= Sy +by6p, (29)

Equation (29) shows that the controlled plant of the throttle channel is a first-order
dynamic system. Considering the first-order dynamic characteristics of the engine, a sec-
ond-order ADRC controller is adopted for design. Meanwhile, aerodynamic drag pertur-
bations, carrier air wake disturbances and other uncertainties are all incorporated into the
total disturbance fv, which is estimated and compensated in real time via the ESO.

The TD provides a smooth transition process for the baseline landing speed com-
mand. During an ideal landing process, the input speed command maintains a constant
value. Its discrete form is expressed as:

{le(m) =V (k) +h-V,, ()

V(e +1) =V, (k) + h-fhan (V,, (k) =V, (k). V 1y ()1 By ) (50)

where & is the simulation time step of the system; Vui(k) is the tracking signal of the speed
reference command, which is used for subsequent error calculation; Viz(k) is the differen-
tial estimation signal of the reference command, which is used for subsequent differential
error calculation; Ve(k) is the baseline landing speed reference command; rv is the speed
factor; hwo is the filtering factor; than(-) is the fastest control synthesis function, whose def-
inition is given in Equation (13).

For the second-order controlled plant, a third-order nonlinear discrete extended state
observer is designed to perform real-time estimation of the actual speed and the system
total disturbance. Its discrete form is given by:

e, (k) =z, (k) -V (k)

fe, =fal(e, (k), a0, 6,).fe,, =1fal(e, (k),a;,,6,,)

zy, (k+1) :ZVl(k)+h'(ZV2(k)_ﬁV01 'ev(k)) (31)
zy,(k+1)=z,,(k)+h- (ZV3 (k)= PByo, -fe, +by, -6y, (k))

zys(k+1) =z, (k)= h- B - Te,,

where V(k) is the feedback value of the actual speed of the carrier-based aircraft at time

step k; ori(k) is the throttle opening control command at time step k; zvi(k) is the estimated
value of speed; zv2(k) is the estimated value of the speed derivative; zvs(k) is the estimated
value of the system total disturbance; bvo is the estimated value of the control gain for the
throttle channel; fvoi, fvo2 and Bros are observer gains, which are tuned via the bandwidth
method; fal(-) is the nonlinear power function, whose definition is provided in Equation
(15); avor and awve: are nonlinear factors; ovo is the width of the linear segment of the fal
function.

Based on the reference signal from the tracking differentiator and the state estimation
values from the extended state observer, a nonlinear state error feedback control law is
constructed, and feedforward compensation is applied to the total disturbance to finally
generate the throttle opening control command:
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ey, (k) =V, (k)—z,, (k)
e, (k) =V, (k)—z,,(k)

Uyy (k)= ka : fal(eVl (k), Ayy» 6V ) + de : fal(el/z (k), Oy»» 5V ) (32)
Opy (k) = fro (k)b_ 25 ()

Vo

where evi(k) is the speed tracking error; ev2(k) is the differential tracking error of speed; kyv
is the nonlinear proportional gain; kav is the nonlinear differential gain; avi and a2 are
nonlinear factors, which are set to satisfy 0 < av1 < 1< a2 in engineering practice; ov is the
width of the linear segment of the fal function; ori(k) is the final output throttle opening
control command.

3.3. Design of the Decoupling Module

Flap deflection generates a direct lift increment while introducing an additional
pitching moment, which induces passive fluctuations in the angle of attack and impairs
attitude stability. Therefore, a decoupling module is required to counteract this aerody-
namic coupling through synchronous reverse deflection of the stabilator. This paper
adopts an adaptive decoupling scheme based on a first-order low-pass filter, which per-
forms moment compensation only for the dynamic manipulation component of the flap
to avoid over-compensation of steady-state trim deflections. The detailed implementation
is described as follows.

A first-order low-pass filter is used to extract the steady-state trim deflection angle of
the flap in real time, retaining only extremely slow steady-state variations and filtering
out dynamic manipulation components:

{a =exp(-27f.,, -h)

Supp (K) = 08, (k—1)+ (1= )-8, (K) (33)

where far is the cut-off frequency of the low-pass filter; & is the simulation time step; k is
the discrete time step; Orer is the current deflection increment of the flap; Ocers is the ex-
tracted steady-state trim deflection angle of the flap.

The flap increment related only to dynamic manipulation is calculated, and this in-
crement approaches zero under steady-state trim conditions:

Oyr.a (k) = Oy (k) = 8 (K) (34)

Finally, the feedforward decoupling compensation command for the stabilator is
generated, which performs moment compensation only for the dynamic manipulation of
the flap:

5S,dec (k) = Kdec ' 5LEF.d (k) (35)

where Kie is the compensation coefficient.
Adding this compensation quantity to the stabilator control output from the ADRC
yields the final deflection increment input to the stabilator:

O (k) = & pre (k) + I 4 (k) (36)

4. Optimization

The three-channel ADRC controller has high parameter dimensionality and strong
inter-channel coupling, making it difficult to achieve global optimization of multiple per-
formance indicators through empirical tuning. This section proposes an Enhanced Pigeon-
Inspired Optimization (EPIO) algorithm adapted to the carrier landing control scenario,
and constructs a global collaborative tuning scheme for controller parameters to achieve
high-performance optimization of the control system.
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4.1. Basic PIO

PIO is a swarm intelligence optimization algorithm that mimics the two-stage hom-
ing navigation behavior of carrier pigeons over long distances. It consists of two iterative
phases: global search and local search.

The global search phase corresponds to the map and compass operator. Taking the
global best individual in the population as the navigation benchmark, the algorithm per-
forms large-scale directional search in the entire solution space, with the individual flight
velocity gradually decreasing as the iteration proceeds, so as to quickly locate the potential
region of the optimal solution.

The local search phase corresponds to the landmark operator. In each iteration, indi-
viduals are sorted according to their fitness values, and the bottom 50% of individuals
with poorer fitness are eliminated. The weighted position center calculated from the fit-
ness of the remaining high-quality individuals is taken as the landmark to guide the pop-
ulation to converge toward the optimal region, thus completing local refined optimization.

The basic PIO algorithm offers a concise parameter structure and fast convergence.
However, when applied to high-dimensional multi-parameter tuning of the landing con-
troller, it suffers from two major limitations. First, the fixed velocity attenuation factor
tends to cause rapid loss of population diversity in the late iterations. Second, the fixed-
proportion elimination rule often results in premature loss of potentially high-quality so-
lutions. As a result, it generally suffers from premature convergence and insufficient op-
timization accuracy, which cannot fully meet the requirements of high-precision control-
ler parameter tuning.

4.2. Design of the EP1O Algorithm

Aiming at the core defects of the basic PIO algorithm, full-process improvement is
implemented across three dimensions: population initialization, global search operator,
and local search operator, to construct an EPIO algorithm tailored for the carrier landing
control scenario.

4.2.1. Hybrid Initialization Strategy

The basic algorithm initializes the population in a purely random manner, which re-
sults in non-uniform coverage of the solution space and tends to reduce the efficiency of
early-stage global search. This paper adopts a hybrid initialization strategy that combines
Latin Hypercube Sampling (LHS) with random sampling. This approach provides uni-
form coverage of the solution space while maintaining population randomness.

Let the initial population size be N, the dimensionality of the optimization problem
be D, and the lower and upper bounds of the solution space be [b and ub, respectively.

The population is divided according to the following equation: 90% of the individu-
als are generated via LHS, and the remaining 10% are generated via random sampling:

N, =|Nx0.9
lhs L J (37)
Nmnd = N_ Nlh.s'
The two groups of individuals are then initialized by different methods, as expressed
in the following equations:
X, =10+ (ub—1b)-lhsdesign(N,, , D)
(38)

X, =1b+(ub—Ib)-rand(N,,,, D)

rand

where lhsdesign(-) denotes the Latin hypercube sampling function.
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4.2.2. Adaptive Map and Compass Operator

Aiming at the problems of population homogenization in the late iteration stage and
vulnerability to premature convergence caused by the fixed attenuation factor, an adap-
tive weight mechanism and a Gaussian perturbation mechanism are introduced.

Let the total number of iterations in the global search phase be Ti. The improved
velocity and position update formulas for the Nc-th iteration (1 < Ne < T1) are given by:

{Vi”f =V e 4w rand - (X, — X“7)+w, -randn(l, D)- S
XiN( _ XiN( 1y ViN(

est perturb

(39)

where V" and X/ are the velocity and position of the i-th individual at the Ne-th it-

eration, respectively; Xgest is the position of the current global best individual in the pop-
ulation; R is the map and compass operator parameter; rand denotes a random number
uniformly distributed in the interval [0, 1], and randn(-) denotes a standard normally dis-
tributed random number; w1 is the global best guidance weight, w: is the random pertur-
bation weight, and Spertun is the random perturbation intensity. These three parameters are
adaptively adjusted along with the iteration process, and the specific rules are as follows.

In the first one-third of the iteration process (Ne < T1/3): the core objective of the algo-
rithm is to rapidly converge to the potential optimal region. Therefore, the random per-
turbation is disabled and only the global best guidance is retained, namely:

w, =1.0
w, =0.0 (40)
Sperturb = 00

In the latter two-thirds of the iteration process (T1/3 < N < T1): the core objective is to
maintain population diversity while ensuring convergence, so as to avoid premature con-
vergence. The weights and perturbation intensity are adjusted linearly and smoothly
along with the iteration process:

_N.-T1,/3
2T, /3
w, =1.0-0.7-7 (41)
w, =0.0+0.7-7
S =0.1+02-7

perturb
where 7 is the normalized progress of the latter two-thirds of the iteration process, with a
value range of [0, 1].

For dimensions whose positions exceed the upper and lower bounds of the solution
space after update, their positions are constrained to the boundary values, and the velocity
of the corresponding dimension is set to zero. The map and compass operator phase is
thus completed.

4.2.3. Hierarchical Co-Evolutionary Landmark Operator

The fixed 50% population elimination rule in the basic algorithm is discarded, and a
hierarchical co-evolution strategy is proposed. The population size remains unchanged
throughout the local search phase, and individuals are divided into three layers according
to their fitness ranking at a ratio of 1:2:7: the elite layer, the local exploitation layer, and
the global exploration layer. Differentiated update strategies are implemented for each
layer to balance convergence accuracy and population diversity. The hierarchical division
is updated only twice, once at the initial stage and once in the middle of the local search
phase, to reduce the computational overhead of the algorithm.

(1) Elite layer
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Guided by the weighted centroid of the top 10% elite individuals, this layer avoids
interference from inferior individuals with the convergence direction.

First, the weighted centroid of the elite layer X = is calculated, with the reciprocal

center

of individual fitness as the weight. This ensures that individuals with better fitness con-
tribute more to the centroid:

Neiire 1
YR vt
elite i= i +e
X cém‘er = l\[«m( 1 (42)
= F(X,)+e™®

where F(Xi) is the fitness value of the i-th elite individual, and e is a tiny positive constant
to avoid division by zero.
The position of individuals in the elite layer is updated as follows:

X = X" +rand(1, D)- (X o, = X+ S,

center current

-randn(l1, D) (43)

where Scurrent is the adaptive random perturbation amplitude, which decays linearly with
the iteration process to balance early-stage exploration and late-stage exploitation:

N -1
Scurrent = Sinit - (Sinit - Send ) ’ TC -1 (44)
2

where Sinit = (ub - 1b)/20 is the initial perturbation amplitude, and Sew = (ub - 1b)/100 is the
perturbation amplitude at the end of the iteration.

(2) Local exploitation layer

A coordinate pattern search algorithm is introduced to replace the traditional cen-
troid guidance. It enables refined optimization for black-box problems without relying on
gradient information of the objective function, and achieves high-precision local exploita-
tion within the potential optimal region.

For the i-th individual in the local exploitation layer, its current position X' is

taken as the initial search point Xcurent. The core parameters of the pattern search are de-
fined as follows: D is the dimensionality of the optimization problem; Ibj and ub; are the
lower and upper bounds of the j-th dimension in the feasible solution space; the initial
search step size of the j-th dimension is stepinitj = (ubj — Ibj)/10, and the minimum conver-
gence step size is stepminj=10-°. A dimension-wise step state matrix stepstt(i,j) is maintained
for each individual to record the current search step size of the j-th dimension for the i-th
individual.

Centered on the initial point, the pattern search performs forward and reverse prob-
ing dimension by dimension in sequence. For the j-th dimension, two trial points are gen-
erated as:

Hj = {Xcurrent i Stepxtate (l7 ]) : ej } (45)

where stepst(if) is the current search step size of the j-th dimension for the i-th individual,
and ej is the unit coordinate vector of the j-th dimension. To ensure the feasibility of trial
points, boundary clipping is applied to each trial point:

X, =max(min(X,,ub, ),ib,), VX,ell, (46)

r’

The fitness values of the two forward and reverse trial points in the j-th dimension
are calculated sequentially, and the trial point Xuest; with the optimal fitness in this dimen-
sion is selected. Its fitness value Frest; satisfies:

Fy,, =min{F(X,) X, e}
47
Xbm’j:argmin{F(Xp)\ Xpenj_} (47)
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where F(-) is the fitness function of the optimization problem. According to the fitness of
the optimal trial point, the search step size is adaptively adjusted and the search starting
point is updated: if a better solution is found, the search starting point is updated and the
step size is maintained to expand the search range; if no better solution is found, the step
size is reduced by half to refine the search granularity. The specific rules are:

Xcurrent = Xbesr,j > F;’B.Yf,j < F;zlr)‘enr (48)
Stepsmze (l’ .]) = Stepxlme (l’ ]) X 05’ E)e:t,j 2 F;urrent

where Feurrent is the fitness value of the current search starting point. During the dimension-
wise search, if the current step size of a dimension is smaller than its minimum step size
stepminj, the probing of this dimension is skipped. After traversing all dimensions, the final
optimal search starting point is taken as the updated position of the individual in this
iteration, i.e,, X =X

current *

(3) Global exploration layer

The positions of individuals are updated through full-solution-space random sam-
pling, which continuously injects diversity into the population and prevents the algorithm
from being trapped in local optima:

X = Ib+(ub—Ib)-rand(l, D) (49)

Finally, boundary constraint processing is uniformly applied to all individuals. The
historical best position of each individual and the global best position are updated, and
the convergence curve data of this iteration is recorded.

4.2 4. Overall Algorithm Flow
The pseudocode of the algorithm is presented in Algorithm 1.

Algorithm 1 Pseudocode of the EPIO

1: Hybrid Initialization Strategy

2:fori=1:Ndo
3:
4.

5
6

: end for

Calculate individual fitness

Initialize population positions by Equations (37) and (38)

: Record the optimal fitness Fgiest and the corresponding individual Xgpest

7: Adaptive Map and Compass Operator

8

14
15
16

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

:forN:=1:Tido

9:
10:
11:
12:
13:

end for
: end for

Set weight and disturbance intensity by Equations (40) and (41) in stages
fori=1:Ndo

Update the velocity and position of the i-th individual by Equation (39)

Apply boundary constraints and record the current individual best and global best

: Hierarchical Co-evolutionary Landmark Operator

:for Ne=1:T2do
if Ne==1 [ Ne= T2/2 then
Divide into elite layer, local exploitation layer, and global exploration layer at a ratio of 1:2:7

end if

end for

end for

for each elite layer do
Update positions of the elite layer by Equations (42), (43) and (44)

for each local exploitation layer do
Perform dimension-wise exploration and update by Equations (45)—(48)

for each global exploration layer do
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27: Perform random update over the entire solution space by Equation (49)

28:  end for

29:  Update the current individual best and global best

30: end for
31: Result Output

32: Output the optimal position and corresponding fitness

4.3. Parameter Tuning Scheme for Landing Controller Based on EPIO

The EPIO algorithm is adopted to realize global collaborative tuning of multiple pa-
rameters for the three-channel ADRC controller. To this end, the tuning parameters of the
three-channel ADRC and the fitness function must first be defined.

4.3.1. Design of Parameters to Be Tuned

The parameters of the three-channel ADRC controller fall into two categories: non-
linear configuration parameters and core performance parameters. To reduce the optimi-
zation dimensionality and improve tuning efficiency, the nonlinear configuration param-
eters that have a minor impact on system performance and have general engineering val-
ues are manually fixed. Only the core performance parameters that determine the tracking
accuracy, response speed and disturbance rejection capability of the system are included
in the optimization search space.

Meanwhile, the bandwidth method is applied to realize collaborative tuning of the
observer gain parameters, which converts multiple groups of observer gains into a single
bandwidth parameter to further compress the optimization dimensionality.

For the second-order ESO in the flap channel, the gain parameters are determined by
the bandwidth woy, satisfying the following equations:

ﬁyOl = Zwo;/
(50)
{ﬁyOZ = a)jy

For the third-order ESO in the stabilator channel, the gain parameters are determined
by the bandwidth wo, satisfying the following equations:

ﬁaOl = 36000(
Buw =30, (51)
ﬁa03 = wja

For the third-order ESO in the throttle channel, the gain parameters are determined
by the bandwidth wov, satisfying the following equations:

ﬁVOl =3aw,,
By = 3“)31/ (52)
ﬁVO3 = a’iy

After screening, an 11-dimensional parameter set is adopted as the optimization
search space, which greatly reduces the complexity of the optimization problem while
ensuring adequate coverage of control performance. The final parameters to be tuned are
shown in Table 5.

Table 5. EPIO Tuning Parameters.

Channel Tuning Parameters
Flap Channel woy, byo, ky
Stabilator Channel Woa, bao, kpa, Kia
Throttle Channel wov, bvo, kpv, kav
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4.3.2. Design of the Fitness Function

The fitness function is constructed via the weighted fusion of the undisturbed nomi-
nal condition and the carrier air wake disturbance condition, ensuring that the tuned pa-
rameters balance both nominal tracking accuracy and disturbance rejection capability in
complex environments.

(1) Performance index calculation under a single condition

Let the total simulation duration be Ts, and the tracking errors of each control variable
are defined as follows.
Flight path angle rate tracking error:

e,(1)=7,,()—y@) (53)
where y,,(¢) is the flight path angle rate command, and y(¢) is the actual flight path

angle rate.
Angle of attack holding error:

e,()=a,)-al) (54)

where ar(t) is the fixed baseline angle of attack command, and a(t) is the actual angle of
attack.
Speed holding error:

e )=V, @)-V() (55)

where Vi(t) is the fixed baseline speed command, and V(t) is the actual flight speed.
The comprehensive performance index Jsinge under a single condition is the weighted
sum of the three errors, expressed as:

1 ¢n J J
T =W, -], e, O de+w, [Tl (O dr+w, [ ey (1) de (56)

where wy, w. and wv are the weight coefficients of flight path angle rate, angle of attack
and speed, respectively. The weights are set according to the priority of carrier landing
control objectives.

(2) Overall fitness function

Let the performance index under the undisturbed nominal condition be Jum, and the
performance index under the carrier air wake disturbance condition be Jaist. The overall
fitness function ] is the weighted sum of the two condition indices:

J =W, ' J om + Wdliyt : Jdi.vt (57)

nom n

where wnom and wuist are the weight coefficients of the nominal condition and the disturb-
ance condition, respectively.

The weight coefficients are determined empirically according to the priority of carrier
landing control objectives. Specifically, wy = 0.85, wa = 0.1, wv = 0.05, wnom = 0.75 and waist =
0.25. The large weight on flight path angle rate ensures rapid trajectory tracking, while the
substantial weight on angle of attack maintains attitude stability. The numerical gap be-
tween these two weights mainly reflects their different physical dimensions rather than a
lower priority for attitude control. Airspeed receives the smallest weight because its vari-
ation during the approach is relatively tolerant. The nominal condition is weighted higher
than the disturbed one, since zero steady-state error under ideal conditions is the primary
requirement; additionally, the fitness under disturbance is inherently much larger, so a
lower weight is used to avoid overemphasizing disturbance rejection at the expense of
nominal performance.

To assess the sensitivity of the optimization results to the weighting coefficients, each
weight was varied within a reasonable range while keeping the others fixed. The results
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show that the controller performance remains stable when wy is between 0.75 and 0.9,
when wa/wv is between 1.5 and 3, and when wuon/wdist is between 2 and 4. Within these
ranges, no notable degradation in tracking accuracy or attitude stability is observed. The
chosen weights all lie within these bounds, indicating that the optimization outcome is
not sensitive to the exact weight values.

The overall fitness function serves as the objective to be minimized: a smaller value
indicates better comprehensive control performance of the ADRC parameter set. Taking
this function as the optimization criterion, the EPIO algorithm completes the high-perfor-
mance tuning of the ADRC parameters.

5. Simulation Results

In this section, a closed-loop simulation platform is established in MATLAB/Sim-
ulink 2022a (MathWorks, Natick, MA, USA) using the models constructed in previous
sections, serving as the basis for comprehensive performance evaluation of the proposed
control system. Five control schemes are compared: a PID controller with EPIO tuning,
ADRC with FOA, PSO, PIO, and the proposed EPIO. Four types of experiments are con-
ducted —nominal step, disturbance step, full landing process, and Monte Carlo simula-
tion—to evaluate tracking accuracy, decoupling, disturbance rejection, and robustness. To
ensure fair comparison among stochastic optimization algorithms, all were run 10 times
independently with a population size of 50 and 20 iterations, and the 5th-best fitness value
was selected as the representative parameter set for subsequent simulations to mitigate
the influence of random variations.

5.1. Comparative Test of Controller Performance Under Undisturbed Conditions

Under undisturbed conditions, a step command of flight path angle rate is applied,
with the reference angle of attack (8.1°) and reference velocity (69 m/s) kept constant, to
verify the nominal tracking and decoupling performance of the system. The simulation
results are presented in Figure 4.

- - -command o 4
—PID <
—ADRC-FOA 45
—ADRC-PSO 0 5 10 15 20
—ADRC-PIO
—ADRC-EPIO
10 15 20
10 15 20
t(s) I
10 15 20
Time (s)
(a) (b)
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(0) (d)

Figure 4. Comparison of flight responses under undisturbed conditions. (a) Flight path angle rate;
(b) flight path angle, pitch angle and angle of attack; (c) deflection of leading-edge flap, stabilator

and throttle command; (d) flight velocity, pitch rate and normal load factor.

The results presented in Figure 4 demonstrate that all five control schemes achieve
zero steady-state error tracking of the flight path angle rate command under undisturbed
conditions. However, noticeable differences exist in their dynamic responses. The PID
controller exhibits a distinct overshoot with a relatively slow settling time, whereas all
four ADRC-based schemes, benefiting from the transition process arranged by the Track-
ing Differentiator, achieve rapid and overshoot-free tracking. In terms of attitude holding,
PID control results in considerable fluctuations in the angle of attack during the transient
phase, while all four ADRC-based schemes maintain the angle of attack stable near the
reference value throughout the process. Among the four ADRC-based schemes, the pro-
posed ADRC-EPIO achieves a smaller fluctuation amplitude and a more rapid return to
the steady-state value. All control surfaces deflect smoothly without chattering or satura-
tion across all five schemes. Regarding velocity maintenance, PID exhibits the smallest
speed deviation, while all ADRC-based schemes maintain the velocity fluctuation within
0.1 m/s, which satisfies the technical requirements for carrier landing conditions. Under
undisturbed conditions, the proposed ADRC-EPIO shows improved performance in
terms of tracking rapidity, attitude holding, and control smoothness compared with the
other ADRC-based schemes.

5.2. Comparative Test of Controller Performance Under Disturbance Conditions

On the basis of the above experiments, carrier air wake disturbance is introduced to
verify the disturbance rejection capability of the system. The simulation results are shown
in Figure 5.
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Figure 5. Comparison of flight responses under disturbance conditions. (a) Flight path angle rate;
(b) flight path angle, pitch angle and angle of attack; (c) deflection of leading-edge flap, stabilator
and throttle command; (d) flight velocity, pitch rate and normal load factor.

The results presented in Figure 5 demonstrate that, under carrier air wake disturb-
ance, all five control schemes are capable of tracking the flight path angle rate command.
The PID controller, however, exhibits an obvious overshoot in the transient phase and
tends to produce low-frequency oscillations of a certain amplitude under the influence of
the disturbance. In contrast, the four ADRC-based schemes achieve rapid overshoot-free
tracking. In terms of attitude holding, the PID control results in relatively large fluctua-
tions in the angle of attack, whereas the four ADRC-based schemes maintain the angle of
attack stable near the reference value. Among the four ADRC-based schemes, the pro-
posed ADRC-EPIO shows slightly smaller fluctuations in angle of attack during the tran-
sient phase. The control surface deflections of all five schemes are smooth and free from
chattering or saturation. Regarding velocity maintenance, all five schemes keep the speed
fluctuation within 0.1 m/s, which satisfies the technical requirements for carrier landing
conditions. Overall, under disturbance conditions, the four ADRC-based schemes show
improved performance over PID in terms of tracking rapidity, disturbance attenuation,
and attitude holding, with the proposed ADRC-EPIO performing competitively among
the ADRC-based schemes.
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5.3. Simulation Verification of Full Carrier Landing Process

Four sets of landing conditions with different initial approach positions are set, with
deck motion and carrier air wake disturbance superimposed throughout the process.
When the altitude of the carrier-based aircraft is 15 m above the carrier deck, it tracks the
ideal glideslope; when the altitude is below 15 m, it tracks the real-time glideslope, so as
to verify the engineering applicability of the system. The initial conditions of the four cases
are listed in Table 6.

Table 6. Initial conditions of four cases.

Case Xship (1) H_carrier (m) Xcarrier (1M)
1 -500 120 -2000
2 -500 100 -2000
3 -500 150 -2500
4 -500 120 -2500

The landing process response under a typical case is shown in Figure 6, the two-
dimensional landing trajectories of the four cases are shown in Figure 7, and the landing
performance statistics are presented in Table 7.
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Figure 6. Comparison of flight responses during the landing process under a typical scenario. (a)
Flight path angle rate; (b) flight path angle, pitch angle and angle of attack; (c) deflection of lead-
ing-edge flap, stabilator and throttle command; (d) flight velocity, pitch rate and normal load fac-

tor.

100

—Carrier —Carrier
— Aircraft — Auircraft
80 | ‘
. 60}
g
= 40
20
0
—1000 =500 —2000 -1500 —1000 =500
x(m) x(m)
(a) (b)
—Carrier 120 —Carrier
— Aircraft 100 — Auircraft
80
E 60
=
40 |
20
i I 0] _
-1500 -1000 =500 —-2500 -2000 -1500 -1000 =500
x(m) x(m)
(0) (d)

Figure 7. Comparison of two-dimensional longitudinal landing trajectories under four cases. (a)
Case 1; (b) Case 2; (c) Case 3; (d) Case 4.

To quantitatively evaluate the landing performance of the proposed control system,
a successful landing is herein defined as a touchdown point falling within a longitudinal
deviation of +10 m from the ideal touchdown point on the carrier deck. This criterion is
adopted because multiple arresting wires are distributed within this range, and an aircraft
touchdown within this zone can be safely arrested.

Table 7. Landing time and longitudinal error under four test cases.

Case Landing Time (s) Longitudinal Error (m)
1 26.76 -1.74
2 26.75 -0.91
3 35.67 -2.07
4 35.64 -2.60

The simulation results show that the proposed control system is capable of rapidly
correcting the trajectory under different initial deviations. The flight path angle rate tracks
the command smoothly throughout the landing process, and the angle of attack fluctua-
tion is maintained within 0.1° across all four test cases. The control surface deflections
remain smooth without chattering or saturation, and the velocity fluctuation is kept
within 0.1 m/s. All four cases achieve successful landing, with longitudinal deviations of
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-1.74 m, -0.91 m, —2.07 m, and —2.60 m, respectively, and the absolute value of the maxi-
mum deviation being 2.60 m. These results demonstrate the engineering applicability of
the proposed scheme under the simulation conditions.

5.4. Monte Carlo Statistical Verification and Robustness Analysis

A total of 100 independent Monte Carlo simulations are conducted with randomly
set initial state deviations, deck motion amplitudes and carrier air wake disturbance gains,
to statistically evaluate system performance under uncertain conditions. The comparison
results are presented in Figure 8 and Table 8.
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Figure 8. Statistical performance comparison under Monte Carlo simulations. (a) Mean flight path

angle rate error; (b) mean angle of attack error; (c) longitudinal landing position error.

Table 8. Statistical results of Monte Carlo simulations.

Success Mean Longitu-

. Std. Dev. of
Std. Dev.of Mean Flight Flight Path Mean Angle of Std. Dev. of

Controller Rate (%) dinal Error (m) Longitudinal Path Angle Angle Rate Er- Attack Error (°) Angle of At-
Error (m)  Rate Error (°/s) tack Error (°)
ror (°/s)

PID 100.0 1.493 2.110 0.0106 0.0056 0.0431 0.0093
ADRC-FOA 100.0 1.753 2.377 0.0098 0.0061 0.0153 0.0057
ADRC-PSO  100.0 1.692 2.333 0.0094 0.0057 0.0171 0.0061
ADRC-PIO  100.0 1.748 2.379 0.0102 0.0053 0.0254 0.0081
ADRC-EPIO 100.0 1.749 2.382 0.0088 0.0032 0.0103 0.0041

The statistical results indicate that all five control schemes achieve a 100% landing
success rate. The proposed ADRC-EPIO scheme yields a mean angle of attack error of only
0.0103°, which is 76.1% lower than PID (0.0431°), 32.7% lower than ADRC-FOA (0.0153°),
39.8% lower than ADRC-PSO (0.0171°), and 59.4% lower than ADRC-PIO (0.0254°),
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demonstrating a significant advantage in attitude holding. The mean flight path angle rate
error of ADRC-EPIO reaches 0.0088°/s, which is 17.0% lower than PID (0.0106°/s) and 13.7%
lower than ADRC-PIO (0.0102°/s). In terms of standard deviation, ADRC-EPIO achieves
0.0032°/s for flight path angle rate error and 0.0041° for angle of attack error, both of which
are the smallest among all compared schemes, indicating superior robustness and con-
sistency.

To further substantiate these findings, statistical significance tests were performed.
Table 9 reports the ANOVA p-values for overall differences among the five schemes, along
with two-tailed paired t-test results between ADRC-EPIO and each competitor.

Table 9. Statistical significance tests for key control metrics.

Paired Two-Tailed #-Test (ADRC-EPIO vs.)
PID ADRC-PIO ADRC-PSO ADRC-FOA

Metric ANOVA p-Value

Flight path angle rate
error (°/s)
Angle of attack error
©)

Note: Asterisks (*) indicate p < 0.05, the standard significance level in statistical hypothesis testing.

0.1312 <0.0001 * <0.0001 * 0.0248 * 0.0012 *

<0.0001 * <0.0001 * <0.0001*  <0.0001*  <0.0001*

For angle of attack error, both ANOVA (p <0.0001) and all paired t-tests (p < 0.0001)
confirm highly significant differences, providing strong statistical evidence that ADRC-
EPIO consistently outperforms the other schemes in maintaining angle of attack stability.

For flight path angle rate error, the ANOVA result is not significant (p = 0.1312), sug-
gesting that the overall mean differences among the five schemes are relatively small. This
is consistent with the descriptive statistics, where the mean error differences are all below
0.002 °/s. Nevertheless, the paired t-tests yield p-values below 0.05 for all four comparisons
(p <0.0001 vs. PID and PIO, p =0.0248 vs. PSO, p = 0.0012 vs. FOA), revealing a subtle but
systematic advantage of EPIO under identical disturbance conditions. This advantage, to-
gether with its substantially smaller standard deviation, confirms that EPIO enhances
both the accuracy and the robustness of trajectory tracking.

Overall, the Monte Carlo results demonstrate that ADRC-EPIO offers statistically re-
liable improvements in both mean accuracy and consistency, with the latter being partic-
ularly pronounced. The system exhibits robust stability under the tested uncertain condi-
tions.

6. Conclusions

Aiming at the problems of strong trajectory—attitude coupling, high pilot workload
and insufficient disturbance rejection capability in traditional carrier-based aircraft land-
ing control, this paper designs a three-channel ADRC landing system based on direct lift
technology, and proposes an EPIO algorithm to realize global collaborative tuning of con-
troller parameters. Verified by multiple groups of simulation experiments, the main con-
clusions are drawn as follows:

(1) A human-machine closed-loop simulation environment is established, which inte-
grates the longitudinal nonlinear dynamics model of carrier-based aircraft, the car-
rier air wake and deck motion disturbance model, and the fuzzy virtual pilot model.
Typical environmental disturbances and manual manipulation characteristics during
landing are taken into account, providing a simulation basis for control system de-
sign and multi-condition performance verification.

(2) A three-channel ADRC system composed of leading-edge flap, stabilator and throttle
is developed with an adaptive decoupling module. It effectively counteracts the
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References

pitching moment coupling induced by flap deflection, and maintains stable attitude
and velocity during trajectory adjustment.

(3) An EPIO algorithm is proposed by improving the basic PIO algorithm from three
dimensions: population initialization strategy, global search operator and local
search operator. It alleviates the defects of the basic algorithm such as premature
convergence and insufficient optimization accuracy in high-dimensional parameter
tuning, and can efficiently complete the global collaborative tuning of three-channel
controller parameters.

(4) Multi-condition simulation results demonstrate that the proposed system achieves
high-accuracy zero-overshoot tracking of flight path angle rate commands under un-
disturbed conditions. Under disturbance conditions, the fluctuation amplitude of an-
gle of attack is controlled within 0.1°, showing favorable disturbance suppression ca-
pability. The 100 independent Monte Carlo simulations yield a 100% landing success
rate. The Monte Carlo results show that the proposed ADRC-EPIO achieves the
smallest mean flight path angle rate error of 0.0088°/s and the smallest mean angle of
attack error of 0.0103° among all compared schemes. Its standard deviations for these
two metrics are also the smallest, indicating that the proposed scheme maintains con-
sistent performance across varying conditions and exhibits improved robust stability
under uncertainty.

Future research will expand lateral-directional landing control and full-channel de-
coupling design, introduce deck motion prediction feedforward compensation, and carry
out hardware-in-the-loop simulation verification to improve the engineering applicability
of the system. In addition, analytical stability analysis based on Lyapunov methods and
frequency-domain robustness measures will be pursued, and Pareto-front-based multi-
objective optimization approaches will be explored to better reveal the trade-offs among
competing control objectives.
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