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Abstract: Compared with traditional control methods, moving mass control (MMC) enhances the
aerodynamic efficiency and stealth performance of fixed-wing unmanned aerial vehicles (FWUAVs),
thereby facilitating their broader application in military and civilian fields. Nevertheless, this ap-
proach increases system complexity, nonlinearity, and coupling characteristics. To address these
challenges, a novel attitude controller is proposed using adaptive global fast terminal sliding mode
(GFTSM) control. Firstly, a dynamic model is established based on aerodynamics, flight dynamics,
and moving mass dynamics. Secondly, to improve transient and steady-state responses, prescribed
performance control (PPC) is adopted, which enhances the controller’s adaptability for mass-actuated
aircraft. Thirdly, a fixed-time extended state observer (FTESO) is utilized to solve the inertial coupling
issue caused by mass block movement. Additionally, the performance of the entire control system is
rigorously proven through the Lyapunov function. Finally, numerical simulations of the proposed
controller are compared with those of PID and linear ADRC in three different conditions: ideal
conditions, fixed aerodynamic parameters, and nonlinear aerodynamic parameter changes. The
results indicate that the controller effectively compensates for the system’s uncertainty and unknown
disturbances, ensuring rapid and accurate tracking of the desired commands.

Keywords: moving mass control; attitude control; adaptive global fast terminal sliding mode;
parameter perturbation

1. Introduction

FWUAUVs, with their unique advantages of a simple structure, longer flight range,
and faster flight speed, have been widely utilized in military and civilian fields such
as battlefield surveillance, environmental monitoring, and forest fire prevention [1,2].
Currently, the control strategy for FWUAVs primarily focuses on rudder surface control
schemes and propeller differential direct force control schemes. However, the traditional
aerodynamic surface control scheme has encountered a series of issues in its practical
application. In particular, when a large number of movable aerodynamic surfaces are
deflected, the combined effect of lift and wing weight leads to a significant change in
airfoil camber. This not only increases flight drag and reduces aerodynamic efficiency but
also impacts the flight performance and stealth design of FWUAVs. Although propeller
differential control is another good scheme for controlling FWUAVs, its complex thrust
distribution, and high energy consumption characteristics have become bottlenecks, which
restrict its widespread application.

Aiming at resolving the above problems, the MMC scheme has become a feasible
alternative to address the control challenges faced by FWUAVs. This control method allows
for precise control of the aircraft’s flying attitude by making modifications to its center
of mass. As a result, it improves aerodynamic efficiency, reduces the complexity of wing
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construction, enhances stealth performance, and dramatically reduces energy consumption.
Therefore, MMC has significant potential for extensive use in the area of FWUAVs.

Although MMC technology has been widely used in reentry vehicles [3], hypersonic
vehicles [4], underwater vehicles [5], satellites [6], near-space vehicles [7], and other fields,
research in the field of FWUAVs is still relatively limited. In the context of FWUAVs, MMC
technology provides new challenges and opportunities. Due to the movement of mass
blocks, the dynamic system of FWUAVs becomes more complicated, and the characteristics
of time-varying, strong coupling, and strong nonlinearity become more significant. In
addition, factors such as aerodynamic parameter perturbation and unmodeled system
dynamics also put forward higher requirements for controller design.

Various strategies have been presented to handle aircraft control challenges, including
feedback linearization [8], adaptive backstepping [9], adaptive super-twisting [10], model
predictive methods [11], etc. Many studies have demonstrated that controllers based on
linearized models can be applied to MMC systems to some extent. Rogers [12] studied the
control of an internal moving mass system based on a missile’s 7-DOF model, ignoring
the nonlinear terms and disturbances in the missile’s kinetic model. Wang [13] obtained
the transfer function of the roll channel by simplifying the nonlinear model of a single-
mass-actuated reentry vehicle. Additionally, Wang constructed the controller using the
conventional coefficient technique. Erturk et al. [14,15] developed a linear gain scheduling
controller to achieve attitude control in a mass-actuated FWUAV. These investigations
definitively reveal the abilities of mass-actuated vehicles. However, due to the uncer-
tainty of aerodynamic parameters and the nonlinear characteristics of system dynamics,
linear control methods still face many difficulties in dealing with accurate control of MMC
systems. In order to overcome such limitations, the design of a nonlinear controller has
become the focus of researchers. Menon et al. [16] designed a finite-horizon, robust in-
tegrated guidance and control system for a moving-mass actuated kinetic warhead by
using feedback linear dynamics and generated a nonlinear feedback solution by using a
multi-stepping algorithm. Gao et al. [17] designed an attitude tracking control system for a
reentry warhead by combining sliding mode control theory with the feedback lineariza-
tion technique. Although feedback linearization makes up for the faults of linearization
approaches to a certain extent, accurate dynamic modeling is essential to maintaining the
nonlinear dynamic characteristics of the system. Furthermore, adaptive control methods
have also been developed for MMC systems, such as adaptive backstepping [18] and L1
adaptive control [19]. Gao et al. [20] introduced an adaptive control technique based on
immersion and invariance theory that successfully followed the reference angle of attack
instruction. Chen et al. [21] designed an adaptive controller with NussBaum gain based
on the backstepping approach to assure the asymptotic stability of the closed-loop system.
Although these methods can address nonlinear problems to some extent, their effectiveness
in handling unmodeled dynamics and external disturbances is limited.

For nonlinear systems, the formulation of the model significantly influences the con-
vergence time in finite time, which varies with different initial conditions. The fixed-time
control technique emerges as a viable option for precisely determining convergence time
independent of initial conditions. A scheme combining fixed-time control and sliding
mode control has been designed and applied. Saim Ahmed et al. [22] proposed an adap-
tive fractional order sliding mode controller (AFtNTSM) for the fixed-time control and
stability of a nonlinear uncertain disturbance manipulator. AFtNTSM’s convergence time
is independent of the initial environment and can be accurately evaluated. An adaptive
fixed-time fractional integral control method is proposed for externally disturbed Euler—
Lagrange systems in reference [23]. This method combines fractional calculus with integral
sliding mode control and has fast convergence, smooth non-singular control inputs and
timing stability. Saim Ahmed [24] designed an adaptive fixed-time control strategy for
nonlinear systems with external disturbances. The fixed-time terminal sliding mode control
(FxSMC) technique is introduced, offering rapid convergence, smooth control inputs, and
fixed-time stability. Reference [25] proposed a time-delay estimation scheme (TDE) for
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nonlinear robotic systems with uncertainties and disturbances, employing fractional-order
fixed-time sliding mode control (TDEFxFSMC) and their results show that the TDEFxFSMC
scheme is effective and has a fast convergence speed. It is evident that the combination of
fixed-time control technology and sliding mode control technology is widely employed for
certain nonlinear systems, demonstrating significant advantages in addressing nonlinear
uncertainties and external disturbances.

Given this, this paper performs a thorough study on the dual-channel mass-actuated
FWUAV, and a mass block is employed in the lateral and longitudinal channels to, respec-
tively, replace the UAV’s ailerons and elevators to achieve delicate control of the UAV’s
attitude. Based on the Lagrange equation in the quasi-coordinate, a dynamic model is estab-
lished based on aerodynamics, flight dynamics, and moving mass dynamics, which offers
a strong theoretical foundation for the subsequent controller design. In order to improve
the adaptability and anti-interference ability of the system, an adaptive GFTSM controller
is developed in this paper. By introducing PPC theory, the controller can ensure the system
has good transient and steady-state performance, so as to improve its adaptability on
a mass-actuated aircraft. Aimed at the inertial coupling problem caused by mass block
movement, a FTESO is introduced in this paper, which can rapidly and accurately observe
and eliminate the uncertainty of the system in a short time and effectively compensate for
the influence of factors such as aerodynamic parameter perturbation and system unknown
terms. Then, the stability of the closed-loop system is analyzed using Lyapunov theory. The
controller is finally simulated and compared with PID and linear ADRC. The simulation
results demonstrate that the controller given in this study has outstanding performance un-
der ideal conditions, fixed-parameter perturbation, and nonlinear parameter perturbation,
and its effectiveness in practical application is verified.

The main contributions of this paper can be summarized as follows:

(1) Based on the Lagrange equation in quasi-coordinate form, a complete dynamics
model of the mass-actuated FWUAV is established to describe the flight state of the aircraft.

(2) A FTESO is proposed to monitor and eliminate the uncertainty and total distur-
bance of the dual-channel mass-actuated FWUAYV system, ensuring rapid and accurate
response and tracking of the flight target attitude.

(3) An adaptive GFTSM controller is proposed to prevent chatter generated by sliding
mode switching. Combined with PPC, it limits the sliding mode surface, improving
controller robustness, and anti-interference capability and prove more adaptable to mass-
actuated FWUAVSs.

2. Mathematical Model and Dynamic Characteristics
2.1. MMC Strategy

This section presents a FWUAV utilizing MMC technology. Figure 1 depicts the
fundamental layout of a mass-actuated FWUAV. There are two masses, block 1 and block
2, positioned in the fuselage and wing, respectively, with one block in the longitudinal
direction and the other in the lateral direction. The displacement of block 1 produces
the pitching moment that induces a pitching motion in the UAV, effectively replacing the
function of the elevator. The displacement of block 2 provides the rolling moment that
steers the UAV into a rolling movement, taking the place of the ailerons. The sliding rails
of the moving mass are parallel to the aircraft coordinate system’s x and y axes. This paper
focuses on the control method of a mass-actuated FWUAV without considering the design
details of the moving mass structure.
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Figure 1. Reference frame configuration of the mass-actuated FWUAV.

2.2. Motion Model

This section considers the mass-actuated FWUAV proposed in this paper as a multi-
rigid body system. The mass of each mass point on the body of the UAV (excluding the
block) is denoted as 1. The masses of each mass point on the two blocks are defined
as mq and my, respectively. The inertial coordinate system is fixed to the Earth, which is
represented by 0%X9Y070 while the unit vector X° points due north, YO0 points due east,
and Z points towards the center of the Earth or straight down. The body coordinate system,
denoted by O?X?Y?Z?, has its origin at the center of mass of the UAV body (excluding the
block). X? points towards the head of the aircraft, Y’ points towards the right wing, and
7" points towards the belly of the aircraft.

The position vector of the origin O of the body coordinate system in the inertial

coordinate system is defined as b® = [XOb, Yo, ZOb} . The Euler angle, with respect to
the inertial coordinate system 09Xx9Y070 s denoted by o — {¢>Ob, 6o, l/JOb}, and the

generalized coordinate is defined as q = [91, 92, 93, 94,95, G6) = {XOb, YO, Z0b 0b g0b, ¢Ob} ,

.0b . O0b
giving g = [b ,0 } . The velocity and angular velocity vectors in the body coordinate

b bo _

= [u,v,w] and w™ = [p, g, 7], respectively. The array of sensors is

described as y = [i;b, cbbo} ,theny = {vb w0 Their relationship is as follows:

system are defined as v

q=Hy (1)
T
° (AbO) 0 2
= T
0 (Db())
clcyp cOsyp —s6
where A" = | (—cgsp + spsOcy)  (cpcy +spshsp)  spch | is the rotation matrix,
(s¢sp + cpsOcp)  (—spcyp + cpsbsyp)  cpcod
1 0 —sind
D" = |0 cos¢ singcosf | is the transformation matrix, and cx = cosx and
0 —sing cos¢cost

A .
SX = SIn Xx.
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2.3. Dynamic Model

The Lagrange equation in quasi-coordinate form can be utilized to express the flight
state of a mass-actuated fixed-wing UAV.

T
{d@‘.r) LY UL R 3)
dt \ oy oy oq

The total kinetic energy of the UAV is represented by T, while F represents the total
force acting on the UAV. E, on the other hand, represents the total constraint force.

Point P is selected on the UAV. p! represents the position vector of point P in the body
coordinate system, and its mass is my(k = 0,1, 2).

The position vector of point P in the inertial coordinate system can be written as follows:

) =b% + A%pb (4)

The derivation gives:
) .06 .0b b .0b _ b
rg =b +A pl+A%y =b — A%t 4 A% )

where (~) represents an operator that converts a vector to its antisymmetric matrix repre-
sentation (i.e, ¥y = x x y Vx,y € R3).
Then, the total kinetic energy of the UAV can be represented as follows:

= { / e (78) bav+ [ o (1) Ravi + [ e (fS)ngde] (6)

Substituting Equations (2) and (6) into Equation (3) yields:

~b0 ([ ~bO G
M, sl M@ (w s,,+2s,,) |
F+F= y+ B0 ~HO b

Spw W\ Jp — 2Xp{p;

b
Limypy
S Iy ] 7

b
kaP/éPk

As there are no constraints on the coordinates y, the generalized constraint force is
F = 0, where @™ is the antisymmetric matrix:

0 —-r g
a=1r 0 -p €)
—-q p O
Np
My =1) my )
k=1
Np
Sp=Y mpl (10)
k=1
Ny
Jy=—Y. mpipt (11)
k=1

The total external force on the left side of Equation (7) may be separated into gravity,
aerodynamic force, and engine thrust.

_ FG Faero Fr
Pl ] o ®

The terms in the above equation may be shown as Fg = M,A"G, Mg = S,A"G,
Fr = Fpotor, and Mt = 0, where G = [0,0, ] and g is the acceleration of gravity.
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In the body coordinate system, Fr, represents the aerodynamic force. However, it is
more convenient to express the aerodynamic force in the velocity coordinate system. The
relationship between the two can be expressed as follows:

Faero = Ahwfagm (13)
cosffcosa —sinfcosa —sina
where A" = sin 8 cos 3 0
cosBsina  —sinfsina  cosa

frero is the aerodynamic force in the velocity coordinate system. & and  are the angles

of attack and sideslip. We define X, ¥, and Z as drag, lift, and lateral forces, respectively.cy,
B

Cx1, Cx2/ Cx3, Cy0, Cy1, Cy2, Cy3, cf, My, Mm%, my, mf;, mz, and m], are the relevant aerodynamic
coefficients, g, = % Cair V2 is atmospheric pressure, where p,;, and V;, are the atmospheric
density and airspeed, respectively, while, c and S are the mean aerodynamic chord length
and the wing reference area, respectively. Ma is the Mach number.

Then, according to the principles of aerodynamics, Fyero and Myer, can be expressed as:

_X —(cx0 4 cx18% 4 cxpecx3M1)
Faro =A™ | Y | = A" | ¢+ cpa+cppe™® 4.8 (14)
Z CE‘B
My mipc/ (2Va)
Mg = |Mgy| = | mhp+mlge/Viy |4airSc (15)
Mg, My + méa + mire/Vy

2.4. Open-Loop Simulation

The block is moved in a prescribed manner to observe the dynamic response of the
UAV dynamics model. In reference [26], the effects of different deformation rates on the
roll and pitch channels are studied. The motion forms of the mass blocks in the pitch and
roll channels are illustrated in Figures 2 and 3, respectively.

0.16
02 0.14
0.12
0.15
0.1
B E 008
< 017 1 55
0.06
0.05 0.04
0.02
0 0
0 2 4 6 8 0 2 4 6 8
Time[s] Time[s]
(a) (b)

Figure 2. Sliding block motion in pitch channel. (a) The displacement of the block in the pitch channel.
State 1 shows the block moving from its initial position to a 0.2 m position within 2 s, indicated by a
solid blue line. State 2 shows the block moving from its initial position to a 0.2 m position within 5 s,
indicated by a solid green line; (b) The corresponding velocities for these two states.
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0 ) 2 4 é 8 4 6 8
Time[s] Time[s]
(a) (b)

Figure 3. Sliding block motion in roll channel. (a) The displacement of the block in the roll channel.
State 1 shows the block moving from its initial position to a 0.2 m position within 2 s, indicated by a
solid blue line. State 2 shows the block moving from its initial position to a 0.2 m position within 5 s,
indicated by a solid green line; (b) The corresponding velocities for these two states.

The Figure 4 displays the open-loop dynamic responses of each mass block when
executing commands. The initial condition is for the vehicle to fly straight and level in
a static standard environment at an initial speed of 5 m/s. The two blocks individually
reach the designated place in the motion form of the above figures. In this simulation, it
is discovered that when the mass block reaches the prescribed point at a faster speed, the
timing of roll angle change is early. The pitch channel is less obvious. The velocity of the
mass blocks has minimal impact on the pitch channel, but it significantly influences the
roll channel.

0 ‘ /\
=08t 4 15}

P[m/s]

0 2 1 6 8 0 2 4 6 8
Time[s] Timel[s]
(a) (b)

Figure 4. Open—loop responses of two channels. (a) The change of pitch angle under two states in
the pitch channel; (b) The change of roll angle under two states in the roll channel.

3. Design of the Controller

The current section presents a complete explication of the design process for adaptive
GFTSM control based on PPC methodology while also introducing the design of the FTESO.
The primary control objective is to achieve precise attitude control in the presence of
significant coupling, nonlinearity, system uncertainty, and external disturbances. Figure 5
displays the whole control approach applied for the mass-actuated FWUAV.
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Thrust model

X%

Target signal

Proposed controller

Dynamic model

Figure 5. Proposed flight control structure.

3.1. Design of FTESO
3.1.1. Preliminaries

Prior to designing the FTESO, some definitions and lemmas must first be introduced.
Assuming that the following system exists:

x = f(x(t)),x € R",x(0) = xo (16)
where f : R" — R" represents a nonlinear function.

Definition 1 ([27]). A sufficient condition to ensure finite-time stability of Equation (16) is
that the initial origin of the system is Lyapunov stable, then there exists a convergence time
function Ty : R™ — R" such that for every xo € R", it is concluded that the x(t, xo) of Equation
(16) satisfies limtﬁTf(xO)x(t, xg) = 0.

Definition 2 ([27,28]). A sufficient condition to ensure that Equation (16) is stable in fixed time is
that it is globally stable in finite time and converges to the origin within the bounded convergence
time Ty,. Then, there is a positive constant Ty, such that Ty satisfies T(y ) < Tn.

Lemma 1 ([29]). If there is a continuous function V(x) : D — R and it is positive and infinite,
then there will also be real numbers d and «x that satisfy d > 0 and x € (0,1) such that:

V(x) +d(V(t) <0,x € U\{0} 17)
where U C D is an open neighborhood.

Then, the origin of System (16) is finite-time stable, and the continuous settling time
function Ty satisfies:

T, < W)Y

NEAEDE 1o

In addition, if D = R”, V is appropriate and V is negative on R"\{0}, hence, the
origin of System (16) is a globally finite-time stable equilibrium.
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Lemma 2 ([27,30]). Consider the following system:
21 = zp — k1sig*1(z1) — Klsigﬁl (z1)
2y = z3 — kpsig"2(zq1) — Kzsig/32(z1)
: (19)

Zp—1 = Zn — ky_15ig"n-1(z1) — Kn_lsigf’n*l (z1)
zp = —kpsighn (z1) — Knsigﬁﬂ (z1)

where a; € (0,1),p; > 1(i = 1,---,n) and satisfies a; = ian — (i —1),p; = ip—(i—1)
(i=1,---,n),a€(1—¢1), Be€(1,1+v).eandv aresufficiently small positive numbers.
The observer gains ki, 1; (i =1,---,n) form the following Hurwitz matrixes:

k10 0 % 10 - 0

k0 1 0 k01 - 0
Al_ /AZ_ :

—k, 1 0 0 1 —k,1 0 0 1

-k, 0 O 0 —x, 0 0 0

System (19) is fixed-time stable, and the fixed time is as follows:

)\fnax (P 1) + 1
710 roY?

T < (20)

where o= l1—a,0= ;B -1, = /\min(Ql)//\max(Pl)/ Yy = )\min(Q2)/)Lmax(P2)/ 0<Y<
Amin(P2). P1, Qq, P2, and Q, are symmetric positive definite and satisfy P1A1 + AlTP1 =—-Q
and PyA; +AlP, = —Q,.

Assumption 1. f, is continuously differentiable with respect to time and satisfies that
|fu| < Dy and f,, < Dy, where D,y and D, are known positive constants.

3.1.2. Design of the Observer

Using the pitch channel of the mass-actuated FWUAYV as an example and taking into
account the unknown functions and model deviations of the system, including disturbance
and coupling terms, the dynamic equation can be rewritten as:

. 5(1:)(2
xzzxg,fo—bu (21)
x3:fu

where f, is the unknown function and lumped disturbance of the system, and the control
parameter b can be obtained through experience. u represents the control input. The
relevant variables of the UAV dynamics equation transformed into Equation (21) are
provided in Appendix A.

It can be seen that the initial dynamics of the system are approximated by the second-
order integral system, which is perturbed by the total disturbance. The main issue is to
estimate and eliminate the total disturbance to prevent the system from deviating from the
expectation. It can be seen from Equation (21) that f; is regarded as a system state variable

X3 qu.
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Based on the FTESO presented in reference [27], the FTESO of this paper can be
described as follows:

61 =21 — X1
2 =25 —kiler|™ —my e D
2y =23 —kole1|™ — my|eq |2
z3 = —k3 L€1Ja3 — ms3 L€1Jb3 + ngn(el)

(22)

We define LxJk = |x|ksgn(x), where k € R and sgn(-) is the sign function. a; € (0,1),
b; >1,i =1,2,3,and it satisfiesa; = a,ap =2a—1,a3 = 3a—2,b; = b, b, = 2b—1,
by =3b —2k; and m;, (i = 1,2,3) represent the observer gains, respectively. The observa-
tion error of the FTESO can be expressed as:

€1 =21—X1
€) = Zp — X2 (23)
e3 =123~ fu

The relationship can be represented as follows:

e1 = ey —kyler ™ — my|ep |
e = e3 —kpler ™ —my e (24)

é3 = —kzler|™ —mj LelJb3 — Ksgn(ey) +fu

The following theorem is given and proven:

Theorem 1. For any channel of FWUAV attitude control, taking the pitch channel as an example,
if a fixed-time extended state observer such as Equation (22) is designed, there will be constants

€ (0,1), b; > 1, (i = 1,2,3) and the appropriate observer gain parameters k;, m;(i = 1,2,3),
and the state variables x1 and xp can be observed by zq and zp within a fixed time. The observed
error of the total disturbance can converge to the neighborhood of the origin in a fixed time.

Proof of Theorem 1. According to the error model presented in Equation (24), the following
observer equation can be obtained:

e =ey —kqleg|"

éz =e3 — kz [eljaz (25)
. a
e3 = —ks|e]®
Define & = [ei/ﬂl,e;/”,e;/u?’} € R3, e(t) = [e,e0,e3], then there is a symmetric

positive definite matrix Q; € R3%3 and P; such that:

A{Pl +P1A) = —Q, (26)
k1 0
where A; is the Hurwitz matrix and yields Ay = |-k, 0 1{.
—ks 0 0
From the above series of definitions, e(f) = Aje(t) can be obtained, for which
V(e(t)) = eTPje is selected as the Lyapunov function, and V(e(t)) = —eTQe < 0 is

easily obtained. We can conclude from reference [27] that if 2 € (1 — €1, 1) is chosen for
a sufficiently small &; > 0, there exists a Lyapunov function V(&) = QTP;Q > 0 and

V(&) =27 (AlT P +PiA) = —&TQ,& < 0is satisfied. Additionally, V1 (£) satisfies:
)\min(Ql)

Vi(g) < —mvf(g) (27)



Drones 2024, 8, 305

11 of 27

where Amax(P1) is a positive number, representing the largest eigenvalue of P;, and
Amin(Q1) is a positive number representing the smallest eigenvalue of Q;. By Lemma 1,
System (25) is finite-time stable and the settling time is:

)\max<P1) —a
Tlf = )\min(Ql)(l - ﬂ) V11 (g) (28)

Examine the second part of Equation (24) below:

{él =6y —myler)™

ey = e3 —mp|ep]™ (29)
ég = —mg3 LE]Jas

—mq 10
The Hurwitz matrix A, can be written as A, = [mz 0 1] .
—ms3 0 0
The linear system é(t) = Aje(t) is asymptotically stable and Vs (e(t)) = e’ Pye is a
Lyapunov function for this system.
P; is symmetric positive definite and satisfies

AJPy + P2Ar = ~Q, (30)
where Q, is also symmetric positive definite. Hence, Va(e(t)) satisfies
Va(e(t)) = —e"Qpe < 0 (31)

Rayleigh’s inequalities and relation (29) imply that Va(e(t)) < Amax(P2)]le||* and

Va(e(t)) < —Amin(Qy)|lel|?, therefore, Va(e(t)) < — 3221821V (e(t)).

Define &, = [e%/ hl,e;/ bZ,eé/ bﬂ € R3,if b € (1,1 +¢,) is chosen for a sufficiently small

g2 > 0, there exists a Lyapunov function V5(&) = & P,& and Vo(&) = &7 (AJP; + PA)
& = —&T Q& < 0is satisfied. Therefore, System (22) is asymptotically stable. The right
side of the system (22) is a homogeneous vector field of degree @, = b — 1 > 0 with respect
to dilations by = b, by = 2b — 1, b3 = 3b — 2. According to reference [27], if b is sufficiently
close to 1, the full-time derivative of the Lyapunov function V,(&>) is homogeneous in e1, e, e3
of degree 1 4 @, with respect to the same weights by = b, b, = 2b — 1, and b3 = 3b — 2. By
Lemma 1, the following inequality can be obtained

Va(&) < —mvmz) (32)

In summary, for the observer,

é1=ex—kyler) —myler |
ey = e3 —kpler | — my e | (33)
63 = —ksle1|™ — m3|eq |

According to the Lemma 2, it can be concluded that the boundary time for the observer
error to converge to 0 is

AMfhax (P1) 1
/\max(ZﬂZ) (Pl) /\max (Pz) ( )
/\min(Ql)(lfa) /\min(QZ)(bfl)Ahil
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When t = Tg, e; = 0, and e; remain 0 in future time. Also, fort > Tg,e; = e = e3 =0,
and e; = 0. This shows that the following equation guarantees [31]:

e3 = Ksgn(eq) —fu =0,t>Tp (35)

However, e3 is not strictly equal to 0 due to f,,. When the sufficiently small conver-
gence domain e3|$, we can have that if e3 > 0, then e3 < —K + D,;», and if e3 < 0, then

e3 > K — D,». K satisfies K > D,.
It is readily obtained that

es > Ksgn(e;) — Dy (36)
Thus, by integrating Equation (36) over time, it can be obtained that

e3> (K—Dyp)- Ty,
€3|$2 (K - DuZ)'Tfu

| (37)
e3 1
—> >T
K-D w2 fu
Therefore, the upper bound of the FTESO convergence time in this channel is:
T=Tg+ Tfu (38)

Theorem 1 is proved. [
When the appropriate observer parameter a, b, k;, m;, (i =1,2,3) is selected, the system
state variable x;(i = 1,2,3) can be well estimated by z;(i = 1,2,3), especially z3 ~ x3.

3.2. Design of AGFTSMC Based on PPC

After catching the estimated value z3 for the unknown disturbance, an adaptive
GFTSM controller based on PPC is created in this section by combining the adaptive control
theory and the sliding mode control theory for the mass-actuated FWUAV. The primary
purpose is to create an appropriate control law so that the following tracking demands
are satisfied:

1. }Lrgoex = tlgrgo(x —x4)=0;

2. The closed-loop system remains stable.

3.2.1. GFTSM Control Strategy

Since the major control purpose of this paper is attitude tracking control of the mass-
actuated FWUAYV system, the attitude angle errors between the real states x; of the system
and the expected value x; are specified as:

e(t) =x1 —xy4 (39)

Define f(x,t) as a known smooth function in the system, d(x, t) is the unmodeled
function and the external disturbance of the system, the control parameter 6, can be
obtained through experience, and |d(x,t)| < L (L > 0), then rewrite Equation (21) as:

X1 = X2
Xy = f(x, £) 4+ Opu + 23 (40)
y=x

To ensure the convergence of the trajectory-following errors stated above, the sliding
mode surface is formulated as:

s(t) = e(t) + age(t) + Boe(t)T/Fo (41)
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where ay, B are positive constants, and pg, qo(q < p) are positive odd numbers.

3.2.2. PPC Section

This section seeks to optimize the transient and steady-state response performance to
assure convergence of the GFTSM surface to a preset region. For this objective, the PPC
approach is employed, which has the following performance characteristics:

{ —bp(t) <s(t) < p(t), s(0)>0 (42)
() < s(t) < 5p(t), 5(0) <0

where 0 < § < 1 is the tuning coefficient, and the function p(t) denotes a differentiable,
bounded, and strictly positive definite decreasing function, which is presented as follows:

() = (po — peo)e ™" + poo (43)

where pg, peo (00 > poo) and [ are positive constants. [ indicates the lower bound of the rate
at which the tracking error converges. The controller is rewritten based on the transformed
error to ensure the smooth implementation of the prescribed performance. Therefore, the
error transformed function can be expressed as follows:

s(t) = T(e(t))p(t) (44)

Sec) — ¢

T(e(t) = 45)

where function T(¢) is a smooth and strictly positive, satisfying § < T(e) < J and the
conditions outlined below must be met by both § and 0.

L[ (-51), #s(0) 20
(63 ={ {713, 10 =0 (46)

Hence, the homeomorphic mapping function can be written as:

_qn (5(8) + dp(t)
e(t) = ln(ép(t) — s(t)) (47)

Derivation of the above transformed sliding mode surface is obtained as:

) (o()5(t) = p(£)s(t)) (48)

where

(49)

3.2.3. Adaptive Control Component

To enhance the dynamic response of the system and ensure its steady-state perfor-
mance and anti-interference ability, it is more convenient to determine the gain of the
sliding mode reaching law and reduce the complexity of control parameter adjustments.
Therefore, an adaptive law is designed to replace the A;:

. @7, % (|e(t)| + npe €O oy, A, >

P I (SO D Lo e -
@7 ([e(t)| + naeIEDD)  else

where 0, = sgn(||e(t)||, — €a)- A is the observed value of As. @, T,, and 7, are all gains

and are all positive. y > 0, and it is a small normal number. It is used to guarantee that
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As > 0. @ and T, jointly control the adjustment speed of the adaptive law. The larger @ is,
the smaller 7 is, and the faster the adjustment speed is. &, controls the final neighborhood
of the transformed sliding mode surface &(t).

Based on the concept of sliding mode control input, the GFTSM control law can be
constructed as:

U = Uy + Usyw
Teg = sty |HP(1) £ (5, 1) = % — woi(t) = Bosge()™'| —Ho(Ws()]  (s1)
[As(t) +ss()?? | Hp(1)]

— _ 1
Usw = Hp(r),

ks = cs(t)Hp(t)6,u
where Ag, ¥s,¢ > 0. p and g are positive odd numbers and satisfy g < p. s = ‘ Lq /p‘

Ns, s > 0.

3.2.4. Stability Analysis of the Controller

The following definitions and lemmas are offered to facilitate the demonstration of
stability.

Definition 3 ([32]). If the function N(x) satisfies the following conditions, then N(x) is a
Nussbaum function and satisfies the following two-sided property.

lim sup fo ds = o0
ks—+oo (53)
kblinj‘tloomf fo (s)ds = —o0

According to the Nussbaum function definition, define the Nussbaum function as:
N (ks) = ks2 cos(ks) (54)

where kg is a real number.

Lemma 3 ([33])). If V(t) and ks(-) are smooth functions on Vt € {O, tf>,V(t) > 0,N(:) isa
smooth function N, and 6y is a non-zero constant, if they satisfy:

/ {00NT[ks ()] + 1}ks(T)dT + const, Vi e [O, tf) (55)
then V(t), ks(t) and fo {60 N[ks(7)] + 1}ks(T)dT is upper bounded in V¢ € {0 tf)

Lemma4 ([34]).1f f, f € Lo and, f € Ly, p € [1,00) ,then when t — oo, f(t) — 0

Lemma 5 ([35]). Given a nonlinear uncertain system (40) with a sliding mode surface (41), the
parameter A, has an upper bound, i.e., there exists a positive value A* so that A, < A*, ¥t > 0.

Theorem 2. The flight controllers, represented by Equations (51) and (52), are designed based
on the dynamics model of the mass-actuated fixed-wing UAV mentioned above. The proposed
controllers keep the nonlinear system asymptotically stable.
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Proof of Theorem 2. Construct a Lyapunov function as follows:

10 15
V= 2s()f) + ZhA“ (56)

where A, = A, — A* and A* is the upper bound of Ag; thatis, A, < 0.

The time derivative of V with respect to the Lyapunov function (56) is obtained:

. . 1~ <~
The following is the first derivative of Equation (39) with respect to time, to obtain:

e(t) = 1 — iy (58)

Then, by taking the time derivative from Equation (58) and substituting Equation (40)
into it, we can obtain:

e(t) =x1 —Xg = f(x, 1) + Opu + 23 — X4 (59)
Take a time derivative of Equation (41) and obtain:

s(t) = e(t) + age(t) + ﬁo%é(t)e(t)qo/”ofl (60)

Substitute Equation (59) into (60) to obtain:
S(1) = 0 0) Oy 25 — g+ woé(t) + o o (et (61)
Substituting Equation (61) into (48) leads to:
5+

€)= {@o(tws(t»(@(ws(t))} ©2)
(PO [£ 1) + Oyt + 25 = oy + aoe(t) + BoLé(t)e(t) /P | = p()s(1)]

With auxiliary variable (49), Equation (62) can be rewritten and organized as:

&) = H(p(t) [£(x,8) + Ot + 25 — g + woé () + BoLe(B)e(t)™/ P | = p(1)s(1) )
= Hp(t) [f(x,£) = %4 + aoé(t) + Bo2e()e(t)™/ 7~ | — Hp(b)s (1) (63)
+Hp(t)0pu + Hp(t)z3
Now, substitute Equation (63) into Equation (57) and obtain the following result:

V= e(t) [Hp(t)[f(x,t) — g + aob(t) + BoL2e(t)e(t)/ P07 — Hp(£)s(t) + Hp()6yu]

- (64)
+e(t)Hp(t)z3 + fAaka
Substituting Equation (52) into Equation (64), the following is obtained:
V= e(t) [Hp(t)[f(x,t) = &q + woi(t) + BoLe(t)e(t)*/ P — Hp(t)s(t) + Hp ()23 ©

+e(t)Hp(t)0pN (ks) + Lks — e(t)Ho(1)0yT + FAaha
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Substituting Equation (51) into Equation (65) yields:

V:

™M

() Hp(t) [£(x,1) = Eq + moe(t) + Bo2e(H)e(t)/ 70| — e(t) Hp(1)s (1)
e(t)Hp(t)z3 + e(t) Hp(t) N (ks)0p + Lk
—e(H)Hp(t) [ £(x,t) — ¥ + aoé(t) + Bol2e(t)e(t)/ P

(t)Hp(

)
—e(t)Hp(t) (Ass () +7ss()V7) + () Hp(t)s(t) + 13X

_|_

(66)

Combined with Equation (52), Equation (66) is simplified as follows:
1 . 1. a/p 1~ <
= “O,N(ks)ks + ks —e(t)Hp(t) (/\ss(t) +yss(t) ) + 2 Aakg (67)

Considering the two cases [s(t)| > ¢, and |s(t)| < &;, when [s(t)| > &;, 0, = 1, and
assuming h = Z, the following derivation process can be obtained:

V= 10,N(ks)ks + Tks — e(t) Hp(t) [Ass(t) +ss(t) 1P + z3] + Ak
= %GbN(ksV(s 1ks _€(t)Hp(t) Ass(t) —|—’)/sS(f)q/p +z3| + %7\;17\»1
() [Ass(t) + 7s5(8) VP + 23

|

Oq

= 19,N (ks )ks + Lk — e(t)Hp(t)
+HRoc0n o (Je(t >| + e~ 10

— 10, N (ks)ks + Lks —e(t)Hp(t) {Ass ) + ss(t )W+Z3}
+a(le(t)] + ae )

Combining Equations (42), (47), and (49) can be derived as:

(68)

Vo= 10,N(ks)ks + Lks

—e(t)Hp(t) [Ass( )+ 78()"7 + 23] + Aa (Je(t)] + a1
S0 ) o 1) [~ A (1) — 71s5(1)777 23]
[e()] + e 19O ) + 20,N (ks ks + Lk

< 2s(t)Hp(t) “Ags(t) — —L ()P —pes(£)P — 2
< ()~ s s )7~ )

+
>
S

(le(t)1+ e~ ‘€<>‘)+ L, N (ks )k + Lk,
—Ass(t) = Lis(B)] = s () P77 — 24
|+ nae—|€<f)‘) + 10, N (ks ks + 1k

N
jay
=
=
=
=

Integrating both sides of the equation yields:
1
Vi) -vO) < s 0N (ks(T )ks(T)dT + [, Cks T)dt

2H, ~
fo P( )(t> [/\Ss(t) +nss(t)(p+q)/p} —Aa(|s(t)\ +,7ae—|s(t)|)]dr
2H Y _ : :

gp(t)‘:(szt) {—/\ss(t)2 - ryss(t)(p“’)/p} + /\a(|s(t)| + 170 ‘e(t)‘) is defined as S for later
discussion.

Lemma 3 states that, V(t) — V(0) + fg Sdr is restricted, then S and fot Sdr are limited.
According to Lemma 4, when t — oo, s(t) — 0, thus e(t) — 0, e(t) — 0.

The proof of Theorem 2 is complete. [

(70)
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4. Numerical Simulation Results and Analysis

The effectiveness and robustness of the adaptive GFTSM controller based on the
FTESO and PPC is proven through simulation in this section. Three different situations are
offered for analysis:

Case 1: The ideal condition, where the FWUAYV system has no parameter perturbation;
Case 2: The FWUAYV experiences aerodynamic parameter perturbations, which lead to a
20% increase in lift and drag coefficient uncertainty and a 20% decrease in lateral force
coefficient uncertainty;

Case 3: The FWUAV is susceptible to perturbations caused by wind in certain circumstances,
resulting in nonlinear variations for the lift, drag, and lateral force coefficients, and the
range of variations is 20%.

Case 1 is considered the fundamental reference. The initial attitude angle of the FNUAV
is @% = (¢%,6%,y%) = (0,0,0) and the target attitude angle is @ = (¢%,0%, %) =
(36°/1,36°/7,0). The mass-actuated FWUAV system is simulated using PID and LADRC and
then compared with the control method described in this paper. The table below illustrates the
major parameters of the mass-actuated fixed-wing UAV.

The fundamental characteristics of the research subject in this paper are presented in
Table 1.

Table 1. Basic parameters of the FWUAV.

Parameter Value

Total mass 12 kg

Reference wing area value 0.6 m?2
Mass block in wing 1kg
Mass block in fuselage 1kg

Jxx = 0.8244 kg-m2

Jyy = 1135 kg-m?

Jzz = 1.759 1<g~m2

Jxz = 0.1204 kg-m2
Span 4m

Mean aerodynamic chord 0.1m

Moment of inertia (without moving mass)

As illustrated in Figure 6, the adoption of the controller proposed in this paper ensures
that the response of the system’s sliding mode surface is strictly confined within the
specified range and enables the system state to quickly converge to the neighborhood of
the sliding mode surface. The red dotted line represents the response of the controller’s
sliding mode surface function, while the black solid line indicates the upper and lower
limits of the sliding mode surface function.

3(t) —s(t) 1 D4 ---s —3()

10

Time[s]

(a)

15

20 25 0 5 10 15 20 25 0 5 10 15 20
Time[s] Time[s]

(b) (c)

Figure 6. Response curves of sliding mode surface s. (a) The sliding mode surface responses for the
pitch angle; (b) The sliding mode surface responses for the roll angle; (c) The sliding mode surface
responses for the sideslip angle.
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O[rad]

0.25 ——PID

The flight results of each control method are displayed below. The red solid line shows
the simulation results of the new adaptive GFTSM control approach described in this paper.
The algorithm parameters are shown inTable 2. The green solid line represents the LADRC
control method and the blue solid line represents the PID control method.

Table 2. Main controller parameters proposed in this paper.

Parameter Roll Channel Pitch Channel Yaw Channel
0y 8.64 8.64 8.64
xg 18 16 10
Bo 5 5 5
Po 9 99 99
qo 7 97 97
[4 5 9 9
q 3 7 7
s 0 5 50
L 0 0.9 0.1
@ 80 250 80
T 0.001 0.001 0.001
I 0.0005 0.0005 0.0001
Ma 0.6 0.5 0.2

The change in attitude angle over time in Case 1 is depicted in Figure 7. It can be
seen that the controller presented in this paper can converge to the target value within
2.5 s in the pitch channel, while the traditional LADRC and PID reach stability within 3.2 s
and 12 s, respectively, and it is obvious that the controller presented in this paper has less
overshoot than the other three control methods. And, the control method developed in this
paper ensures rapid convergence speed and low overshoot in the roll channel. Moreover,
both LADRC and the novel controller experience a certain chatter when the sideslip angle
converges to 0 in a short period during the convergence process, but the maximum range
of buffeting is in the order of 1073, so the effect is equivalent. It can be inferred that the
controller proposed in this study has a faster response, smaller tracking error, and can
perform fast and steady tracking of reference signals.

. RIG

0.15 +

LADRC ——AGFTSM - - - -Target 0.25 ——PID LADRC ——AGFTSM - - - - Target —PID LADRC ——AGFTSM - - - -Target

0.2 /\

o

0.15

¢[rad]

0.1

20 25 0 5 10 15 20 b b 10 15 20 25
Time[s] Time[s]

(b) (c)

Figure 7. Attitude angle response curves in Case 1. (a) Pitch angle variations for the three methods;

[}
ot
o

(b) Roll angle variations for the three methods; (c) Sideslip angle variations for the three methods.

Figure 8 shows the tracking error of the desired trajectory. The accuracy of the three
control methods can be compared, and it is evident that the developed control method
has superior accuracy. The response curves of attitude angular velocities are illustrated
in Figure 9. The attitude control signals are depicted in Figure 10. Figure 11 displays the
adaptive parameter simulations for pitch angle, roll angle, and sideslip angle in Case 1.
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0.06 ——PID ——LADRC ——AGFTSM 0.06
0.04
| 0.04
0.02+ ||\ _
=
= =) E 0
2 o E 002 e
l-l-l§ m\;
—0.02
0
—-0.04
—0.06 —-0.02 -5
0 5 10 15 20 25
0 5 10 15 20 25 Time[s]
Timefs] 0 5 10 15 20 5
Time[s]
(a) (b) (©)
Figure 8. Tracking errors of the (a) pitch angle, (b) roll angle and (c) sideslip angle in Case 1.
) —PID LADRC ——AGFTSM ==PID! LADRC ——AGFTSM 0.08 —PID LADRC ——AGFTSM
0.3 0.06
0.25 02
0.04
0.2
0.02
0.15 0.15
Z 01 ) =z 0
3 0 3 e
8 g £ -0.02
= 0.05 < 01 &
—0.04
0
Wi
-0.05 0.05 —0.06
=0.1 w —0.08 “lf/'\/
—0.15 0 —0.1
0 5 10 15 20 25 0 5 10 15 20 5 0 5 10 15 20 25
Time[s] Time[s] Time[s]
@) (b) (c)
Figure 9. Response curves of (a) pitch angular velocity, (b) roll angular velocity, and (c) sideslip
angular velocity in Case 1.
0.45
—PID — LADRC —— AGFTSM ’ —PID —LADRC ~— AGFTSM —PID ——LADRC —— AGFTSM
0 0.15
0.4
it 0.35 0.1
0.3
_ 02 _ 0 005
& & E
o o 0.2 = 0
-0.3
" 0.15
R —0.05
04 0.1 v
0.05 0.1
o
-0.5 0
—0.15
0 5 10 15 20 25 0 5 10 15 20 5 0 5 10 15 20 25
Time[s] Time[s] Time[s]

(@)

(b)

(©)

Figure 10. Attitude control signals for (a) pitch channel, (b) roll channel, and (c¢) yaw channel in

Case 1.
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40 t0f
= 10 5 =10
< =< <
20 50
5
10
0 0 ‘ 0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time[s] Time(s] Timel[s]
() (b) (©
Figure 11. Simulations of adaptive parameters for (a) pitch angle, (b) roll angle, and (c) sideslip angle
in Case 1.
The variations in attitude angles, tracking errors, attitude angular velocities, and
control inputs under Case 2 are illustrated in Figures 12-15, accordingly. As revealed in
Figure 12, the overshoot of pitch angle utilizing the proposed controller is comparable to
that of LADRC, but with a significantly faster convergence rate. This advantage is also
visible in the comparison of roll angle and side slip angle. Figure 16 presents the adaptive
parameters for pitch angle, roll angle, and sideslip angle in Case 2.
10 x107°
0.25 ——PID LADRC ——AGFTSM - - - - Target 0.25 ——PID ——LADRC ——AGFTSM - - - - Target —PID ~LADRC ——AGFTSM - - - -Target
0.2
_oas 4 77
—:E: i 021 P \V/
s 0.1 02, 2 3 4 Bed
‘e,.jg -
0.05 s >
0
0 5 10 5 20 2% 10 15 20 25
Time[s] Time[s] Time[s]
(a) (b) (c)
Figure 12. Attitude angle response curves in Case 2. (a) Pitch angle variations for the three methods;
(b) Roll angle variations for the three methods; (c) Sideslip angle variations for the three methods.
0.08 i iad
—PID LADRC ——AGFTSM : —PID LADRC ——AGFTSM 4 —PID LADRC ——AGFTSM
0.06
0.06
0.04
0.02 0.04
=) ‘ =) =)
E Z o0l =,
= -0.02 me 0024 o
~0.04 ol
—0.06
e ~0.02
0 5 0 15 2 25 5 0 15 20 2% 0 5 10 15 20 2%
Time[s] Time[s] Time[s]
(a) (b) (0)

Figure 13. Tracking errors of (a) pitch angle, (b) roll angle and (c) sideslip angle in Case 2.
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0.4+ —PID

q[rad/s]

LADRC ——AGFTSM

—PID LADRC ——AGFTSM —PID LADRC ——AGFTSM

0.2

0.15

plrad/s]
r[rad/s]

0.1

-0.1p

0.05

—0.15

10

Timel[s]

(a)

15

10 15
Time[s] Time[s]

(b) (c)

Figure 14. Response curves of (a) pitch angular velocity, (b) roll angular velocity, and (c) sideslip
angular velocity in Case 2.
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0.1
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0.3
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<702 <t
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0 i) 10 15 20 25 0 i 10 15 20 25 0 5 10 15 20 25
Timel[s] Time[s] Time([s]
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Figure 15. Attitude control signals for (a) pitch channel, (b) roll channel, and (c) yaw channel in
Case 2.
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40t
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Figure 16. Simulations of adaptive parameters for (a) pitch angle, (b) roll angle, and (c) sideslip angle
in Case 2.

In Figure 17, the changes in attitude angles are indicated under Case 3. The tracking
errors are illustrated in Figure 18, while the attitude angular velocities are shown in
Figure 19. Additionally, the control input variations are presented Figure 20 for the same
working conditions. Due to the influence of nonlinear disturbance, the attitude angle
tracking performance of PID and LADRC deteriorates, leading to increased amplitude of
curve fluctuations. However, with the support of FTESO and adaptive law, the suggested
controller is still able to perform speedy and precise target signal tracking. This clearly
demonstrates the excellent stability and robustness of the controller designed in this paper.
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Figure 17. Attitude angle response curves in Case 3. (a) Pitch angle variations for the three methods;
(b) Roll angle variations for the three methods; (c) Sideslip angle variations for the three methods.
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Figure 18. Tracking errors of (a) pitch angle, (b) roll angle and (c) sideslip angle in Case 3.
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Figure 19. Response curves of (a) pitch angular velocity, (b) roll angular velocity, and (c) sideslip
angular velocity in Case 3.
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Figure 20. Attitude control signals for (a) pitch channel, (b) roll channel, and (c) yaw channel in
Case 3.
Simulation curves of the adaptive parameters for the proposed FWUAV in each
channel in Case 3 are depicted in Figure 21. It is evident from Figure 11, Figure 16, and
Figure 21 that the curves converge rapidly and maintain stability.
60 . ' . 140 - . . . 20
5 120/
100 === 1
40
ES o 80F £
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Figure 21. Simulations of adaptive parameters for (a) pitch angle, (b) roll angle, and (c) sideslip angle
in Case 3.

The proposed controller’s effectiveness and robustness were verified based on the
provided flight trajectory. Figure 22 shows the target flight path.

z—axis

500 —1000

Figure 22. Target flight path.

The tracking results of the proposed controller for the attitude angle obtained from the
flight trajectory are shown in Figures 23-25. It is evident that adaptive GFTSM controller
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based on FTESO and PPC can reliably track the target signal under the required condi-
tions, with good steady-state accuracy and dynamic characteristics, regardless of linear
and nonlinear parameter perturbations. This demonstrates the excellent robustness and
effectiveness of the controller.
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Figure 23. Response curves for tracking a desired trajectory under Case 1, 2, and 3.
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Figure 24. Response curves for tracking a desired trajectory under Case 1, 2, and 3.
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Figure 25. Response curves for tracking a desired trajectory under Case 1, 2, and 3.

5. Conclusions

This paper introduces a novel controller utilizing an adaptive GFTSM controller for
a complicated system consisting of a dual-channel mass-actuated FWUAV. The proposed
controller enhances the system’s robustness and anti-interference capabilities. Employing
the PPC theory guarantees both the transient and steady-state responses of the system. To
lessen the effect of mass movement on inertial coupling, a FTESO is utilized to quickly
and accurately track and eliminate the unknown term that this phenomenon creates. The
stability of the closed-loop system is confirmed using Lyapunov stability analysis. The
Simulink simulation results yielded the following conclusions:

1. The control method presented in this paper displays strong robustness and the ability
to quickly and stably track the target signal;

2. The controller in this paper is compared with PID and LADRC controllers, and the
results demonstrate that the controller designed in this paper is superior to the latter
two in signal tracking;
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3. To validate the effectiveness and robustness of the proposed controller in this paper
for the target flight path, three operating conditions are described. The results reveal
that the controller displays high steady-state accuracy and dynamic responsiveness
under all three working circumstances, indicating its effectiveness and robustness.

Author Contributions: Conceptualization, ].Z. and L.Y.; methodology, J.Z.; software, J.Z.; validation,
L.Y.; formal analysis, J.Z.; investigation, X.W.; resources, L.M.; data curation, L.M.; writing—original
draft preparation, J.Z.; writing—review and editing, L.Y.; visualization, L.Y.; supervision, L.Y.; project
administration, X.W.; funding acquisition, L.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.
Acknowledgments: The authors are grateful to the reviewers for their valuable suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

The detailed expressions of the matrixes in Equation (21) are presented as follows. In
Equation (21), x3 = x3;, b = bjj,and u = u;, (i =1,2,3,4,5,6).
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