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Abstract: In this paper, a finite-time control method integrating a high-order disturbance
observer (HODO) and a finite-time auxiliary system (FTAS) is proposed for maneuvering
aircraft under disturbances and input constraints. To attenuate the adverse effects of
disturbances, the HODOs were designed to obtain their estimations, which were then
incorporated into the control channel as feedforward compensation. To solve the issue of
input constraints, a novel FTAS was developed to ensure effective control performance. To
achieve rapid attitude tracking for maneuvering aircraft and address the issue of singularity
caused by the virtual control derivative, finite-time control with a piecewise function
technique was employed. Furthermore, the stability analysis of the closed-loop system was
conducted through Lyapunov stability theory. Finally, the efficacy of the proposed control
method was demonstrated by simulation results.

Keywords: finite-time control; high-order disturbance observer; input constraints;
maneuvering aircraft

1. Introduction

In recent years, with the implementation of thrust vector engines [1,2] and advances
in aerodynamic characteristic theories [3,4], the flight envelopes of aircraft have gradually
expanded to include low-speed and high-angle-of-attack (HAOA) regions. Based on the
substantial expansion of the flight envelope and advancements in flight maneuver control
technologies, aircraft can now rapidly change their attitude over a wide range. These
advancements have significantly increased flexibility in enhancing aircraft maneuverability,
further enabling agile evasion and the attainment of advantageous positions. Owing to
these benefits, aircraft maneuvering control has become a prominent research focus [5-8].
Nevertheless, several issues persist, including disturbances, control input constraints, and
the need for rapid attitude angle tracking, all of which continue to make maneuvering
flights a challenging task. Thus, further investigation into aircraft maneuvering control is
imperative.

During the flight maneuver, the aircraft is highly sensitive to changes in attitude.
Even slight variations in attitude can potentially induce abrupt changes in aerodynamic
characteristics, leading to the deterioration of in-flight performance. Moreover, due to
the intrinsic characteristics and the complex external environment during the maneuver,
the aircraft is inevitably subject to various disturbances that drive the attitude of the
aircraft in unpredictable evolutions, thereby posing risks to flight safety. To deal with
the challenge of disturbances, several robust control methods, such as the sliding mode
control [9,10], the Hy [11,12], and the disturbance observer method [13,14], have been
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developed. Distinct from sliding mode control and H, methods, which are generated based
on the passive anti-disturbance idea, the disturbance observer is an active anti-disturbance
method. By actively estimating disturbances and feeding forward the estimates into the
control channel, the detrimental influence of the disturbances on the controlled system can
be suppressed. This capability makes disturbance observers highly versatile and easily
integrable with various control methods. For instance, [15] applied a disturbance observer
in the backstepping method, together with a radial basis neural network, for position
control of the reconfigurable variable stiffness actuator in environments characterized by
disturbances and system uncertainty. In [16], the disturbance observer was used in the
model predictive control for the speed consistency of multi-linear motor traction systems. In
addition, the disturbance observer has also been used in control systems for maneuvering
flights. In [17], the disturbance observer was designed to realize the robust post-stall
pitching maneuver for the aircraft against unsteady aerodynamic disturbances. In [18], a
switched prescribed performance method was developed, utilizing a disturbance observer
to achieve HAOA maneuverability for aircraft facing external disturbances. Furthermore,
based on the disturbance observer technique, the high-order disturbance observer (HODO)
has been proposed for more general systems with disturbances [19,20]. However, the
application of HODO in the control of maneuvering aircraft remains relatively unexplored,
motivating the research presented in this paper.

It is worth emphasizing that the key aspect of maneuvering aircraft is the rapid track-
ing of attitude angles. Finite-time control, known for its ability to drive the system states to
converge within a finite time, aligns well with the requirement for rapid tracking. Specifi-
cally, under finite-time control, the dynamics with the finite-time convergence property can
be flexibly constructed by incorporating an appropriate fractional order into the control
law, making finite-time control a widely adopted approach in various applications. For
example, in [21], a finite-time formation-containment control was developed for ground-air
coordination. In [22], a robust finite-time composite learning control method was proposed
with the parameter adaptive technique for master—slave network nonlinear telerobotics
systems. Moreover, in view of the fact that the dynamics for maneuvering aircraft can be
in the affine nonlinear form, it is convenient to integrate finite-time control into the back-
stepping control scheme. In [23], finite-time control and the adaptive backstepping method
were investigated together with the barrier Lyapunov function for strict-feed systems with
state constraints. In [24], the backstepping-based finite-time control method was used for
trajectory tracking for the surface vessel. By embedding finite-time control into the cascade
structure of the backstepping design, step by step, backstepping-based finite-time control
can be easily obtained. Nevertheless, the derivative operation of the virtual control law
with the order from 0 to 1 was carried out, resulting in the challenging singularity problem.
Thus, further advancements are needed to improve backstepping-based finite-time control.

Another critical issue for maneuvering aircraft that warrants attention is the input
constraints. In practical engineering applications, the physical structure of the actuator
mechanism imposes limitations on the deflection capabilities of the thrust vectoring engine
and control surfaces, restricting the operational range for these actuators. At the same
time, the rapid and wide-ranging attitude adjustments characteristic of maneuvering
aircraft further exacerbate the issue of input constraints. To solve this issue, the auxiliary
system was developed [25-28]. By accounting for the differences between constrained
and unconstrained inputs in the system states and designing a controller accordingly, the
negative impacts of input constraints can be effectively mitigated. In [29], considering
elevator deflection saturation, an auxiliary system was employed in the trajectory tracking
controller for the boost-glide vehicle. In [30], considering the constrained forces and
moments, an auxiliary system was introduced to lessen the tracking error’s dependence on
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the input amplitude for quadrotor unmanned aerial vehicles. Furthermore, the auxiliary
system has been incorporated into finite-time control [31-34]. Inspired by the works
mentioned above, it seems promising to employ the auxiliary system in finite-time control
for aircraft maneuverability.

The objective of this paper is to enable HAOA aircraft maneuverability control subject
to disturbances and input constraints so that the flight speed can be decreased to realize
evasion ability and attack situations. To achieve this motivation, a finite-time control
method combined with HODO and a finite-time auxiliary system (FTAS) was developed
within the backstepping control scheme. The HODO was designed to mitigate the negative
influences of disturbances and reduce dependence on the control parameters within the
control matrix. The FTAS was developed to counteract the detrimental effects caused by
input constraints. The primary contributions of this paper are outlined as follows:

1. A finite-time control law using a piecewise function technique was designed for
controlling aircraft during flight maneuvers. In this way, the singularity issue of the
backstepping-based finite-time control can be addressed.

2. AHODO was designed to estimate disturbances during the maneuvering of aircraft.
With this technique, the disturbance estimates can be fed forward into the control
channel to effectively mitigate their adverse impacts.

3. Anovel FTAS was developed by introducing the control matrix into the design. By
this means, this approach suppresses the adverse effects of input constraints on system
performance and reduces the dependency on control parameters on the control matrix.

This paper is constructed as follows. Section 2 formally introduces the problem
formulation. Section 3 presents the comprehensive design for the HODO-based finite-time
control, which is verified by the simulation results in Section 4. Finally, this paper is
concluded in Section 5.

Notation 1. Let R denote the real number set, I denote the identity matrix, and 0 denote the zero
matrix. For a scalar a € R, sign(a) = 1ifa > 0, sign(a) = 0ifa = 0, and sign(a) = —1if
a < 0. Forascalar b € R, (ajb = sign(zz)|a\b. 0% denotes the infinitesimal positive number.
Let R" denote the n-dimensional real vector set. For a vector A = [ay,ap,- - - ,an]T € R",

ks
[AJb = [[alj b [a7] b, [a,] b] . For a matrix B, B"*" denotes the matrix with m rows and

n columns, BT denotes the transpose of B, || B|| denotes the Frobenius norm of B, diag{e} denotes
the diagonal matrix, and Apin{e} denotes the minimum eigenvalue.

2. Problem Formulation

The attitude dynamics equations for maneuvering aircraft, which can be written in
affine nonlinear form, are given as follows [17]:
x1 = F(x1) + G1(x1)xy + dy (t) (1)
Xy = Fz(xl,JQ) + Gz(xl,xz)ll(u) + dz(t)

where x1 = [, §, y]T denotes the attitude angle vector with «, 5, and y denoting the angle of
attack, the sliding angle, and the flight-path roll angle, respectively, x; = [p, q, r]T denotes
the attitude angular rates vector with p, g, and r denoting the roll, pitch, and yaw angular
rates, respectively, F; = [F,, Fg, FH]T and F = [Fp, F, Fr]T denote the dynamic function
vectors, G; and G, denote the control matrices, d; = [al,,é,dl;,dy]T and d, = [dp,dq,dr]T
denote the disturbances vectors, U(u) = [Ua(ua), Uy (ur), Uy (uy), Uz (uz)] T denotes the
constrained control input vector, U, and U, denote the aileron and rudder deflection angles,
respectively, U, and U denote the thrust vectoring lateral and normal deflection angles,
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respectively, and u = [ua, Uy, Uy, uz] T denotes the corresponding unconstrained control
input vector to be designed.G; and G; are detailed as follows [17]:

—tanBcosa 1 —tanpPsina pl, 8pu, 8puy 0
G = sina 0 —cosw , Gy = 0 0 0 guu. (2)
secBcosa 0 secBsina g, 8rU, 8rly 0
_ L=ggSebCry, (aw) | LeqrSpbrCou, (au) _ L@y SebeCru, () | LzGpSsbyCouy (u)
where gp’u” B Ixxlzz*(lxz)z + Ixxlzz*(lxz)z ’ gp’Ur - Ixxlzz*(lxz)z) + lxszz*(lxz)(z ) ’
o ﬂIsz?fo _ 7‘[}?fo . IXZQfobe[/uﬂ Ky lqufoben/ua Ky
gp,lly - 180(1xxlzz_(1xz)2) ’ gq,uz N 18011/1/ / gr,Ua o IXXIZZ?(IXZ)Z IXXIZZ*(IXZ)Z ’
_ Ixz’?fsfbfcl,uy (“u) Iqu_fsfbfcn,ur (’Xu) _ ”lxxffo
el = Tl T dale (P 87U T T gy gy Do T and Lz de

note the moments of inertia around the x-axis, y-axis, and z-axis, respectively, I, denotes
the product of inertia with respect to the x — z plane, 75 = % Of VJ? denotes the dynamic
pressure, p¢ denotes the air density, Vy denotes the aircraft flight speed, Sy denotes the ref-
erence surface area of the wing, by denotes the wingspan, Xy denotes the distance between
the center of mass and the engine nozzle, Ty denotes the thrust C; 1, Cy u,, C,u,, and Gy, u,
denote the aerodynamic coefficients.

The dynamics of the flight speed is given as follows [17]:

_ Tycosa  mTfl;sina PfoSfCD

fT M, T T 1som; Ty PR ) ®)

where My denotes the mass of the aircraft, Cp denotes the drag force aerodynamic co-
efficient, ¢ denotes the acceleration of gravity, and - denotes the flight tilt angle of the
aircraft.
The constrained control inputs are detailed as follows [18]:
Us(us) = {Bisign(ui), ?f\ui| > B; @
uj, if ‘u,‘| < Bl'

where Vi € {a, 7Y, z}, and B; denotes the constrained bound of u;.

Remark 1. In a traditional flight, maneuvering is difficult to control using the aileron and rudder
deflection angles U, and Uy, as well as the thrust Ty. In this paper, to achieve HAOA maneuverabil-
ity, thrust vectoring is applied to the aircraft through the lateral and normal deflection angles U,
and U,. Nevertheless, the deflection angles Uy, Uy, Uy, and U, are limited, which has motivated the
research presented in this paper.

To proceed further, the lemmas and assumptions are required as follows:
n n ¢
Lemma 1 ([35]). Fory1 > 0,12 >0,---, 1, > 0,and 0 < ¢ < 1, one has ), 1714(’J > (Z 171') .
i=1 i=1

Lemma 2 ([36]). For a system % = f(x), if there exists a Lyapunov function satisfying V (x) <
—A V7 (x) — A2V (x) + B, then V (x) converges to a bound in finite-time, where Ay > 0, Ay > 0,
0 <9 < 1,and B > 0is bounded.

Assumption 1 ([37]). For the disturbances dy and dy, there exist constants by > 0 and by > 0
such that Hd§g) H < by and Hdég) H < by, where ¢ denotes the order of the derivative, dgg) and

dég) denote the ¢ derivatives of dy and dy, respectively.
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Assumption 2 ([37]). For the maneuver command x1., there exists a constant by, > 0 such that
. L 2 2 L2
we have the following: z1 = {(xlc, X1, X1e) ¢ [[x1c]|” 4 %1 T (| #1e]]” < blc}.

Assumption 3 ([38]). For the errors of the constrained control input vector defined as A, =
U(u) — u, there exists a constant by, > 0 such that ||Ay|| < by.

3. Design for High-Order Disturbance Observer-Based Finite-Time Control

In this section, the finite-time control based on HODO and FTAS is developed so that
the attitude angle vector can track the maneuver command quickly. In this way, the aircraft
can be maneuvered effectively. The design process is detailed as follows.

3.1. Design for High-Order Disturbance Observer

To obtain the estimates of the disturbances d; and d, while the aircraft is maneuvering,
the HODOs are designed as follows, based on the following [37]:

dy = z11 + kgiix

~

11 = —kai (Fl + Gixx + dA1) +dq

di = z1o + kgiox1

a

z1p = —ky12 (Fl + Gi1xr + ljl> + dq (5)

H(c—1
dgg ) — Z1c + kd1gx1

Z1c = _kdlg (Fl + G1xp + dA])

dr = 291 + kg x2

~

210 = —kgy (Fz + GU(u) + dAz) +d

dy =z + kg

a

230 = —ky» (Fz + qu(u) + dAz) +dy (6)

(o1
dég ) — Zc + kd2gx2

Zac = —kanc (Fz + GoU(u) + lfz)

where d,((];l) denotes the; (j— 1)th derivative of di, j € {1,2,--- ,¢}, k € {1,2}, uil(cjfl)
denotes the estimate of d]((/ 71), zxj denotes the auxiliary variable, kdk], = diag{kdkﬂ, kdka kdk].3 1,
kdkjl > 0, kdk].2 > 0, and kdkjl > ( are parameters to be designed. We define the estimate

errors of disturbances as follows:
dy =d —d

dy = dy — dy
@)

Jgg—l) dgg—l) ‘jgs—l)
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d~2 = dz — dAz
dy = dy — d

8)
Jégfl) _ dggfl) _ ,jé@*l)

Theorem 1 is as follows:

Theorem 1. Consider the attitude dynamics Equation (1) for maneuvering aircraft. If the HODOs
are designed as Equations (5) and (6), then the estimate errors are uniformly ultimately bounded
(UUB) if there exists a constant p; > 0 and a positive-definite symmetric matrix Py satisfying the
following:

—Q4 + paly Py

. g | X0 )

where Q4 is a specified positive-definite symmetric matrix.

Proof of Theorem 1. In terms of Equations (1) and (5)—(8), one obtains the following:

dy = dy — kg dy

dy = dy — kgiody 10)
21

dV = a9 ke dy

dy = dy — k14>

dy = dy — kypda a
d™V = a9 —kypds

- . T . e N T1T
Defining d = [dT,dI, e, (dgg 1)) ,dg,d;, cee, (dég 1)) ] and considering
Equations (10) and (11) yields the following;:

d=kd+ d* (12)
where
r _kdll 13><3 . 03><3 03><3 03><3 03><3 .. O3><3 O3><3 T
_kd12 O3><3 13><3 L 03><3 03><3 03><3 03><3 . O3><3
i _k.dlg 03.><3 03.><3 03.><3 03.><3 03.><3 . . 03.><3 . . 03.><3 .
d— 03><3 03><3 03><3 03x3 03><3 _kd21 I3><3 L 03><3 03><3 ( 3)
03><3 . 03><3 . 03><3 _deZ 03><3 I3><3 . 03><3
03.><3 . . 03‘><3 . . 03'><3 _k‘ng 03.><3 03.><3 03'><3 03‘><3

bt — {0,... )0, (%G))T,OI... )0, (b§9))T] (14)
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Considering that k; is a Hurwitz matrix, for a specified positive-definite symmetric
matrix Q, there exists a positive-definite symmetric matrix P; such that we have the
following:

I_Cgpd + PdT’_Cd < —Qy (15)

We choose the Lyapunov function candidate as follows:

[
[

V;=d'P, (16)

According to Equations (12), (15), and (16), and Assumption 1, differentiating V;; yields
the following:

v,—a (ki Pa+ Pl kg)d+ (@) Py + a' P

=T = 1 =T
< —d Qud+Mg(d") d" + —d P Pyd (17)
d

IN

=T 1 =
—d <Qd — PdTPd)d + My
Ad
where My = | /b%g + b%g. According to the Schur complement, [ —Qu i‘ paPy _/\f ;3X3

0 is equivalent to (f Qi+ )%dP;— Pd) + p4P; < 0. Thus, one obtains the following:

<

Vi < —pgVi+ My (18)

In terms of Equation (18), dy, ;11, cee, Jggfl), d>, Ziz, ---,and dggfl) are UUB. This
completes the proof. [

3.2. Design for Finite-Time Control

To enable the aircraft to execute flight maneuvers under input constraints, the finite-
time control is designed to ensure that the attitude angle vector x; tracks the maneuver
command. To proceed further, the system tracking errors are defined as follows:

e = X1 — X1¢ (19)
e =x3— X3 — S (20)
€1 = Xoc — X4 (1)

-
where e; = [ea,eﬁ,ey] , X1c = [, Be, yC]T denotes the maneuver command vector, e, =

lep, eq,€r] r Xo4 = [Pd, qd,74) T denotes the output of the finite-time dynamic surface control
(DSC) to be designed, S, = [Sp, Sqs Sr] T denotes the output of the FTAS to be developed,

ey = [epd, €qds erd} , and xy. denotes the virtual control law to be computed. In terms of
Equations (1) and (19)—(21), we have the following:

€1 = X1 — X1c
= F + Gixp +dq — %1,
=F + Gi(ea + x4+ S2) +dy — %y (22)
= F + Giez + Gi(xoc — ey9) + G1S2 + dy — %1
=F + Giex + Gixpc — Greyg + G1Sy + di — %

Considering Equation (22), the virtual control law is designed as follows:

X3 = Gy ! (—H —dy — kie; — koFoc(e1) + J'Clc) (23)
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where ki = diag{kiy, k12, k13} = 0 and ko = diag{koy, koo, ko3 } > 0 are diagonal matrix
parameters to be designed, and B, = [Fa(ea),Fﬁ (eﬁ),Fy (en)] T denotes the piecewise
function vector developed to solve the singularity problem. Inspired by [39], F is designed

[er]?, ife; > C;
Fi(e) = 1—¢ o 3—¢ o (24)
- T‘ch” e + T‘Pc;” Yo, ife; < C

as follows:

where ! € {a,B,u}, C; > 0,and 0 < ¢ < 1 are parameters to be designed. To eliminate the
direct derivative operation of xp. so as to avoid the differential explosion, the finite-time
DSC for xp. is designed as outlined in [39]:

¢
. €2 €24 T
Xog = — + ! -Gy 61,x2d|t:0 = X2¢|t=0 (25)
T %)

where 71 > 0 and 7, > 0 are parameters to be designed.
To deal with the input constraint problem, a novel FTAS is developed as follows:

52 = —kslsz - ksz (Szy'b + GZAU - GlTel (26)

where kg1 = diag{ks11,ks12,ks13} >~ 0 and kg = diag{ksp1, ksop, ksp3} > 0 are diagonal
matrix parameters to be designed.

Remark 2. Different from the commonly designed idea of the auxiliary system [25] or the FTAS
[34], the term G ey is introduced in the FTAS (26) so that the dependence on control parameters
on control matrix Gy can be reduced.

Substituting Equation (23) into Equation (22) leads to the following:
é1 = Grez — kie; — kaFxc(e1) — Gieyg + G1S2 + dy (27)

where li] = d] - lil.
In terms of Equations (21) and (25), one has the following:

€y = X — Xog

¢
. (7] €24
ZXQC—f—!‘FGIel
T (%]

(28)

We choose the Lyapunov function candidate as follows:

1 1
Vi = Ee?el + Ee;ezd (29)

In terms of Equations (27)—(29), differentiating V; yields the following:

Vl :eirél + e;ézd
=e| (Gie, — kie1 — koFxc(e1) — Giegg + G1Sy + dy)

¢
(. e ey T
B L7 1 e
+ (¥ (xzc - - + 1 e]> (30)

:elTGlez — e]—klel — e;kszc(el) + BI G152 + eirlil

1 1

T, T T

+ eggine — —eyge2q — —eyy[eq]?
T T
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According to Equations (1) and (20), one has the following:
éy =% — Xy — S
=B+ GoU(u) + dy — %0 — (ka2 — ka[$2)* + GoBu — G ey ) (31)

=B +dy— %y +kaSo+ k2 [S2]? 4+ Gou+ G| e

Considering Equation (31), the unconstrained control input u is designed as follows:
u= G;l (—Pz — Diz - k3€2 - k4 [EZJKP + de - k5152 - ksz [SzJ(p - ZGFel) (32)

where k3 = diag{ks1, k3, k33} > 0 and ky = diag{kai, kap, ks3} > 0 are diagonal matrix
parameters to be designed. In terms of Equations (31) and (32), one obtains the following:

e = —kzer — ky [EQJ(P + d~2 — GlTel (33)
Based on the designed finite-time control method, one has Theorem 2 as follows:

Theorem 2. Consider the attitude dynamics Equation (1) for maneuvering aircraft. If the virtual
control law is designed as Equation (23), the finite-time DSC is designed as Equation (25), the FTAS is
designed as Equation (26), the finite-time control input is designed as Equation (32), and the control
parameters are designed such that ky > 0 and ky > 0, then the system states ey, erq, e, and Sy
amﬂUURmeE:ﬂmnphm&h}—L%—&J&m{h}—LZMmHﬂ}—“bGﬂh}

ky, = min{24_’)\min{k2}, 2 2% Amin{ka}, Z‘ﬁx\min{kg}}, and ¢ = ‘PTH Particularly, the system

T’

states eq, epg, ep, and Sy converge to bounds within a finite time when |e;| > C; for V1 € {a, B, it }.

Proof of Theorem 2. Choose the Lyapunov function candidate as follows:
%:m+%g@+%g& (34)
In terms of Equations (26), (30), (33) and (34), differentiating V, yields the following:
Vo=Vi4+eés+85, 5
=e| Giey — e] kiey — e kaFoc(e1) + ef G1Sy + e di + e) %

- Tlleszezd - lee;l fet]? + ey (—k382 —ky[ez]? + dy — GlTe1>
+83 (—kaa$2 — k2 [2)? + GoBu — G/ e1) )

= —e| kie; —e] koFoc(e1) +ef dy + esz?'czC — %e;,ezd — lee;j fezdj‘P

— eszgez — 82Tk4 [ezj‘/’ + €2Td~2 — Sszslsz — S;ksz [SzJ(P + SZT GrAy;
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Considering Equation (35), applying Young's inequality leads to the following;:

) 1 1 .
Va < — Amin{ki}e] e1 — Amin{ka}e] Bc(e1) + §€1T€1 + Edel

1 1.+, 1 1
+ Seggenq + S Ko — —engerq — —eqierq]? — Amin{ks}e; e
2 2 T T
1 1.+
— Amin{ks}es [e2]? + EezTe2 + Ed;dz
1 1
— Amin{ks1}S; S2 — Amin{ks2}$; [S2]? + ESZTGszTsz + EAIIAU

1 1 1
<-— (Amin{kl} - 2>81T€1 — Amin{k2}e] Bx(e1) — (Tl - 2>€2Td€2d
1+ 1\ 7 T (36)
- ?zezd [eZdJ(P - ()\min{k?a} - 2)32 ey — /\min{k4}ez [BZJ(P

1
- (Amm{ksl} -2 HGszTHF> $382 = Amin{k:2}57 [$2)*

2 2
_ 1
< —k1Va — Amin{ka}e] Bxc(e1) — Eesz [e2d]|? — Amin{ka}e; [e2]?

lorsy 1as 1 1
+§d1Td1+§d2Td2+fx2TCx26+fAI[Au

1+ - 1+ - 1 1
— Mmin{ks2}S7 [S2)? + Eledl + Edszz + Eszcxzc + EAEAU

In terms of Equation (24), one has the following:

¢—1 .
dFl(el) _ {¢|el| ’ 1f€l > Cl

dey & _234’ cf2g 222 > Pt e <

(37)

Investigating Equations (24) and (37) leads to the following;:

lim Fl(el) = lim Fl(el) = C;P (38)
E[*)Cl+ e,Hle
dfi(e) _ . dhi(e)

=gcl! 39
oG de o—C de Pt 7

where C = C;+ 0", and C; = C; — 0" In terms of Equations (38) and (39), F;(¢;) and

di’igf’) are both continuous for ¢; at C;. As F(¢;) and di’iglel) are odd and even functions,

respectively, F;(¢;) and di’ig’) are also both continuous for ¢; at —C;. Since F;(¢;) and

dl;’igf’) are both continuous for ¢; € (—oco, —C;) U (—C;, C;) U (Cj, +0), both of the functions
are continuous for ¢; € (—oo, +00). Investigating Equation (23), Assumption 2, and the
differentiability of Gy, F, dy, and e, we can see that ¥y, is continuous with respect to
t. Thus, in light of the continuous property [37], there exists a constant by, such that
l|l%2¢|| < bye. Moreover, recalling Theorem 1, we find that d; and d; are both bounded.
Thus, there exist constants b; and b, such that ||d;|| < by and ||d|| < by. According to

Equation (36) and Assumption 3, one has the following:

. _ 1
Vo < —k1Va — Amin{koYe] Foc(e1) — ?2321 fezq]?

- Amin{k4}e; [eZJ(P - /\min{kSZ}‘sér ’VSZW + by

(40)

where b, = % (02 + b3 + b3, + b2).
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Case 1. If one has |e;| > C; for VI € {«, B, u}, recalling Equation (24) and Lemma 1, we
obtain the following;:

1
Amin{ka}e{ Fc(e1) + Ee; fe2d]? + Amin{ka}e; [e2]? + Amin{ks2}S; [S2]?

1
=Amin{ka}e] [e1]? + ge; [e2d]? + Amin{ka}es [e2]? + Amin{ks2}S] [S2]?
) 1 29 1 26 1 2
Praatial (1) + (39)" + (39)
2 (1,\? /1,\* /1,\¥
¢ 2p 20
b 1 2 2 1 2 1 2
+2¢Amin{k4}<(zep) + <23q) + <26r
_ 1 ) 29 1 ) 29 1 ) 20
+2(P)\min{k52}<<25p> + (25q> + (25r> )

>k, VY
In terms of Equations (40) and (41), one has the following:
Vo, < —kiVp — l_csz + by (42)

Considering Equation (42) and Lemma 2, we find that eq, ey, e, and S, converge to
bounds within a finite time.

Case 2. If one has |ey| < Cy for 30 € {a, B, u}, recalling Equation (24), one obtains the
following:

1- -3 -1
egFp(eg) = T"’cg’ e%(—eé + Cg) + Cg’ ;>0 (43)

Moreover, for x € {a, B, u} satisfying |e,| > C,, investigating Equation (24) yields the
following:
exFr(ey) = lex] "™ 2 0 (44)

Invoking Equations (43) and (44) obtains e;F;(e;) > 0 for VI € {«, B, u}. Thus, in terms
of Equation (40), one has
Vo < —kiVa + by (45)

Investigating Equation (45), we find that ej, ey, e, and S, are all UUB. The proof is
completed. O

Remark 3. By applying the piecewise function vector F,. to the virtual control law (23), the
singularity problem of xy. is solved. By this means, the continuity of %, can be ensured to further
guarantee the boundness of xo..

4. Simulation Results

In this section, the effectiveness of the proposed control method was verified through
the simulation results of HAOA aircraft maneuverability. The maneuver commands are
given as a, = _1+ex;1)5(t—5) + 1+ex;?t_20) + 5[deg|, Bc = O[deg], and . = O[deg]. The
constrained bounds of u; are given as B, = 20[deg|, B, = 30[deg|, B, = 15[deg|, and

B, = 20[deg]. The model parameters and the control parameters are given in Tables 1 and 2,
respectively.
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Table 1. Model parameters.
Symbol Value Symbol Value Symbol Value
22,682 1.11164 -
Inx kg - m?] Of [kg/m?3] xXf 8.5 [m]
77,095 146,000
Iyy [kg . mz] VfO 200 [m/s] Tf [kN]
95,561 2
I, [kg - m] Sf 57.7 [m?] My 10,617 [kg]
1125 2
Iy, [kg - m?] bf 13.11 [m] g 9.8 [m/s”]
Table 2. Control parameters.
Symbol  Value  Symbol  Value Symbol Value Symbol  Value
G 3 k21 4 T 0.02 4) 0.9
kdjl 100 kzz 4 ksll 100 k31 8
ki 100 ko3 4 ks12 100 k3 8
kajs 100 Ca 0.01 ks13 100 k33 8
k11 4 Cg 0.01 ks21 100 kag 8
k1o 4 Cyu 0.01 k2o 100 kap 8
k13 4 T 0.02 ksZS 100 k43 8

To estimate the disturbances, the HODOs are designed as Equations (5) and (6). The
R I
disturbances di = [dq, dg, dV]T, dy = [dp, dg, dr]T and their estimates d; = {d,x,dﬁ,dy} ,

. fa AT
dr, = {dp, dg, d,} are shown, respectively, in Figures 1-6. In terms of Figures 1-6, the dis-
turbances can be estimated quickly and accurately, illustrating the validity of the proposed

HODOs.

10 = -
o=
0

0 0.1

d.[deg /5]

Figure 1. The disturbance, d,, and its estimate, dy.

30
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dz[deg /5]

0 10 20 30

dy,[deg /5]

0 10 20 30

Figure 3. The disturbance, d;,, and its estimate, d},.

6 -
—
af Y
. 0.1
ol
hc
2
—= of
~
2
4 . . 1 . .
0 5 10 15 20 25 30

Figure 4. The disturbance, dp, and its estimate, d},.

401 0
f 0.1
T 20
a0
ko
= 0
=
20}
0 5 100 15 20 25 30

Figure 5. The disturbance, dq, and its estimate, d}.
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d,[deg /s?]

Figure 6. The disturbance, d,, and its estimate, d,.
The constrained control inputs U = [Ua, u,, uy, UZ] T are depicted in Figures 7-10.
T . .
| are shown in Figures 11-13. In

With the control inputs, the attitude angles x; = [«, B, 4
terms of Figures 1-13, it can be observed that the aircraft’s attitude angles successfully track

HAOA maneuverability commands under the control method proposed in this paper, even

in the presence of disturbance and input constraints.

20

— U(z
10F - - -Bounds of U,

U, [deg]

0 5 10 15 20 25 30

Figure 7. The control input U,.

30
20 — U,
10 - - -Bounds of U,

Uy [deg]

0 5 10 15 20 25 30

Figure 8. The control input U,.
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-20 . . ! * ;
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Figure 9. The control input U,,.

20
— U,
- - Bounds of U. ||

Figure 10. The control input U,.
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0 l | l l l
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Figure 11. The angle of attack «.
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RaY 2
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Figure 12. The sliding angle B.
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Figure 13. The flight-path roll angle .

The angle of attack tracking error, e, of the maneuverability is presented in Figure 14.
To further demonstrate the superiority of the method proposed in this paper, the finite-time
control methods without the HODO and the FTAS techniques, respectively, are employed
in simulations for comparison. Investigating Figure 14, it can be seen that the control
method developed in this paper can achieve significantly enhanced HAOA maneuverability
compared to the method without the HODO and the FTAS, respectively.

To illustrate the impact of maneuverability, the flight speed of the aircraft is given in
Figure 15. In terms of Figures 11 and 15, from 0 s to 15 s, with the rapid increase of the
angle of attack, the flight speed decreases sharply to achieve the evasion ability and attack
situations. From 15 s to 30 s, as the angle of attack returns to a small value, the flight speed
gradually increases. By comparing the flight speed in the two stages, the advantage of
HAOA maneuverability, which reduces the flight speed quickly, can be reflected.

2

(=]
=
X
Y
<]
+~
{
g‘-—..w
[l
-t
-1
~.
-1
R
[t}
T~
O
-
-
-
I~
b
-~
—t
-k
4
_-‘
-

'E LAY
g, 0.4 A
= )
5 7
4t — Proposed method
- = =Without HODO
Without FTAS
-6 : : 2 1 -
0 5 10 15 20 25 30

Figure 14. The maneuver tracking error e,.

300

250

200

150

Vi /s

100

50F

0
0 10 20 30
1[s]

Figure 15. The flight speed V5.

5. Conclusions

To achieve HAOA flight maneuverability subject to disturbances and input constraints,
the finite-time control method with HODO and FTAS techniques is proposed. The dis-
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turbances are estimated by HODOs for feedforward compensation. The issue of input
constraints is addressed by the FTAS. Moreover, finite-time control has been developed to
enable rapid attitude tracking of maneuvering aircraft. Finally, the efficacy of the proposed
method is verified through simulation results.
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