actuators

Article

Fixed-Time Adaptive Tracking Control for a Quadrotor
Unmanned Aerial Vehicle with Input Saturation

Haihui Wang, Guozeng Cui * and Huayi Li

check for
updates

Citation: Wang, H.; Cui, G.; Li, H.
Fixed-Time Adaptive Tracking
Control for a Quadrotor Unmanned
Aerial Vehicle with Input Saturation.
Actuators 2023, 12, 130. https://
doi.org/10.3390/act12030130

Academic Editor: Ronald M. Barrett

Received: 19 February 2023
Revised: 9 March 2023
Accepted: 16 March 2023
Published: 18 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electronic and Information Engineering, Suzhou University of Science and Technology,
Suzhou 215009, China
* Correspondence: guozengcui@mail.usts.edu.cn

Abstract: Considering the problem of tracking control for a quadrotor unmanned aerial vehicle
(QUAV) with input saturation, parameter uncertainties and external disturbances, a command
filtered backstepping-based fixed-time adaptive control scheme was developed. The problem of
“explosion of complexity” (EOC) is tackled by utilizing the fixed-time command filter, and the
influence of filtered error is removed based on the fractional power-error-compensation mechanism.
A fixed-time auxiliary system was designed to compensate for the input saturation of the QUAV. It
strictly proves that the closed-loop system signals are fixed-time bounded, and the tracking errors
converge to a sufficiently small region near the origin in a fixed time, and the convergence time is
independent of the initial states. Finally, the effectiveness of the proposed fixed-time adaptive control
algorithm is demonstrated via a numerical simulation.
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1. Introduction

Quadrotor unmanned aerial vehicles (QUAVs) have outstanding advantages, such
as low cost, accurate hovering, and maneuverability, and they play a key role in the
fields of cargo transportation, high-altitude photography, and military reconnaissance [1].
Nevertheless, QUAV is a class of multi-input and multi-output system with six degrees
of freedom and four independent inputs [2], which has typical characteristics, including
high nonlinearity, underactuation, and strong coupling [3]. Thus, the research on high-
performance control for the QUAV has gradually become a hot spot.

In recent years, all sorts of flight control algorithms have been developed for the
QUAV—for example, sliding mode control [4], backstepping control [5], dynamic surface
control [6], and adaptive control [7]. For a QUAV with external disturbances and system
uncertainties, an adaptive sliding mode control scheme was designed in [8]. However,
the chattering problem is the main shortcoming of the aforesaid sliding mode control
strategies. Based on the backstepping design method, in [9], an adaptive trajectory track-
ing control algorithm was developed for the QUAV with prescribed performance. It is
worth noting that the virtual control signals need to be differentiated several times in
the standard backstepping design process, which leads to the problem of “explosion of
complexity” (EOC). By means of the dynamic surface control approach, a prescribed per-
formance control strategy was proposed for the QUAV in [10], where the problem of EOC
was addressed via a first order filter. Nevertheless, the influence of filtered error was not
considered in those dynamic surface control schemes, and the performance of the QUAV
will decline to a certain extent. Fortunately, the command filtered backstepping technique
was first proposed in [11], such that the problem of EOC and the influence of filtered error
can be eliminated simultaneously. Considering the QUAV with sensor faults, a command
filtered backstepping-based fault-tolerant control strategy was presented in [12]. By fus-
ing the command filtered backstepping method, an active anti-disturbance flight-control
algorithm was designed in [13].
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It should be mentioned that many asymptotically convergent control schemes of the
QUAV require infinite time to realize accurate trajectory tracking, which is impractical for
engineering applications. Recently, the finite-time stability theory was established in [14]
for equilibrium of continuous autonomous systems. Although various finite-time con-
trol schemes [15-17] have been developed for QUAYV, the convergence time heavily de-
pends on the initial states. If the initial states of the QUAV are not accurately available,
the finite-time control method will fail. Fortunately, the fixed-time stability theory was
first proposed in [18], which guarantees that the upper bound of convergence time does
not depend on the initial states and is only in connection with the control parameters.
Subsequently, the fixed-time stability theory has been successfully employed for robotic sys-
tems [19], surface vehicles [20], and rigid spacecraft [21], whose outstanding advantage is
that the system can be stabilized to the equilibrium in a fixed time without the information
of initial conditions. A fixed-time output-feedback control algorithm was proposed in [22],
where the fixed-time state observer was designed to estimate unavailable velocity states
and unknown uncertainties. Similarly, in [23], a fixed-time observer-based safety control
scheme was developed for the QUAV with actuator faults and disturbances. To guarantee
the transient performance of the QUAYV, a fixed-time prescribed performance adaptive
trajectory tracking algorithm was proposed in [24]. By fusing fixed-time stability theory
and the sliding mode control technique, in [25], the attitude tracking problem of the QUAV
was addressed within a fixed time.

Note that the input saturation of the QUAV is unavoidable owing to the limitation
of battery energy or physical structure. If no effective methods are used to cope with this
problem, system instability and flight accidents will worsen. Current approaches to solving
the input saturation mainly include the smooth function to approximate the saturation
nonlinearity [26] and the auxiliary system to compensate for the saturation’s influence [27].
Considering the QUAV is subject to wind perturbation and model uncertainty, a finite-time
sliding mode control scheme was proposed in [28], where a compensation system was used
to address the input saturation. By means of the dynamic surface control approach and
auxiliary system, a distributed output feedback anti-saturation formation control algorithm
was presented in [29]. To the best of authors” knowledge, there are few efforts to study the
fixed-time adaptive tracking control problem for a QUAV with input saturation, which
motivated our present study.

Based on the above discussion, this article proposes a fixed-time adaptive control
scheme for the QUAV with input saturation, parameter uncertainties, and external distur-
bances under the command-filtered backstepping design framework. The main contribu-
tions are given as follows.

(1) In contrast to backstepping control strategies [5,9] and dynamic surface control
schemes [6,10], a fixed-time command filter can be constructed to address the problem
of EOC, and the influence of filtered error is removed by the fractional power-error
compensation mechanism within a fixed time.

(2) Unlike the existing finite-time control algorithms [15-17], the designed fixed-time
adaptive control scheme ensures that the tracking errors of the QUAV converge to a
sufficiently small region near the origin in a fixed time, and the convergence time is
independent of the initial states.

(3) Differently from the traditional anti-saturation control strategies for the QUAV [28,29],
an auxiliary system with fixed-time convergence is designed to compensate for the
effect of input saturation within a fixed time, which is more useful in practice.

The rest of this paper is given as follows. The problem formulation and preliminaries
are shown in Section 2. The main results, including fixed-time adaptive controller design
and stability analysis, are presented in Section 3. The simulation results in Section 4
demonstrate the effectiveness of the developed fixed-time control algorithm. Section 5
gives the conclusions.
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2. Problem Formulation and Preliminaries

The QUAV has six degrees of freedom in space and can either move linearly along or
rotate around three-coordinate axes. Define two coordinate systems, including the Earth
coordinate system £ = {O,, X, Ye, ze } and the body coordinate system B = {Oy, Xy, Yp, 2p }-
The corresponding rotation matrix is denoted as Ry: B — £. Oy is the center of mass,
and the structure of the QUAV is presented in Figure 1. Rotation matrix R; indicates the
linear velocity relationship between body coordinate system and Earth coordinate system,
which is given as

CoCyp  SpSeCy — CpSy  CpSeCy + S¢Sy
R, = Cgslp S¢SQS¢ + C¢C¢ C(PSgSlI, — S¢C¢
—59 S¢C9 C4>C9

and R; is defined as the transfer matrix from a body-fixed to an Earth-fixed coordinate
system, which is expressed as

1 54) T9 C‘P T9
Ry=|0 Cp  —Sp
0 S4/Co Cy/Co

where C () = cos(+), S, £ sin(+) and Ty £ tan(-).

Figure 1. The structure of the QUAV.

Based on the Newton—-Euler formula, the dynamics of the QUAYV are given as

X=v
mv = upR{E — mgE — FxX + dx .
6 =R,Q @

JO =Ug — Q x JQ — Fg® + dg
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where E = [0,0,1]".
Considering the cases of small angle change and input saturation, Equation (1) is
rewritten as

X=v
v =G ®(Ux) —gE+ f1 +di ?
0=0

Q=G ®,(Up) + fo+d>

where Gy = m™!, G, = J7!, fi = —m X = [fi1, fon. 1], fo = =] QX JOQ -
] 'Fe® = [fi2, fop, f32] T, di = mdx = [d11,dp1,d31] ", and dy = ] 'de = [d1,dop,
dgrz]T. @, (Uy) = [sat(ux),sa’c(uy),sa’c(uz)]T and @, (Up) = [sat(uq,),sat(ug),sat(ulp)]T
are the control inputs with saturation nonlinearity, where u, = up(CpSeCyp + SSy),
Uy = MF(C¢SQS¢ - S4,C¢), Uy, = MFC(PCQ, and

D, U <P,
sat(u;)) = Qu;, Qip <u; <Pig, i=x,Y,24¢,0,1.
D;r, u;i > Ddir

with ®;; < 0and ®; g > 0 being constants, and Ux = [uy, uy, 1] T is the control input of
the position subsystem.

Control Objective: This paper aims to design a fixed-time adaptive control scheme for
the QUAV with input saturation, which ensures that the closed-loop system signals are
fixed-time bounded, and the tracking errors converge to a sufficiently small region near the
origin in a fixed time.

Assumption 1. The QUAYV flies at a low speed and a small angle. Assume that all states of the
QUAV are available, and ¢ € (—mn/2,7/2),0 € (—m/2,7/2) hold.

Assumption 2. The desired signals x4, Y4, z4, Wq and their first-order derivatives X, V4, Z4, Y4
are known and bounded.

Assumption 3. The external disturbances dy = [dy1,dp1,d31]" and dy = [dy1o,do0,d30] " are

continuous and bounded; i.e., |d;s| < d_l-,s,dl-,s >0,i=1,23,5=1,2

Lemma 1. [30] Suppose that F(x) is a continuous function defined on a compact set Q). For any
given constant e > 0, there exists a fuzzy logic system ¢ S(x) such that

sup|F(x) f(pTS(x)‘ <e
xeQ)

where @ = [@1, 92, ..., u] | denotes the ideal weight vector; S(x) = [S1(x), Sz (%), ..., Sn(x)]T/
Y1 Si(x) is the basis function vector with n being the number of the fuzzy rules, and S;(x) =

_\ T _
exp [— (xm)vz(xuz)] with fi; = [fi;1, flip, - -, fiiN] | being the center vector and ; being the width.

Lemma 2. [31] For m > 0, n > 0, and the real-valued function A(x,n) > 0, one obtains

mA(r )™ nAy) g™

m n
<
\?| |U| - m-+n m-+n
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Lemma 3. [32] Fora >0,b>0,c >0,k >0, <k, and p > 1, one has
1
(1, < 1+c _ 14c
a“(b a)_1+c(b a)
(I—k)P >1°—k°.
Lemma4. [33]Fori=1,...,n,C;eR,0<p <
i

Lemma 5. [34] Consider a system & = [ (), &(0) = &. If there exists a continuous positive
definite function V and constants Ay > 0, A, > 0,1 > 0,0 < a < 1, and B > 1, such that
V(&) < =AM V(&) — ApVPB(&) + 1, the system is practical fixed-time stable, and the convergence
time is calculated as

1, and § > 1, one obtains

i Mx

Cil".

Mx

1

1 1
Mo —a) " AoB—1)

where 0 < @ < 1, and ¢ finally converges to the compact set
: ;
L C L
< mi .
¢e {V@ < mm{ (vaca) - (wasa) }}
3. Main Results

Define the tracking errors as follows:

T< Tmax =

ee=X-X;= [61,1,62,1133‘>,ﬂT ®)
ey =v—17;=[e12,20,e32] )
e3=0-0,; = [6’1,3, €2,3,€3,3]T ®)
es=0—-0Qy=[e14,e24,34]" Q)

where X; = [x4,y4,24]" and ®; = [¢4,60,4, 4] " are the desired position and attitude

signals of the QUAV, and ¢, and 6,; will be given later. 7; = [i1,721,731] " and Q; =

[Q12,000,Q35,] " are the output signals of the virtual control signal. vy = [v11,v21,v31] "

and Q; = [Q12, Doy, Q3,2]T are taken as the inputs of the fixed-time command filter.

The fixed-time command filter is designed as

Ni = —Ry11(0) + N, @)
Ny = —Rap(0)

where Nj and Nj are the state variables; i1 (c) = sig( o)12 + psig(c)3/2, 1 (o) = Lsign(o) +
3ulsig(c)? + 2uo, sig(c)? = |o|7sign(c), v = 3,3,2,0 = Nis — N;s,, N=v,Q, N =7,0Q,
i=1,2,3,and s =1,2; Ry, Ry, and y are the filtering Constants.
Define the compensated tracking errors as follows:
m=er—x1=[n1,721,731]" ®)
2 =er— 12— 61 = [12.M22132) 9
13 =e3 — &3 = [713,723,733] " (10)

Ny =es— Ko —Go= 14,724, 134) (11)
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where the compensation signals %1, k2, 3 and x4 along with auxiliary signals ¢; and ¢»
will be specified later.

3.1. Position Subsystem Controller Design

The virtual control signal v, is designed as

vy = —ayny — 511’7? + X5 —¢1 (12)

where a1 = diag{a11,a21,a3,1} and a; = diag{dy 1,421,431} denote the positive definite

matrices, and 0 < & = % <1, 8= % > 1, with a1, a3, B1, and B3 being positive odd

num}?ers. Note that for a given vector ¥ = [¥1,¥,. ..,‘Yn]T and the scalar 8, ¥° =
[|[¥1|°sign(¥1), [¥2|%sign(¥2), ..., [¥a|’sign(¥,)] ", 6 = a, B.
The error compensation signal k1 = [k11,%2,1, K3,1]T is devised as

K| = —bﬂ(ﬁ( — E1Kf + U —vy;+ Ko (13)

where by = diag{b11,b21,b31} and b, = diag{ELl,Ezrl,Eg,ll} are the positive definite
matrices.

To effectively compensate for the effect of input saturation, the auxiliary signal
61 = [611,621,631] " with fixed-time convergence is designed as

1= —Gig] — Glgf + G1(®1(Ux) — Ux). (14)

The actual controller is devised as

Uy = Gfl (—azq”z‘ — ﬁzqg —e1+v;+9E—1— Yl) —¢1— g? (15)

where a; = diag{a, 2,022, 3 2} and dy = diag{i o, 22,3, } are the positive definite matrices.

2118 18 H31 S . s
Y, = D2 hlzl 11 f22 hzz1 - 522 Y211, where 11 > 0is a constant; Sj; = S, Sj1, and S; 1
2h1 4 2h3 4 2h3

stands for the basis function vector of the fuzzy logic system; B o= [ 1,\f2 1,.f3 1]T,
and Z;; denotes the estimated value of the unknown constant :l 1 = |lei 1|| with
Qi1 bemg the weight vector. The estimation error is defined as H;; = &;1 — &; 1, \—4] =
[_1 1,52, 1,83 1]T,._41 = [E11,81,831]". The adaptive parameter updating law &; =
[E11,821,851] " is designed as

[1]>

-

_ Aa _ o &P
with Yo — [1"1/177%,251/1 1"2,1'7%,25'2,1 1"3,1'7%,25'3,1 }T
L T T A T
{my1,myp1,m31} and #i; = diag{ 1,121, 13, } denote the positive definite matrices.
The error compensation signal xy = (K12, k22, %3] ' is constructed as

, where I'; | is a positive constant; m; = diag

Ky = —szg — 521(5 — K1 (17)
where by = diag{b;2,b22,b3,} and by = diag{by 2, b2, b3} are the positive definite matrices.

3.2. Attitude Subsystem Controller Design
The virtual control signal € is devised as

Qy = —azn3 — ﬁaﬂg +0;—¢ (18)

where a3 = diag{a1 3,423,433} and a3 = diag{# 3,423,133} represent the positive defi-
nite matrices.
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The error compensation signal k3 = [k13, k23, K3,3]T is designed as
i3 = —by — b + 0y — Oy + 14 (19)

where by = diag{by 3,b23,b33} and b3 = diag{luim, 132/3, 53,3} are the positive definite matrices.
The auxiliary signal ¢» = [612,622,632] " with fixed-time convergence is constructed as

¢2 = —Gach — Gach + Gy (@, (Up) — Up). (20)

The actual controller is given as

Up = G, 1( a4114—a417§—e3+0d—’14—Y3)—92 ¢ (21)

with a4 = dlag{al 4,02,4,03 4} and ay = diag{iy 4,dp 4, 43 4} being the positive definite matri-
maB12812 12452082 134852832 ]

a3, 7 23, 7 203,
and S; » represents the basis function vector, ;2 = [fl 2, .fz 2,83 Z]T and f‘.z 5 indicates the
w1th @i being the welght vector,
and the estimation error is expressed by E;, = E; — _Jl ), By = [_41 2 Hp 2,_3 o1, By =

[E172,822,832] . The adaptive parameter updating law E; = [E12, 50, E35] | is devised as

ces. Yz = |

, where h; , is a positive constant; S;, = Si 2Si2,

-

2 = Y4 — mZE% — Thzég (22)

1"1,2’7%,451,1 1"2,2’7%,452,1 1"3,277§,453,1]
2n3, 7 2h5, 7 23,
diag{m o, myo, m35} and sty = diag{1 2, My, M3, } stand for the positive definite matrices.
The error compensation signal x4 = [K1,4, k24, 1<3,4]—r is designed as

where Y, = | T with T;, being a positive constant; m, =

Ky = —b41€fi — 541(5 — K3 (23)

where by = diag{by 4,b24,b34} and by = diag{by 4,024, b3} are the positive definite matrices.

Owing to the feature of underactuation for the QUAYV, the desired roll angle and pitch
angle can be obtained by virtue of the control inputs of position subsystem and the given
yaw angle.

Cy, +uyS
64 :arctan(ux lpdu Y %’)
z

“XSlIJd - ”ycllﬂd Cy )
——Cy, |-

z

¢g = arctan(

3.3. Stability Analysis

Theorem 1. For the QUAV under Assumptions 1-3, the error compensation signals (13), (17), (19)
and (23), the virtual control signals (12) and (18), actual controllers (15) and (21), and adaptive parameter
updating laws (16) and (22), can guarantee that the closed-loop system signals are fixed-time bounded, and the
tracking errors converge on a sufficiently small region near the origin in a fixed time.

Proof. Based on Equations (3), (4), and (8), the derivative of #; is obtained

f]]Zél—kl:82+17d—1/d+1/d—Xd—k1. (24)
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Choose the Lyapunov function V; = %11?171 + %KlTxl. According to Equations (12),
(13), and (24), the derivative of V; is derived as

Vi = — i avf — ] df + ] bac + o bt + o 2
— %, bix% — KlTl;le 1] (75— vg) + %] K2 (25)
On the basis of Equations (2), (4), (9), (14), and (15), the derivative of #, is obtained
flp =6 —Ky—¢1 = —uzﬂ% —5!2115—61 —m—Y +f1 +dy — K. (26)

Select the Lyapunov function: Vo = Vi + sy 1 + %) x + 3BT, 1&,. According to
Equation (26), one has

Vo =1, (*uzﬂﬁ - ﬁﬂig —e1—m— Y1+ fi+d — kz)
+ieg ey — E]TTIE 4+ V. 27)

From Lemma 2, a fuzzy logic system ¢, S; 1 is used to identify the unknown function
fi1, such that fi; = (piTlSi,l +¢i1, |ei1] < &1, with &1 being a positive constant. By means
of Lemma 3, one obtains

Nipfin =Mi2@i1Si1 + 1Mi28in

772||(P11||S1811 1,
= 7, U SR ik + 5B (28)
By virtue of Assumption 3 and Lemma 3, one has
1 1
Miadia < 7 + 52y (29)

Substituting Equations (16), (17), (25), (28), and (29) into Equation (27) yields
Va < =3 ags — 13 donh — 3 e — 1y ko + 13 fea + VA

3 M1z 2y mi,l%
+Z Fildi'ldi/l_‘_ T H11“‘11_|_ (h11+€zl+dzl)

\.,
Il
—_

(Mg s sy i T/o
+ (T EnEh + T, ZinE 5 (h11+311 +”lzl) +rq (T —va). (30)
L

According to Equations (5), (6), and (10), the derivative of #3 is derived as
1'13:ég—kg,:e4+ﬂd—0d+0d—®d—k3. (31)

Consider the Lyapunov function V3 = %;7;113 + %K; x3. With the aid of Equations (18), (19),
and (31), the derivative of V3 is obtained:

Vs = — yd astfy — nd sy + 53 baw + 13 barch + 43 na — 1 baw
— K;I;gkg + K;(Qd - Qd) + K;K4. (32)

Based on Equations (2), (6), (11), (20), and (21), the derivative of #4 is attained:

174:é4—1'€4—§2:—u41iff—ﬁ417§—€3—114—Y3+f2+d2—1'€4- (33)
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Choose the Lyapunov function: Vi = V3 + 35 + 3% x4 + ZHTFZ EZp. By means
of Equation (33), one obtains

Vi=14 (“Wﬁ - d4’1£ —e3—14— Y3+ fot+dy— k4)
el dey — By T, 8y + Vs (34)

According to Lemma 2, a fuzzy logic system G"Iz S, » is employed to identify f; >, and one has
fin = (pIle-,z +eio, < &5, where g ; is a positive constant. By using Lemma 3, one obtains

Niafi2 :77i4fl’iT25i 2+ 1i4€i2

HSi 1
291, 2
— 2h2 l hl 2 + 2’71 4 + (35)
From Assumption 3 and Lemma 3, one has
1 1
ﬂi,4di,2 S 57712,4 + Ed_IZ,Z (36)

Substituting Equations (22), (23), (32), (35), and (36) into Equation (34) yields
Vi < —1j agfy — i dany — 1 es — 1 fea + 1] dea + Vs

3 )
T Y - =L 1 - (h +8,+ %)
y T in 1 ri,z i,2 1, L,

4 T B B - Ty B
— Z(—q]. a]-17] 11] a]n] +17] b; K +11] b i’ « bjx;“ —K; b]'Kj)
j=3

+

i Mi2 = g Mg~ a 1/, ) 2 T /A
Y T, “2Sia T Skt (hi,Z +Ept di,z) T3 (1 — Q). (37)
i=1 \ 1,

Consider the Lyapunov function V = V, 4+ V,. In light of Equations (30) and (37),
the derivative of V is obtained:

4

<Z —nlan® a ﬁ+ b TE-K/.S—KTb'K”-‘fKTE-K/-S

_.111]]’1]’7]’1] 1; +1; bjk; i Uit joIT
j=

3
m; 1
+
1;<r11

AR
—H; :.ll—i—

3
1 ~ N _ —
+ Y S (R + i+ ) 4] (=) + 5] (O — Q). (38)
i=1

According to [35], one has |7;1 — v;1]| < A;1, with A; 1 being a positive constant. Based
on Lemma 3, one has

1 2 1 2
S EKi,l + EAi,l

< é( b4 ak). (39)

ki1 (Vi1 — Vi)

Similarly, |Q); 2 — Q5| < A;; holds, where A; , is a positive constant, and one obtains

_ 1 1
Ki3(Qip — Q) < E( 4+ K +ﬁ + A7 ) (40)
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<

Based on Lemma 3, bi’]‘ﬂi,jK;-xj and Zuv,'/jm,jxlﬁj, i=1,2,3and j =1, 2,3,4 can be obtained:

bi,f 1+a

T+alij

1
bi i <

bij 1
1:;3'711“3

A B
bi,jﬁi,jKi,j < +

By virtue of Lemma 4, &; Su and =r S._‘ﬁ

[
P

o _ =1+a
1,5 1 —‘,—Dé 1S

B
L5 1 _|_‘B 1,8

IN

S

[1}:
[z}

| /\

is

b;

& st 1+a

—K;
T+a b

:Bbu 1+/5

1+p

2

1+‘B ZS

— gl
Tta s
1 ZH6 L 2 glt+h

i=1,2,3and s = 1,2 can be derived as

(41)

(42)

(43)

(44)

By substituting Equations (39)-(44) into Equation (38) and based on Lemma 5, one has

3 4 4 b :
Jo\ ke o5 Vi | 148
Ly (e L o (R L

bio bis

1ea bip B bia 1w 145
S 14a? 14 p2 14a it T4pA
(b We ((Ba 1\ s (Bis 1\ e [ Bis
T+a 2)71 1+ 2) i1 1+a 2)%23 1+
mi alta 7’711 1 ~1+/5 M2 ) mi,Z =1+p
r11(1+“) i 11(1+,B) r12(1+“) T2 ri,2(1+ﬁ) 12
n 2Min  14a 21Miy  14p 2Mip  14a 2ip  _14p
Tip(1+a) ™0 Tin(1+8) " Tip(l4+a) 2 " Tip(1+p) 2
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and the convergence time is obtained:
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Obviously, all the signals of a closed-loop system are fixed-time bounded. In addition,
based on Equations (8) and (10), e; ; and ¢; 3 eventually converge on the following region:

s 5B
L (3 L

1] < mi 2412 —mM— 2012 —m———
feia] < min <(1 - ‘9))\1> ’ <(1 - @)7\2>

1& T+8
L « L

. < 1 -
lei3| < minq 2 2((1—@)/\1> 2 2((1—@)/\2)

By adjusting the control parameters, the tracking errors can converge to a sufficiently small
region near the origin in a fixed time. [

Remark 1. The radius of the region for tracking errors mainly depends on the control parameters
aij, ;j, bij, l;i,]', Tis, mjs, 5,1 =1,2,3,j =1,2,3,4, and s = 1,2. By selecting the larger
control parameters a; j, &; ;, b; j, Ei,j, and T'; s and the smaller control parameters m; s and 1i; 5, one
can obtain a lower convergence time and a smaller convergence region. However, this makes control
energy become larger. Therefore, in order to obtain better tracking performance and smaller control

energy, the error test method can be used to adjust the control parameters.

4. Simulation Results

By implementing a numerical simulation, the effectiveness of the developed fixed-time
adaptive control scheme was demonstrated. The parameters of the QUAV are shown in
Table 1.

Table 1. The modeled parameters of the QUAV.

Parameter Value Units
m 2 kg

g 9.8 m/s?
Jxr Jy 0.045 kg - m?
J- 0.083 kg - m?
Fy, Fy, F; 0.01 kg/m
F(/;, Fg, Fllj 0.01 kg/rad

The desired signals were set as x; = sin(7tt/7), y; = cos(mt/6),z; = 3,and y; = /4.
The external disturbances were assumed as d;, = 0.01sin(7tt/10), k = x,y, z, ¢, 0, 1. The initial
states of the QUAV were chosen as [x(0), y(0),z(0),¢(0),0(0),%(0)] = [1,0,2.2, 2%, - F, —Z].
The input saturations for QUAV were selected as [y 1, @y, D1, Py, Po,r, Py,1] = [-40,
—40, 40, —1,—1,~1],and [® g, Py,r, PR, P r, Po,r, Py,r] = [40,40,40,1,1,1]. The con-
trol parameters were listed as a;; = d;; = 2.5, bi/]- = Ei/j =2,mi; =m;s =15T;s =1,
his=05R =2,R=1,u=1,a=5/7,=7/5i=1,23,j=1,2,3,4,ands = 1,2.

The simulation results are shown in Figures 2-7. Figures 2 and 3 display the trajectory
tracking curves for the position and attitude subsystems of the QUAV. Figures 4 and 5
describe the tracking errors of the position and attitude subsystems. Figures 6 and 7
show the response curves of control inputs for the QUAV. Obviously, despite the QUAV
being subject to input saturation, parameter uncertainties, and external disturbances, it can
precisely and rapidly track the desired signals within 5 s. The tracking errors can converge
to a sufficiently small region near the origin in a fixed time, and the control inputs do not
violate the predefined constraints.

To show the superiority of the proposed fixed-time adaptive control scheme for the
QUAYV with input saturation, the command filtered backstepping (CFB) control scheme in [12]
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was utilized for a comparison. The control parameters for the CFB control scheme were
chosen as ai,j =0, Euli’]' =25, bi,j =0, Ei,j =2, mijs = 0, mi,s =1.5, l"l-,s =1, hi,s =05,a=0,
=1i=1,23,j=1,2,3,4 and s = 1,2. The simulations were implemented in MATLAB
R2016a/Simulink on a 1.80 GHz Intel(R) Core(TM) i7-8565U computer operating on Win-
dows 11, where the solver was selected as the ode 4 and the fixed-step size was set to 0.01 s.
Define the overall tracking error OTE = ||[e1,1, €21, €31, €13, €2,3, €33]||; the root-mean-square

M
error RMSE = \/ Y (e11(w)? 4+ ex1(w)? + e31(w)? + e13(w)? + ez 3(w)? + ez 3(w)?) /M to

w=1
compare the tracking performance, where w is the sample index, and M is the total
number of samples.

The OTE values of the proposed control scheme and the CFB control strategy in [12]
are presented in Figure 8. The convergence time and the RMSE in the performance compar-
ison between the two control schemes are shown in Table 2, where we suppose that the
convergence time is the time after which OTE < 0.1 always holds. It can be seen that the
convergence time and RMSE of the proposed control scheme are lower than those of the
CFB control strategy in [12]. Clearly, when compared with the CFB in [12], the proposed
fixed-time adaptive tracking control strategy not only has a quicker convergence rate, but
also achieves better tracking performance.

>
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© 3
2 i I I
0 5 10 15
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Figure 2. The tracking curves of the position subsystem.
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Figure 3. The tracking curves of the attitude subsystem.
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Figure 4. The tracking errors of the position subsystem.
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Figure 5. The tracking errors of the attitude subsystem.
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Figure 6. The control inputs of the position subsystem.
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Figure 7. The control inputs of the attitude subsystem.
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Figure 8. The OTE under different control schemes.
Table 2. Performance comparison.
Scheme Convergence Time (s) RMSE
Proposed 2.87 0.4922
CFBin [12] 4.84 0.5354

5. Conclusions

This article has proposed a fixed-time adaptive tracking control scheme for a QUAV
suffering from input saturation, parameter uncertainties, and external disturbances. By de-
signing the fixed-time command filter and the fractional power-error compensation mecha-
nism, the fixed-time command-filtered backstepping technique can tackle the problem of
EOC and remove the influence of filtered error simultaneously. The auxiliary system with
fixed-time convergence was constructed to compensate for the effect of input saturation.
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It proved that the tracking errors converge to a sufficiently small region near the origin
in a fixed time. Simulation results have verified the effectiveness and superiority of the
proposed fixed-time, adaptive control algorithm.
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Nomenclature

m Mass

g Gravitational acceleration

X =[xy, z]T Position

0 =0, l,tf]T Euler angles (roll, pitch, yaw)
v=[x%y:z" Linear velocity
Q=1[$6,¢]" Angular velocity

J = diag{Jx, Jy, J.} Inertia matrix
Fx = diag{Fy, F;, F.}  Coefficients of resistance in position subsystem
Fo = diag{F¢, Fy, F¢} Coefficients of resistance in attitude subsystem

dx = [dy, dy, dz]T External disturbance in position subsystem
do = [dg,dg, dy] " External disturbance in attitude subsystem
Ur Total lift
Ug = [ug, ug, uq,]T Control torque of attitude subsystem
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