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Abstract: The rapid advancement of quadrotor systems has introduced significant challenges
across multiple disciplines. Among these, fault tolerance and trajectory tracking in complex
environments have long been recognized as critical challenges in quadrotor control research.
To address issues such as rotor performance degradation and external disturbances, a novel
position-attitude control system was developed, aimed to achieve precise position and atti-
tude tracking. Initially, a dynamic model of the quadrotor was formulated, serving as the
foundation for the controller design. Super-twisting algorithm terminal sliding-mode control
(STATSMC) was then employed within the position loop to suppress chattering by the super-
twisting algorithm. Subsequently, a new super-twisting algorithm beckstepping adaptive
terminal sliding-mode control (STABATSMC) was proposed to mitigate the controller output
and merge enable adherence to the desired Euler angles in case of failure. This approach en-
ables the quadrotor to accurately follow position commands and achieve the desired attitude
angles. The introduction of terminal sliding-mode control enhances convergence speed and
tracking precision, while the super-twisting algorithm mitigates chattering and smoothens
the control output. Finally, a series of simulation experiments were conducted within the
Simulink environment to validate the proposed control system. The experimental results
are compared with the state-of-art terminal sliding-mode control method, demonstrating the
superior performance and effectiveness of the proposed method.

Keywords: quadrotor drones; trajectory tracking; super-twisting algorithm; sliding-mode
control; multiple interference

1. Introduction

In recent years, micro aerial vehicles (MAVs), especially quadrotor drones, have gained
popularity due to their small size, maneuverability, and low cost [1-3]. These qualities make
them highly suitable for performing tasks in complex terrains and environments in place of
humans, such as military reconnaissance, agricultural monitoring, civilian aerial photogra-
phy, and formation performances [4-6]. In [7], a method combining UAV and the Internet
of Things (IoT) is proposed for the health monitoring of bridges. In [8], a new method of
synchronization and data collection using Bluetooth Low Energy (BLE) is proposed for
bridge structural health monitoring by UAVs. Sun et al. used multiple UAVs to achieve
fast and safe operation of rigid body payload attitude [9]. With the widespread applica-
tion of MAVs, ensuring their operational safety has become a key research focus [10-13].
The high dependency on flight control systems [14-21] and the lacking and redundant
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structures makes the control of quadrotor drones highly sensitive to changes in the external
environment and faults. Consequently, designing a robust and high-precision fault-tolerant
control system is critical for enhancing their adaptability to complex environments and
external disturbances, ensuring the safe and reliable operation of various missions [22].

The fault-tolerant control of quadrotors has become a prominent research area. Clas-
sical control theories face challenges in achieving high-quality control of these vehicles.
Guo et al. [23] proposed a quadrotor anti-interference control scheme based on multiple
observers that can effectively deal with the payload interference and wind interference.
Omid Mofid et al. [24] designed an adaptive backstepping global sliding-mode control
method, which considers input delay, model uncertainty, and wind disturbance to achieve
fast response. In [25], a disturbance observer-based controller (DOBC) was designed for a
quadrotor engine to deal with gusts in flight by estimating and attenuating external wind
disturbances. In addition, a nonlinear extended state observer is designed for the inner
loop subsystem [26] of the quadrotor, which enables the system to achieve attitude stability
when a unilateral load is suspended. In [27], a nonlinear robust controller is designed based
on the nonlinear disturbance observer. This observer estimates the external disturbances of
the quadrotor and solves the nonlinear robust control problem for point-tracking of the
quadrotor. While these approaches have demonstrated effectiveness, they involve complex
design processes and stringent assumptions. Given the relatively low cost of quadrotors,
it is preferable to develop fault-tolerant control systems that are as simple and efficient
as possible.

Sliding-mode control (SMC) has been widely used in fault-tolerant control fields, such
as robot operation [28], linear motor positioning [29], and underwater robots [30]. Because
of its strong robustness, fast response, and insensitivity to uncertainty and interference,
related research has been conducted by scholars locally and abroad. The traditional sliding-
mode control cannot guarantee the convergence time of the control system [31], and the
terminal sliding-mode control (TSMC) can ensure the rapid convergence of the system [32].
In [33], the quadrotor system is divided into an inner loop and an outer loop. Non-singular
terminal sliding-mode control (NTSMC) is used to converge to the desired position and
attitude in finite time. In [34], Jiao et al. proposed a new adaptive backstepping fast
non-singular integral terminal sliding-mode control (ABFNITSMC), which is applied to
the attitude control loop of the UAV to ensure finite-time convergence of the quadrotor to
the desired Euler angle. This system has high robustness under the model uncertainties
and external disturbances. Although TSMC can ensure the convergence of the system
in finite time, there is a more severe chattering phenomenon, which affects the control
accuracy of the system, increases the energy consumption of the system, and even causes
damage to the components in the system. At present, chattering suppression has become a
key research direction. Super-twisting algorithm is widely used in motor speed control,
attitude control, and other fields, which can effectively suppress the phenomenon of
jiggling [35-39]. In [35], in order to overcome the chattering phenomenon in sliding-
mode control and make the flight more stable, an Adaptive Superhelix algorithm (ASTA)
controller was introduced. Zhang et al. [36] proposed a super-twisted non-singular fast
terminal sliding-mode control law for the attitude control of a fixed-wing UAV, which can
effectively suppress the disturbance and weaken the flutter. Compared with the fixed-
wing UAV, the quadrotor controls the attitude through rotor speed, which puts forward
higher requirements on the anti-damage ability of the attitude controller. By introducing
superspiral control on the basis of non-ingular terminal sliding-mode control, the chattering
problem can be effectively suppressed while ensuring high tracking accuracy.

In order to achieve fast and accurate tracking of position and attitude for unmanned
aerial vehicles (UAVs), this paper combines terminal sliding-mode control with backstep-
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ping control and super-twisting algorithm, and finally enhances the robustness of the
controller through an adaptive control law. A novel controller based on super-twisting
algorithm backstepping adaptive terminal sliding-mode control (STABATSMC) is designed.
The main contributions of this paper are as follows:

1. A novel position—attitude control scheme is developed for quadrotor drones affected
by external disturbances and faults.

2. The proposed STABATSMC control demonstrates strong robustness against nonlin-
earities, abrupt faults, and external disturbances. Compared with traditional control
methods, it offers faster convergence and more precise tracking performance while
eliminating system chattering.

3. The stability proof of the quadrotor’s trajectory tracking and attitude control system
is provided based on Lyapunov’s theory.

The structure of this paper is organized as follows: Section 2 derives the dynamic
model of the quadrotor. Section 3 presents the expressions for the terminal sliding-mode
control and super-twisting terminal sliding-mode control used in the position and attitude
control loops, and proves the stability of the control system using Lyapunov’s theory.
Additionally, a rotor speed allocation scheme is provided. In Section 4, simulation results
are presented, followed by conclusions and future research directions in Section 5.

2. Dynamic Model of Quadrotors

A schematic diagram of the quadrotor used in the experiment is shown in Figure 1. The
UAV is an underactuated system, with the vector P = (X, Y, Z)T representing the position
of the UAV, and the vector P = (®,0, ¥)” representing the quadrotor’s attitude angles.

Fy Fy

Rotor3 Rotor2 e

Figure 1. The model of the quadrotor.

For modeling convenience, this paper introduces the Ground Inertial Frame S, :
(OE, Xe, Ve, ze) and the body frame S;, : (Op, xp, yp, zp) to describe the 6-DOF model of
the quadrotor.

In the frame S, the origin Op coincides with the center of mass of the quadrotor. The
rotational speeds of the quadrotor’s rotors are denoted by w = (@,@,@,@)T. The
coordinates X, y, and z represent the quadrotor’s displacement in the lateral, longitudinal,
and vertical directions in the inertial frame S;, respectively. The angles ®, ©, and ¥
represent the roll, pitch, and yaw rotations of the quadrotor in the body frame. The model
of the system can be expressed as follows:

ijIFA+FG+f+FD (1)

ICUZ—CUXIW+ML+Mf (2)
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where P represents the position of the UAV in the inertial frame.
x
P=1ly (3)
z

where F4 represents the aerodynamic forces acting on the UAV in the inertial frame.

0
F4=R{| 0 4)
-T

where T; represents the thrust produced by the i-th rotor of the UAV and Ct denotes the
thrust coefficient of the rotor.

4 4
T = ZTl-: Y Cra? (5)

Il
_
—_

where Rj is the transformation matrix from Sj, to S,; Fg represents the gravitational force
acting on the quadrotor; Fp represents the internal unmodelable parts and external distur-
bances of the quadrotor; and f denotes the aerodynamic drag experienced by the quadrotor
during flight.

dy |

Fp = |d, (6)
d- |

f=Crly 7)
Z._

where Cy denotes the drag coefficient of the quadrotor; ] represents the moment of inertia
matrix of the quadrotor, and it can be described as a diagonal matrix, according to the
following assumption:

] = diag(Jxx, Ty, J22) 8)

where () represents the rotational angular velocity of the quadrotor in the body frame Sy,
p

Q=1q )
r

where M| denotes the sum of the lift torques generated by the four rotors of the quadrotor,
and My is the reaction torque generated by the air resistance on the rotor. Yaw motion
of the quadrotor is caused when the torques generated by the two sets of rotors of the
aircraft are not equal. d denotes the distance from each rotor to the center of gravity of the
quadrotor Cp; and represents the torque coefficient caused by air drag.

My d(Ty — Ty)

M = |Mpy| = |d(T3 = Th) (10)
M, 0
0
My = 0 (11)
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The relationship between the attitude angle’s rate ® in the inertial frame S, and the
angular velocity () in the body frame S, is given by

0 =WO (12)
¢ 1 tanfsing tanfcos¢ | |p
0| =10 cos ¢ —sin¢ q (13)

P 0 sin¢g/cos® cos¢/cosf| |r

Based on the small-angle approximation principle, the transformation matrix W can
be approximated as the identity matrix:

¢l P

0| ~ |q (14)
P r

The complete nonlinear equations for the quadrotor are given by

r. ] Ox
* v
; y
y 0z
Z T /.- . . Cr .,
By o (sinpsin¢ 4 cos i cos psin ) — CWJH_dx
By L(sinysin@cos¢ — cosysing) — Ly +d,
Cr .,
Oz | _ L(cosOcos¢p) —g— Lz +d; (15)
9 p
0 q
P r
' Jyy—Jzz X
p gr(27) +
] Joz—Jxx %
Z pr(] Jyy ) Jyy
SR At + ]

3. Control System Design

This section focuses on the design of trajectory tracking control strategies and stability
analysis. Given the challenges posed by model uncertainties, sudden faults, and external
disturbances in complex environments, a trajectory tracking control strategy is formulated
to ensure rapid and accurate tracking of the reference commands. To achieve this goal
and effectively mitigate chattering, a novel control scheme is proposed that combines
super-twisting sliding-mode control with non-singular terminal sliding-mode control. This
approach ensures that the UAV can quickly and accurately track the desired trajectory and
attitude angles, while avoiding control failure issues associated with singularities. The
integral term introduced in the super-twisting algorithm sliding-mode control effectively
suppresses chattering during flight. The control loop we designed for this quadrotor is
shown in Figure 2.
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; .. |®rer-Orer| Controller
rajactoryl| Desired >
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Envirnment
Disturbance

Figure 2. Control loop of the quadrotor.

XY Z

3.1. Position Control System

The super-twisting algorithm terminal sliding-mode control (STATSMC) exhibits
excellent robustness. It combines the features of super-twisting control and terminal
sliding-mode control to achieve precise trajectory tracking and stable attitude control while
effectively mitigating chattering during flight. Terminal sliding-mode control ensures
accurate tracking of commands, but it often suffers from high-frequency oscillations and
significant amplitude fluctuations, which can negatively impact attitude loop tracking
and induce chattering. The super-twisting algorithm, by incorporating an integral term,
effectively suppresses chattering and enhances the system’s robustness.

The quadrotor’s position control loop is illustrated in Figure 3. To address both
tracking accuracy and responsiveness, STATSMC is used for tracking the trajectory in the x
and y directions, while TSMC is employed for the z direction.

Position Control Loop on X,Y Direction

Envirnment
Disturbance

Xref
Y €. e
i .' id > AXyef
'y d | de, de, | STATSMC | ayr | QUAV
& Psition iti
dt i Al e Position
dt
z Jsign(s)
XY

Position Control Loop on Z Direction

TSMC
Psition
Control

QUAV
Position

d de,

z

Figure 3. Position control loop of the quadrotor.

The position tracking error is defined as

€x X = Xref
ey| = |Y — Yresr (16)
e, Z = Zyef
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where, X,.¢, Yrer, and z,.¢ represent the desired trajectories in the x, y, and z directions,
respectively. The position tracking error can be expressed as

dey X — Xpef Ox — Xpef
dey | = Y="Yref | = |y = Yref 17)
de; Z = Zyef Uz = Zref

The derivation steps for STATSMC and TSMC are as follows.

3.1.1. Z-Direction Position Control

Consider the inaccuracy in mass measurement and external interference; a second-
order system can be obtained as follows:

.Z = Cr . o (18)
Uz ﬂzd - WZ + dm(z) + dz

where d,, is the error caused by inaccuracies in quality, — sz is the error caused by aero-
dynamic drag, and d, represents the other environmental disturbances. For the sake of
convenience, let

Cr .
D, = Tt +dyz) +dz,

Nk

For the z direction position control analysis, the terminal sliding-mode control (TSMC)

and (16) can be rewritten as
0z

19
azq + Dz ( )

is employed. The sliding surface (or sliding manifold) is defined to facilitate the control
design. The sliding surface s, for the z direction can be defined as

1 A
Sy = ez + BdezB (20)

where B > 0, positive odd integers A and B are satisfied A > B, and the TSMC controller
can be expressed as

S5

a9 = —(ks; + ﬁ%deif +nsgn(sz)) (21)

where a,; represents the desired acceleration along the z-axis, sgn(s;) denotes the sign
function of the sliding surface s,, # > 0, and condition 0 < 2 — £« 1. In the non-
singular TSMC approach, the choice of the sliding surface effectively avoids the singularity
issues that are observed in traditional TSMC when £ — 1 < 0. The Lyapunov function is
defined as 1

Ve = 557 (22)

According to (19), the time derivative of (18) is

1 A_1.
§, =6, + ﬁide; Lde,
1B 4_
— de, + BzdeZB (a4 + D2) (23)
1B, 41
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Then, because of 7 > D, (max),

A
41

. ) 1A
VZ = 857 = Egdez

(s:Dz —1lsz]) <0 (24)

The Lyapunov stability of the controller is thus proven.

3.1.2. X- and Y-Direction Position Control

Below, the control law for the super-twisting algorithm terminal sliding-mode control
(STATSMC) is derived and its stability is analyzed.

In the expression, the sliding-mode switching term 7sgn(s) ensures that once the
system state reaches the designed sliding surface, it is “attracted” to the vicinity of the
sliding surface and enhances the system’s robustness against disturbances. A larger 7
increases the robustness of system, but it also results in greater chattering in the controller,
which can adversely affect subsequent attitude control of the drone and, in severe cases,
reduce the lifespan of the controller.

To mitigate undesirable chattering, the super-twisting algorithm terminal sliding-
mode control (STATSMC) is introduced. The super-twisting algorithm utilizes integration
to obtain the actual control input, eliminating high-frequency switching and thus avoiding
chattering. It also helps to reduce the impact of external disturbances to some extent,
enhancing system robustness.

Theorem 1. For the following second-order system:

{xl - (25)
Xy = f(x) +g-u

The system is Lyapunov stable if the sliding surface satisfies the following condition:

$ = —Ay/|s|sgn(s) +v

(26)
v = —asgn(s)
a, A > 0.
Proof of Theorem 1. Set the parameter in (20) as
)\ = w1 %
(27)

a=Ae+ %(ﬁ—i—élez)

where, o, B,€,A, wi, 71 > 0.
Let

lm] _ l\/FSgH(S)] (28)

Z v

Then, the corresponding respective derivatives are

1
21 = ——(—Az1 + Azp)
2‘21| (29)
1.1 o
Zp =v = —asgn(s) = —asgn(s)|s|z|s| 2 = _le
1
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Let the new state variable be

Z= Zl} (30)
22
Define the Lyapunov function as
Vo = (B+4€%)z1” + 25° — dezyzp = Z'PZ (31)
where

2
p_ B +4e 2¢ )

—2e¢ 1

Theorem 2. The necessary and sufficient condition for matrix A to be positive-definite is that all
eigenroots of matrix A have to be greater than zero.

It is not hard to conclude from Theorem 2 that matrix P is positive-definite, and hence,
the Lyapunov function Vj > 0.
The derivative function of Equation (25) is given by

= 2(B + 4€?)z121 + 22029 — dezpzy — dez12y

1 | —dae+A(B+4e®) —L(B+4€®) +a—Ae
=174 | 1 2 z 33
Nz | R (B4 4€2) 4 a— Ae 2e (33)
= 1|ZTQZ<O
Z]

The Lyapunov stability is thus proven. O

Similarly to (16), the position control loop model on the x-axis and y-axis of the
quadrotor is a second-order system in the form of (23):

X Ux
Uy (34
Ox Axd — fo + dm(x) +dy
. Cs .
% Aya = ¥ +dugy) +dy

Sliding-mode surface on the x-axis and y-axis are defined as

A
+ def
H = @)
Sy ey + %deyB
And the STATSM controller is designed as
24
[axd] BAdex i — (Ky/[sx[sgn(sx) + 1 [ sgn(sx)dt) 36)
2—4
Syd —pLde, ¥ — (K |sy|sgn )+ 11 [y sgn(s )

The switching term in the form of Ky/|[sx|sgn(sx) + 17 fot sgn(sy)dt replaces the original
nsgn(s), effectively eliminating chattering in the system. At this point,

Sx| _ %%d 9? v |sx[sgn(sx) + va
s | 1A, % 1 37)
—gpdey ,/\sy|sgn(sy)+vy
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1./3( — —ﬂSgn(Sx) (38)
vy —1nsgn(sy)
where (35) and (36) are satisfied the form in Equation (25), and the system is Lyapunov-stable.
Based on (18), thrust and the desired attitude angle can be calculated as follows:

T = m\/aid + aid + (a9 + 8)?

COS Prefllyg + SINYPpeayg
wts )

cos l/)refaxd — sin lprefayd )
a;+g

Oref = tan ! (

o f = tan" ! (cos 0,0
Pref f

3.2. Attitude Control System

The attitude control loop of the drone is shown in Figure 4. To achieve both accuracy
and responsiveness in tracking, the super-twisting algorithm terminal sliding-mode control
(STABATSMC) is used to control the drone’s three attitude angles. This ensures precise
tracking of the desired attitude angles and effectively suppresses chattering.

Model uncertainty
bres and failure
"P’;Zf +_.® €9, €9, €y M,

M}’
L 8 d | degdegdey ,|STABATSMC| M, QuAV
dt ((d Vires d0rer. Attitude Attitude
> i Prep dOrey Dryy Control
dt
. jsign(s)
b0,

Figure 4. Attitude control loop of the quadrotor.

Considering the uncertainty of the moment of inertia of the quadrotor model, the
attitude control loop can be represented by the following model:

p
q

r
= 40
Mx+d]xx ( )

_MZ + d]ZZ_

I TS S Ml G B SR N S S

where d]yx, d]yy, and d]. represent the model uncertainty disturbances due to the moment
of inertia errors in the x, y, and z directions, respectively.

1. First step of designing STABATSMC:

Similar to the position control loop design, the attitude angle tracking error for the
drone’s trajectory is defined as

€p (P - (Pref
€| = 0— Gref (41)

ey lzb - lzbref
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where ¢, 0, and 1P represent the desired pitch, yaw, and roll angles of the drone, respectively.

By differentiating the expression, we obtain

de(l) 4) - ‘Z’ref p—= (I:)ref
deg | = 0 - Qref ~ 19— Qref
dey Y — Pref "= Pref

The Lyapunov function is defined as follows:

2
le) 1 E(g
Lle = E eg
Lllp elp
The time derivative of (43) is
Ll‘P é¢€¢
.ng = | égey
L1¢ élpelp
Design the virtual input as
1/4) 54) + 4:77€f - K1€¢
Vo| = | sg + Gref — Kjeg
1/1!] Sl,b + ll)ref — Kle‘w

2. Second step of designing STABATSMC:

Design the sliding-mode surface as

t A

5 ep+ Jo %deg dr
A

S0 = |eo+ [y pded dt

A
5y ey + fot %del;j dt

To ensure the system stability, the following Lyapunov function is defined as

2
L2 | = |Llg| +5 s§

The time derivative of (47) is

LZ@ = ng + SgSg
L2¢ Lle S¢s¢
Substituting (45) into (48),
L2¢ —é¢€¢ + (S(p + €¢)S¢
29| = | —épeg + (39 + €g)sg

LZlP —éq)elp + (51/; + €¢)S¢

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)
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In order to ensure system stability, (49) should require the following condition:
(sp+ep)sy
(89 +eg)sg | <O (50)
(8p +ep)sy

Denote the torques that the quadrotor needs to generate in x, y, and z directions as
My, My, and Mg, respectively. Then, design the controller as

2z Z_é o~ H
Myl | eelar B BB, T 4 cp? + (K, lsglsgn(sy) +77 o sgn(sp)dt) + drey)
_A .
My | = —Iyy(PFMﬁ%d% "+ cq? + (K\/Tsalsgn(se) + 17 J sgn(se)dt) + byp) (51)
M 'y —Jx 2-4 - .
R (pq”]’ Bhde, ™ +cr? + (K, [Isylsgn(sy) +77 fy sgn(sy)dt) + trer)
At this point,
A
5 —%%d ,i ,/|s¢|sgn(s¢) + v
f'e = %% f \/|59 sgn(sqe) + vg (52)
S 41
Y —p gde el 1\ [Isylsgn(sy) +vy
Vg —77sgn(sp)
v | = | —7jsgn(sy) (53)
vy —7jsgn(sy)

Clearly, (52) and (53) conform to the form of (24). Lyapunov stability of the attitude
controller is proved.
3. Third step of designing STABATSMC:

To further enhance the robustness of the system, the parameter # in Equation (51) is
reformulated through an adaptive law as follows:

t
ﬁ=no+/0 dy (54)
1 < 9y,
_ {ﬁo "< (55)
alslsgn(ls| — o) 1 > do.

Bo and &y should requires By, 6o > 0.
By the control allocation matrix, the rotor speed of the quadrotor can be obtained as

w? T
2
(,Uz -1 Mx
=M1 56
w3 ¢ M, (56)
wi M,

Cr Cr Cr Cr
0 dCr 0 —dCr

M. = 57

¢ —dCy 0 dCr 0 (57)

CMv —Cum Cum —Cum

where M, denotes the control allocation matrix of the quadrotor.

4. Simulation Result and Analysis

In this section, the efficiency of the proposed controller is validated through simulation
experiments. In the simulations, the initial position and initial attitude of the quadrotor are
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set to [0; 0; 0] m and [O; 0; O] rad, respectively. The quadrotor model parameters adopted in
the experiment refer to the parameters mentioned in Sun et al.’s work [40]. The static pa-
rameters and control parameters of the quadrotor are shown in Tables 1 and 2, respectively.

The AIBS-ABFNITSMC system designed by Jiao et al. in [7] showed good performance
in dealing with external disturbances, but the case of sudden failure in quadrotor flight
was not considered. Backstepping control can moderate the control output; backstepping
terminal sliding-mode control (BTSMC) is the control method with high robustness. In this
section, external disturbances, model uncertainties, and sudden rotor faults are considered
to demonstrate the superiority of the designed controller compared with TSMC, BTSMC,
and AIBS-ABFNITSMC.

Table 1. Physical parameters of the quadrotor.

Parameter Value Meaning
m 0.41 the mass of the quadrotor
g 9.78 acceleration of gravity
d 0.145 the arm length of the quadrotor
Jxx 1.45 x 1073 moment of inertia on the x-axis
Jyy 145 x 1073 moment of inertia on the y-axis
Iz 252 %1073 moment of inertia on the z-axis
Cr 1.90 x 107° lift coefficient of the quadrotor
Cum 1.50 x 1073 moment coefficient of the quadrotor
Cs 5.60 x 104 aerodynamic drag of the quadrotor during flight

Table 2. Control parameters of the quadrotor.

Controller Name Control Parameter Parameter Value

7
5
0.5

Position control on x and y axis

Position control on z-axis

Attitude control

ST oI ARTIP|IATIIP | R P>
—
a1
o

The proposed control scheme was compared with control loops based on backstep-
ping terminal sliding-mode control and terminal sliding-mode control. The experiments
considered the following disturbances: external environmental interference, errors caused
by model inaccuracies, and rotor looseness faults.

Assume that during the flight, it is subjected to environmental disturbances in the x and
y directions that follow a sinusoidal function. Due to model uncertainty, the quadrotor’s
mass is affected; additionally, when ¢ > 40 s, a rotor looseness fault occurs, leading to a
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decrease in rotor efficiency. The mathematical models for these three disturbances and
faults are presented in Table 3, Table 4 and Table 5, respectively.

Table 3. External interference of the quadrotor.

External Interference Parameter Value Meaning
Dy 0.1sin(2t) interference in the x direction
Dy 0.2sin(2t) interference in the y direction
D, 0 interference in the z direction

Table 4. Model uncertainty of the quadrotor.

Model Uncertainty Parameter Value Meaning
Am 2.650 x 1072 error of the mass of the quadrotor
Al 8705 x 10-5  error of the moment of inertia on the
x-axis
Al _ 8705 x 105  €rror of the moment of inertia on the
Yy ' y-axis
Al 0 error of the momen’f of inertia on the
z-axis

Table 5. Rotor speed drop fault of the quadrotor.

Speed Drop Parameter Value
Awq —(100sin(t) 4 100)
Awy —100
Aws —200sin(0.5t)
Awy 0
4.1. Case 0

The trajectory tracking of a quadrotor without fault is considered. The trajectory curve
followed is the same as in Case 1. Figure 5 shows the three-dimensional trajectory diagram
of the different control schemes and visually compares their tracking performance. In order
to provide a more comprehensive performance evaluation, x, y and z directions tracking

trajectories and Euler angle response curves of the quadrotor are plotted. Figures 6 and 7
show the simulation results.

05 Three-dimensional spiral trajectory tracking
c — — —Reference
N 0 / —Proposed
1.5 TSMC
| Vd —BTSMC
‘ Y, —AIBS-ABFNITSMC

\
0

-0.5

|
1.5 2 25

Figure 5. The three-dimensional hexagon trajectory tracking of quadrotor without fault.
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Figure 6. Displacement motion in hexagonal trajectory tracking (no faults).
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Figure 7. Rotational motion in hexagonal trajectory tracking (no faults).

All these control methods can achieve effective fault-free control of the quadrotor
and accurate tracking of the desired trajectory. The selected controller has good trajectory
tracking performance. However, we find that the attitude angle responses of TSMC and
BTSMC exist chattering vibration. Note that severe chattering has some impact on the
actuator and control performance.

4.2. Case 1

In this case, the drone’s task is to track the desired hexagon trajectory by taking
into account the aforementioned disturbances and failures. Figure 8 shows the three-
dimensional trajectory diagram of the two control schemes, and intuitively compares
the tracking performance of the two control schemes. To provide a more comprehensive
performance evaluation, error curves for X, y, z directions and Euler angles of the quadrotor
are plotted. Figures 8-12 show the simulation results.
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Figure 8. The three-dimensional hexagon trajectory tracking of the quadrotor.
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Figure 9. Displacement motion in hexagonal trajectory tracking.
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Figure 12. Rotational motion error in hexagonal trajectory tracking.
The trajectory to be tracked by the UAV is defined as follows:
05+0.05t 0<t<30
Xref = 2—0.05t 30<t<70 (58)
0.05t 70 <t <80
0.5 0<t<20
0.5+0.05t 20 <t<40
Yref = (59)
1.5 40 <t <60
1.5—-0.05t 60 <t <80
Zyet = —0.5 (60)
0 0<t<20
Pref = 05 20 <t <60 (61)

0 60<t<80

Due to the initial position and attitude being set to zero, the quadrotor attempts to
quickly converge to the desired trajectory, resulting in excessive roll and pitch angles during
the initial phase of the simulation, which causes significant tracking errors.
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In Figures 8-12, the proposed controller can track the desired trajectory in a limited
time under multiple disturbances and faults, showing better performance. Compared
with other controllers, STATSMC-STABATSMC can suppress buffeting effectively. In
addition, the designed controller can track the desired trajectory accurately. When t > 40s,
STATSMC-STABATSMC can track the trajectory and stabilize the attitude response in a
certain range under actuator faults.

According to Figures 8 and 9, these controllers can cope with the faults caused by
external interference and model uncertainty. But BTSMC and TSMC cannot process the
sudden actuator faults. When the rotor fails, the quadrotor will crash. TSMC exhibits high
sensitivity to error changes, with an exponential relationship between the control output
and the error change de. This property guarantees that the error e converges to 0 within a
finite time, ensuring the robustness of the system. However, in the case of severe sudden
failures such as rotor failure, drastic changes in error can lead to controller saturation,
manifesting as output oscillation, which reduces controller performance and may even
accelerate its failure.

Moderating the control output and suppressing chattering are effective strategies to
address the aforementioned issues. Backstepping control simplifies nonlinear systems
and mitigates SMC buffeting effectively, but BTISMC cannot handle actuator faults in
Figures 8 and 9. In TSMC, the switching term #sgn(s) ensures controller robustness, but a
larger 7 value exacerbates buffeting, shortening controller lifespan and potentially causing
quadrotor crashes. To resolve this contradiction, we introduce the super-twisting algorithm
on top of BTSMC, adjusting # through adaptive laws. This ensures system performance
while suppressing buffeting, thereby solving the problems. Notably, both TSMC and
BTSMC lose control when ¢ > 40 s, failing to track the desired trajectory. Figures 10-12
present separate analyses of STATSMC-STABATSMC and AIBS-ABFNITSMC.

Compared to AIBS-ABENITSMC, the proposed controller demonstrates superior per-
formance in handling rotor failures and rapidly restores accurate tracking of the preset
trajectory. Asillustrated in Figures 11 and 12, the pitch and roll angles of AIBS-ABFNITSMC
fail to converge to 0. The attitude angles, particularly the yaw angle, exhibit significant
oscillation after ¢ > 40 s. This oscillation stems from the unbalanced starting torque
among the rotors. In contrast, the designed controller, when faced with failures and dis-
turbances, avoids such issues. Attitude angles remain stable, with no buffeting, exhibiting
superior performance.

By comparison, it is evident that the proposed controller outperforms similar con-
trollers. The hexagonal trajectory is relatively straightforward. To further demonstrate
the superiority of the proposed controller, we will compare the performance of AIBS-
ABFNITSMC and STATSMC-STABATSMC in Case 2 using more complex trajectories.

4.3. Case 2

The tracking performance of the quadrotor UAV under a disturbed environment for
complex trajectories is evaluated. Simulation results are presented in Figures 13-17.
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Figure 13. The three-dimensional spiral trajectory tracking of the quadrotor.
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Figure 14. Displacement motion in spiral trajectory tracking.
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Figure 15. Displacement motion error in spiral trajectory tracking.
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Figure 17. Rotational motion error in spiral trajectory tracking.
The desired trajectory is defined as follows:
Xref = 0.5sin(0.5t) (62)
Vref = 0.5c0s(0.5t) — 0.5 (63)
Zet = —0.025t (64)
0 0<t<20
Pref = 05 20 <t <60 (65)

0 60<t<80

As shown in Figures 13 and 14, the tracking performance of AIBS-ABENITSMC is
inferior to that of the proposed controller, requiring a longer recovery time in response to
actuator failures. Figure 13 depicts the attitude angle tracking of the pitch, yaw, and roll
channels during quadrotor flight. Due to the torque imbalance caused by the fault, the
quadrotor experiences significant jitter, making accurate yaw angle tracking unachievable.
In contrast, the proposed controller tracks the desired trajectory and attitude more rapidly

and accurately, proving its robustness and superiority.
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4.4. Case 3

The tracking performance of the quadrotor UAV under a measurement noise environ-
ment for complex trajectories is evaluated. Simulation results are presented in Figures 18-21.
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Figure 18. Displacement motion in rectangle trajectory tracking.
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Figure 19. Displacement motion error in rectangle trajectory tracking.
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Figure 21. Rotational motion error in rectangle trajectory tracking.

The desired trajectory is the same as in Case 1, and the measurement noise exists in
the attitude angle observer of the quadrotor controller. The observers for pitch and roll
channels have Gaussian noise with a mean of 0.1 and a variance of 0.01. A sinusoidal
disturbance with an amplitude of 0.1 exists in the yaw channel.

As shown in Figures 18 and 19, the proposed controller can accurately track trajectories
in an environment with measurement noise. Figure 20 depicts the attitude angle tracking of
the pitch, yaw, and roll channels during quadrotor flight. Due to the presence of noise, there
is a certain degree of chattering in the pitch and roll channels, but the oscillation angles
are small and do not affect the flight mission. The yaw channel exhibits larger fluctuations;
however, in Figure 21, the tracking error of the yaw angle can converge to 0. This is due
to the impact of measurement noise on the calculation of the desired attitude angle in the
controller. To address this issue, a robust observer will be designed in the future to reduce
the impact of measurement noise.

5. Conclusions and Future Research

In this paper, a dynamic model of a quadrotor vehicle is established by means of a
Newton-Euler equation, which takes into account the uncertainty of parameters, external
interference factors, and actuator sudden failure. A STATSMC scheme for position loop
is proposed, which derives the desired attitude based on the desired position decoupling
equation. In addition, a new STABATSMC attitude tracking control method is proposed,
which combines terminal sliding-mode control with backstepping control, adaptive es-
timation and super-twisting algorithm. The accuracy decrease caused by buffeting and
control output saturation in TSMC is effectively improved. In order to reduce buffeting,
the saturation function is adopted. The stability of the control system is verified by using
Lyapunov stability theory. Finally, the comparison and analysis with AIBS-ABFNITSM
show that the designed control scheme has better performance and robustness against
external random interference.

Future research will involve validating the performance of the STATSMC-STABATSM
control scheme using a real quadrotor in trajectory tracking tasks. We are building a physical
simulation platform, and the results in the paper will be further verified by experiments in
the future. Given the inherent limitations of Euler angles, further exploration of quaternion
applications in quadrotor attitude trajectory tracking control is also warranted. In addition,
considering that the effect of the existing controller in the face of measurement faults is not
ideal, this problem will be solved by adding a robust observer in our future work.
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