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Abstract: To enhance the trajectory tracking response speed of police quadcopter drones and
simplify engineering implementation, this paper proposes a fixed-time attitude tracking control
strategy based on the backstepping integration method. The approach integrates fixed-time
control theory to achieve rapid and effective tracking of the aircraft’s position and attitude
within a predefined time, ensuring the stability of the quadcopter flight controller. Additionally,
the aircraft model characteristics are analyzed, and an integral term is incorporated into the
backstepping-based attitude fixed-time control design. By selecting appropriate constants for the
integral term, the control law is simplified, improving the practicality of the control algorithm.
Compared to PID controller, the proposed method reduces the error in the x-direction by 50%
and in the y-direction by 80%. When compared to sliding mode controller, the x-direction
error is reduced by 2%, and the y-direction error decreases by 60%. The yaw angle error under
the proposed controller is nearly zero. Furthermore, compared to the backstepping controller
without the integral term, the proposed controller reduces the computational time per step by
51.6%. Simulation results demonstrate that the proposed controller achieves faster and more
stable trajectory tracking compared to both PID and sliding mode controllers.

Keywords: Quadcopter aircraft, fixed time control, integral backstepping method, trajectory

Printed in Romania

tracking.

1. INTRODUCTION

With its flexibility and maneuverability, quadrotor UAVs
can swiftly patrol railway lines, particularly in areas with
complex terrain and hard-to-reach spots, such as moun-
tains and riverbanks (Maghazei et al., 2020). This allows
them to promptly identify potential safety hazards on the
railway, such as damaged protective fences or illegal tres-
passing. Additionally, by carrying high-definition cameras
and sensors, quadrotor UAVs can monitor railway condi-
tions in real-time, providing railway police with intuitive
on-site footage, which aids in the timely response and
handling of emergencies. These tasks inevitably involve
the tracking of quadrotor UAVs (Askarzadeh et al., 2023).
Simultaneously, the uncertainty of their model parameters
and the strong coupling of nonlinearity pose significant
challenges to the rapid stability control of quadrotor air-
craft (Fox et al., 2020).
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The control algorithm is the core of UAV trajectory
tracking. Common algorithms include PID control, sliding
mode control, backstepping control, and more. Ameret et
al. (Amertet et al., 2024) designed a hybrid fuzzy PID
controller to manage the state of the quadcopter (rolling,
altitude, and airspeed), integrating it into the intelligent
agriculture system to significantly enhance agricultural
production efficiency. PID control adjusts the three pa-
rameters of proportion, integration, and differentiation to
regulate the flight attitude and speed of the UAV (Ezhil et
al., 2022). However, in the face of complex environments
and parameter variations, PID control often struggles to
meet precision and robustness requirements. To enhance
the system’s robustness, Liu et al. (Liu et al., 2024)
proposed a double closed-loop active disturbance rejection
sliding mode control scheme for the tilted quadcopter,
which exhibits nonlinearity, strong coupling, and sensitiv-
ity to interference, to facilitate target trajectory tracking.
The sliding mode manifold control law for the tilted quad-
copter was designed using the hyperbolic tangent sliding
mode control method. Sliding mode control exhibits the
ability to disregard external disturbances and uncertain
parameters. By establishing suitable switching conditions
on the sliding mode surface, the system gains immunity
to external disturbances and uncertainties (Ullah et al.,
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2019). This makes sliding mode control have significant
advantages in dealing with UAV flight systems with large
uncertainties and disturbances. In order to improve the
robustness of altitude control, Smith et al. (Smith et
al., 2024) proposed a new high-order sliding mode ob-
server (HOSMO) adaptive gain selection technique, which
combines the disturbance observer with the super-twisting
sliding mode controller to effectively attenuate the chatter-
ing phenomenon. Considering the interference and model
uncertainty, Ahn et al. (Ahn et al., 2023) designed a
sliding mode controller using adaptive approach laws and
super-twisting algorithms to improve the sliding mode
control and stability of UAV flight. The use of the super-
twist algorithm overcomes the discontinuous signal of
traditional strategies, effectively improving the response
speed and robustness of the system. Nevertheless, a well -
known drawback of sliding mode control is the chattering
phenomenon, which commonly occurs during the switch-
ing of the sliding mode surface (Labbadi et al., 2021). This
chattering, manifested as high - frequency oscillations in
the control input, can excite unmodeled high - frequency
dynamics in the system. In extreme cases, these excited
high - frequency dynamics can lead to instability of the
overall control system, potentially causing it to collapse.
Despite numerous proposed solutions, chattering persists
as a hurdle in the practical deployment of sliding mode
control. Alternatively, backstepping control offers notable
flexibility and reduced hardware demands. In contrast to
sliding mode control, backstepping control boasts system-
atic and structured design approaches, applicability to in-
tricate nonlinear systems, superior transient performance,
and inherent robustness. At the same time, the problems of
chattering, design complexity, and high hardware require-
ments in sliding mode control have been better solved in
backstepping control (Sartori et al., 2021). Belmouhoub
et al. (Belmouhoub et al., 2023) proposed a backstepping
controller based on finite-time Lyapunov stability theory
and enhanced by the hyper-twist algorithm to solve the
trajectory tracking problem of non-traditional quadro-
tor aircraft with rotating arms (also known as foldable
drones). The findings indicate that the introduced control
strategy exhibits excellent performance in both accuracy
and stability. Due to the change of UAV geometric param-
eters with time, Derrouaoui et al. (Derrouaoui et al., 2022)
proposed an efficient nonlinear adaptive integral inversion
controller. The control framework incorporates estimators
for inertia and dedicated modules for computing the center
of gravity and mixing matrix. A comparison of the pro-
posed control approach with traditional integral inversion
controllers, both in undisturbed and disturbed scenarios,
demonstrates enhanced system robustness. Jahan et al.
(Jahan et al., 2024) designed a new type of firefighting
drone based on adaptive optimization technology of fuzzy
inverse control. The drone’s anticipated position and alti-
tude are tightly controlled, enabling precise data monitor-
ing, including real-time imaging, gas concentration mea-
surements, and fire location detection, thereby mitigating
risks for firefighters and furnishing crucial information for
firefighting efforts.

The control strategies described above are mainly designed
to achieve asymptotic tracking control. In an asymptotic
tracking scenario, the tracking error converges to zero as
time approaches infinity (Zheng et al., 2024). However,

in many practical applications, such as railway patrol and
emergency response using quadrotor UAVs, rapid tracking
is of utmost importance. The slow convergence inherent in
asymptotic tracking may not be able to meet the real - time
requirements of these applications, where timely detection
and response to events are critical. Consequently, several
finite-time trajectory tracking control strategies have been
developed (Ghommam et al., 2020; Jammazi et al., 2021;
Wang et al., 2017; Eliker et al., 2021; Liu et al., 2021).
Ghommam et al. (Ghommam et al., 2020) proposed a
leader-follower synchronization technique for unmanned
aerial vehicle (UAV) rendezvous, designing a finite-time
tracking control algorithm via output feedback for the
follower UAV while ensuring that the input constraints
of the UAV are satisfied. This approach overcomes the
challenges posed by the underactuated nature of UAVs,
enabling the tracking error of the closed-loop system to
converge within a finite time. Jammazi et al. (Jammazi
et al., 2021) discussed the extension of several sufficient
conditions for finite-time stability and applied them to
the attitude tracking system of the UAV X4, with sim-
ulation results indicating a significant improvement in
trajectory tracking speed. Eliker et al. (Eliker et al., 2021)
proposed a non-singular finite-time adaptive robust con-
troller for quadrotors based on inverse command filtering
and non-singular fast terminal sliding mode control. This
method uses a small number of adaptive laws to estimate
parameters and non-parametric uncertainties, alleviating
the chattering phenomenon and satisfying practical finite-
time stability. This paper investigates the tracking control
problem of a tilting quadrotor with unknown nonlineari-
ties. Liu et al. (Liu et al., 2021) combined neural networks
with finite-time control to propose an adaptive finite-time
neural control for tilting quadrotors, where all tracking
errors and estimation errors can converge to a small neigh-
borhood near zero within a finite time, effectively solving
the trajectory tracking challenge of tilting quadrotors.

For traditional finite - time control algorithms, the esti-
mation of convergence time is highly dependent on the
initial conditions of the system (Kangunde et al., 2021).
Mathematically, different initial states of the system will
lead to different convergence times, which limits their
predictability in practical applications. In sharp contrast,
fixed - time control algorithms offer a significant advantage
in that their performance is independent of the initial
conditions of the system (Zhang et al., 2023; Ning et
al., 2022). The user can pre - define the upper bound
of the convergence time, regardless of the initial states
of the system, providing a more reliable and consistent
control performance. Cheng et al. (Cheng et al., 2022)
introduced a novel nonsingular fixed-time sliding mode
control technique that provides fixed-time position and
attitude tracking control for quadrotors, enabling a more
accurate determination of convergence time. In contrast to
finite-time tracking control, the proposed strategy guar-
antees that the convergence time’s upper limit is unaf-
fected by the system’s initial conditions. Considering the
underactuated characteristics and external disturbances
of the quadrotor suspension transport system, Liu et
al. (Liu et al., 2022) developed an adaptive hierarchical
sliding mode control scheme based on fixed-time sliding
mode disturbance observers for underactuated quadrotor
systems. This approach utilizes adaptive laws to address
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disturbance estimation errors, and experimental results
demonstrate the effectiveness and potential of fixed-time
control technology.

Consequently, despite significant advancements in aircraft
control, several issues persist in practical applications,
including the complexity of controller algorithms and the
difficulty of their physical implementation, as well as the
challenges associated with achieving precise control over
convergence speed using conventional methods. To address
these challenges, we designed a fixed-time controller for
quadrotors based on the integral backstepping method.
This controller not only simplifies the algorithm but also
facilitates rapid tracking control within a fixed time frame.
The main contributions of this work are as follows:

(1) In the control design process, an integral term was
introduced into the backstepping method for attitude
control. By selecting appropriate constants for the
integral term, the controller model was simplified,
enhancing the practicality of the algorithm and re-
ducing the execution time of the model. Simulation
experiments demonstrated that this controller can
achieve error-free trajectory tracking.

(2) By integrating backstepping methods with fixed-time
control, a fast and stable controller for the aircraft
was developed. The smoothness of the proposed con-
trol law effectively mitigates issues related to con-
troller chattering and the singularity of the deriva-
tives of the virtual control signals.

(3) Utilizing Lyapunov stability theory, the proposed
controller guarantees that the tracking error con-
verges to a small vicinity of the origin within a spec-
ified timeframe, ensuring boundedness of all closed-
loop signals. Numerical simulations comparing the
proposed controller with PID and sliding mode con-
trols highlight its substantial advantages in terms of
swift convergence and stability.

2. PRELIMINARY KNOWLEDGE

The stability of the system is the most basic problem in the
field of control research. Lyapunov stability is one of the
most important theories in the stability theory of control
science. Among them, the second Lyapunov theorem is
the most widely used. It abstracts the Lyapunov function
with the characteristics of system energy from the charac-
teristics of system energy function, which makes it easier
to judge and prove the stability. The fixed time control
is based on this theoretical framework. By designing a
specific form of Lyapunov function and constraining the
convergence rate of its derivative, the system state is stable
in a fixed time. The quadrotor aircraft studied in this
paper is an underactuated rigid body with four inputs
and six outputs. By establishing the system equation with
six state variables (six variables are the position variables
(z,y, z) describing the space position of the aircraft and
the attitude variables (¢, 8, 1)) describing the attitude posi-
tion of the aircraft), the flight controller is designed using
the fixed time control method. Therefore, the following
two theorems are mainly used to complete the controller
design.

Lemma 1 (Wang et al., 2021): For a nonlinear system
z = f(t,x), x(tp) = xo, f(0) is uniformly ultimately

bounded within ¢, and there exists a positive definite
function V(x) , whose derivative satisfies the following;:

V(z) < —oV(x)" — 6V (x)v (1)
where 0 > 0,5 > 0,0 <v; < 1,v2 > 1, then the origin of
the system is globally fixed time stable and the settling
time function T' can be estimated by

1 1

T < Thax = 0_(1 — 'Ul) + 5(7)2 — 1) (2)

Furthermore, if v; = 1 — U%and v =1+ i with v3 > 1
are selected, the settling time function 7" can be estimated
by a less conservative bound

U3
2V o

Lemma 2 (Wang et al., 2023): For any j;1..,) > 0, the
following inequality holds:

(ZW < n_ZjE (4)

Tnax = (3)

3. QUADROTOR MODEL

Figure 1 is the schematic diagram of inertial coordinate
system and body coordinate system of quadrotor aircraft.
The aircraft has four mutually independent motors to
drive their respective propellers to rotate. Propellers 1 and
3 rotate counterclockwise, while propellers 2 and 4 rotate
clockwise. By controlling the speed of each propeller, the
flight attitude of the aircraft can be changed. The quadro-
tor aircraft has a total of six degrees of freedom, which
describes the rectangular coordinate system (z,y, z)?and
the attitude angles (¢, 8,) that describe the flight mode
of the aircraft. The system model establishes the inertial
coordinate system and the coordinate system of the body
itself, and represents the flight attitude of the aircraft
through mutual transformation. Firstly, the pre-designed
inertial coordinate system is coincided with the origin of
the object coordinate system, and then the Euler angle
is used to represent the angle between the coordinates
corresponding to the inertial coordinate system and the
object coordinate system. The three attitude angles of the
aircraft are roll angle ¢, pitch angle § and yaw angle v
. Among them, the value range of roll angle and pitch
angle is (—m/2,7/2), and the value range of yaw angle is
(=m, ) . The control input quantity of quadrotor aircraft
is (u1,us,us,us), where uy represents the input control
quantity in the vertical direction of the aircraft; us is the
input control quantity of aircraft roll angle; ug is the input
control value of aircraft pitch angle; uy represents the
input control quantity of aircraft yaw angle. The input
variable expression of quadrotor UAV is as follows:

uy =F + F+ F3+ Fy

U = (F4 — Fg)l (5)

uz = (F3 — Fy)l

ug = (Fy + Fy — F — F3)l
where, [ is the distance between the rotor and the centroid
of the UAV, and F;(i = 1,2,3,4) is the lift generated by
each motor.
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Equation (6) can be split into a rotational subsystem S
for attitude control and a translational subsystem S for

y position control, that is
( T1 = T2
\ - o, iJQ = X401 + bl’lLQ
T3 = X4
S1: . 8
rotor4 YB T4 = ToTeas + bous (8)
T5 = T
Te = ToTaas + bty
T7 = T8
&g = —g + cosx1 coS T3uUy /M
V4 Tg=2x
( 52 9T o (9)
T1i0 = Uzul/m
\\\__, / N 11 = T12
T12 = UyUr /M
rotor3 / rotor2 Y /
/ where a1 = 2227z 4 = Le=de g4, — J2=Sy o
/ 1 Te 2 I, 3 I, 1

Fig. 1. Schematic Diagram of Inertial Coordinate System
and Body Coordinate System.

The nonlinear mathematical model of quadcopter aircraft
can be simplified as (Chaoraingern et al., 2020; Jing et
al., 2022)

md = (cos ¢ sin f cos 1 + sin ¢ sin ) uy

mi = (cos ¢sin 0 cos ) + sin ¢ sin ) uyq

mZ = (cos ¢sinf)u; —mg

Tod = lug + 00(J, — J.) (6)
Ty = lug + i) (J. — J.)

S =lus +00(J, — Jy)

where the variables (z,y,z) and (¢,0,v) represent the
position coordinates and attitude information of the aerial
vehicle, respectively. The mass of the vehicle is denoted
by m , and [ signifies the distance from the center of the
propeller to the center of the vehicle. The moments of
inertia about the z, y, and z axes are represented by J,,J,
and J,, respectively. The control inputs for the model are
denoted by u;(i =1,2,3,4).

For the convenience of controller design, the mathematical
model is constructed in the following form:

$1:Q?
Tg=¢ =1
(E3:0
1‘4:9:i3
(E5:’l/.1

Te =P =5 (7)
Ty = 2
,Tg:,é:.’).%
g =X

X0 =T = Ig
1 =Y

Tig =Y = T11

UJeboy = 1/Jybs = 1/J,, uz = coszisinzzcoszs +
sin 1 sin 5, U, = COST1 Sin T3 COS T'5 — SiN 1 COS T5.

4. DESIGN OF THE FIXED TIME CONTROLLER
BASED ON THE INTEGRAL BACKSTEPPING
METHOD

According to equation (6), the research problem of quad-
copter control is an underactuated control problem, which
will be analyzed in detail below.

4.1 Attitude Control of Quadrotor

From equation (7), it can be seen that in the attitude of
a quadcopter aircraft, ¢, 6 and i can be controlled by
u; = (i = 1,2,3), respectively.

In order to provide readers with a clearer understanding of
the entire controller design process, taking the roll angle
controller design as an example, we will briefly explain
the entire process of designing a fixed time controller
(similar to other controller design processes in the paper).
Firstly, define the roll angle tracking error; Then, con-
struct a Lyapunov function containing the error, take the
derivative of the function, and obtain a dummy variable
that satisfies the fixed time stability condition; Finally,
define the virtual variable error, construct a Lyapunov
function containing virtual variables, and finally obtain
the expression of the controller that satisfies the fixed time
stability condition.

The flight target trajectory (z4,y4,24) and yaw angle g4
in the actual flight mission are usually known data. The
control strategy design process of the aircraft is shown
in Figure 2. Firstly, the altitude controller w; of the
aircraft is designed from the desired altitude of the desired
trajectory. The controller u; makes the altitude position
of the aircraft flight conform to the desired trajectory, and
then the virtual controllers u, and u, of the horizontal
position are obtained by using the relationship between the
altitude controller u; and the horizontal direction system
equation; Then the desired roll angle ¢4 and the desired
pitch angle 8, of the aircraft are solved by using the inverse
solution module; Finally, the attitude position controllers
uo, uz and uy of the system are designed respectively from
the desired roll angle ¢4, the desired pitch angle 6; and
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the desired yaw angle 14 of the aircraft, and the whole By differentiating equation (17), we can arrive at
controller design process is completed in this order. Vi = Vs + V4
= ey + k¢,€¢ / eqdt + ey, €,
controller
. = epty + kyey / egdt + €4, (a1 — Tazear — bruz)
Desire
trajectory orizontal q 19
Hpositioxt-ll Inverse solution 78 C’Z::xt‘zﬁ?er ( )
controller ' In order to satisfy the fixed time lemma, we have
by — xawear — biug = —sgn(eq,)/ep, — eil (20)
Fig. 2. Control Strategy Chart. At this point, uy satisfies the following equation
Gy — wawear — biug = —sgn(eq,)/ep, — eil (21)
(1) Control of roll angle
. . We can obtain the expression for us as
Firstly, define the roll angle tracking error as 3 ) b 99
€5 = — b = 14 — 01 (10) ug = (sgn(eq,)/eg, +e€, — a1+ zawear)/by  (22)
where ¢4 = r14 is the expected roll angle trajectory. By differentiating V,; and substituting uo within, we have
By constructing a Lyapunov function V3, we have Vi =eg €y = —sgnles,) — 631 (23)
Va= ‘1/1 + V21 1) According to Lemma 2, it can be concluded that
= 5%+ 5’%(/ eqdt)? ( L e e e i T (24)
<= -(Vi+ Vot V3)'/? = —(Vi + Vo + V3)°
The derivative of equation (10) is
) (2) Control of pitch angle
Vs = eqé kye epdt
3 v€e + Nty _/ ¢ (12) The control mechanism of pitch angle is similar to that of

= €¢(i‘1d — 1) + k¢€¢/6¢dt

In order to satisfy the fixed time lemma, we have

€¢(51-71d - 5131) + k¢€¢ / 6¢dt = —Sgn(ed)) — ei

sgn(/ epdt) — (/ epdt)?

= _V11/2 - V12 - Vzl/2 - V22
(13)
If & is treated as a virtual control variable, then when the
expected virtual control is a; = (&1)q, it is as follows

a1 = @14 + (sgnley) +ei + sgn(/ epdt)

4 (14)
+ (/ epdt) +k¢e¢/e¢dt)/e¢
We can obtain the following equation:
R A R R (15)

Therefore, the error of the virtual control variable &y is
defined as

6¢1 = Q1 — .’)'3'1 (16)
By differentiating the aforementioned equation, we can
derive

€p1 = Gn — &1 = Q1 — T4Tear — brug (17)
By constructing a Lyapunov function Vi, we have
Vs =Vs+ V) (18)

_ 1.2
where V, = €%, -

roll angle. Firstly, the pitch angle tracking error angle is
defined as
eazed—azmgd—l‘g (25)

where x34 is the expected pitch angle trajectory.

Constructing a Lyapunov function Vg as
Vs =Vs+Vr
= 1e2 + Sko([ epdt)?

The derivative of equation (25) is

Vs = egép + koeq [ epdt
= eg(@3q — &3) + koeg [ eqdt

In order to satisfy the fixed time lemma, we have

eq(T3q — T3) + kgeg / egdt = —sgn(eg) — €4

- sgn(/ epdt) — (/ eodt)?

1/2 1/2
:_VG/ _V62_ 7/ —V72
(28)

If &5 is treated as a virtual control variable, then when the
expected virtual control is ay = (#3)q, it is as follows

ag = 34 + (sgn(es) + eg + sgn(/ egdt)

1 (29)
+ (/ egpdt) + k‘eeg/egdt)/eg
We can obtain the following equation:
L e e e ] (30

Therefore, the error of the virtual control variable &3 is
defined as

€p1 — Qg — $.3 (31)
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By differentiating the above equation, we have

€g1 = Qg — T3 = Qg — TaTeaz — bous (32)
By constructing a Lyapunov function Vg, we have
Vio=Vs + Vg (33)
where Vy = 1eZ,.
In order to satisfy the fixed time lemma, we have
Gig — X2xaz — bauz = —sgn(eg1)/ep1 — e‘zl (34)
We can obtain the expression for uz as
uz = (sgn(egl)/em + 621 + OZQ - mgxﬁag)/bg (35)

By differentiating Vy and substituting us within, we can
obtain

V9 = e, €9, = —Sgn(e¢1) - 631 (36)
According to Lemma 2, it can be concluded that
VlO = 7‘/;31/2 - V62 - 71/2 - V72 - V91/2 - V92 (37)
<= (Vo + Vo + Vo) /% — (Vs + V7 + V)
(3) Control of yaw angle
Firstly, define the yaw angle tracking error angle as
ey =a — Y =54 — Ts (38)
where x5, is the expected pitch angle trajectory.
By constructing a Lyapunov function Vi35 ,we have
Viz = Vi1 + Via
1, 1 9 (39)
=3¢+ 51@,(/ eydt)
The derivative of equation (13) is
Vlg = eyty + k’w@w/ewdt
(40)

= 61/)(1'}5(1 — S.C5) + k¢6w /ewdt
In order to satisfy the fixed time lemma, we have

/ewdt = —sgn(ey) — €}

~sgn( [ evdt) ~ ([ cout)

1/2 1/2
e S 5 T VA V7
(41)

6¢(.§35d — 1‘5) + kyey

If &5 is treated as a virtual control variable, then when the
expected virtual control is a3 = (i5)4, it is as follows

as = &g + (sgn(ey) + eﬁ, + sgn(/ eydt)

1 (42)
+ (/ epdt) + kypey /ewdt)/ew
We can obtain the following equation:
Vis = -Wi{* — Vi - Vif* - Vi (43)

Therefore, the error of the virtual control variable &3 is
defined as

ewl = (x3 — i‘5 (44)
By differentiating the above equation, we have
éwl = d3 - i‘5 = dg — X403 — b3U4 (45)

By constructing a Lyapunov function V5, we have

Vis = Vig + Vs (46)
where Vi4 = %G?pr
In order to satisfy the fixed time lemma, we have
Gz — Toxaa3 — baug = —sgn(ey1)/epr — eil (47)
We can obtain the expression for u, as
ug = (sgn(ey1)/eyp1 + eil + &3 — wawgasz)/bs (48)

By differentiating V14 and substituting uw, with, we can

obtain

Vig = e, ¢o, = —sgn(eg,) — €3, (49)

According to Lemma 2, it can be concluded that
VIS = _V111/2 - V121 - ‘/112/2 - V122 - V114/2 - V124
<=—-(Vi1 +Viz + ‘/14)1/2 — (Vi1 + Vig + Vig)?
(50)
4.2 Position Control of Quadrotor

From equations (5) and (8), it can be seen that the two
degrees of freedom of the horizontal coordinates x and
y are underactuated, indirectly driven by ¢, €, and ),
respectively.

(1) Tracking control of height position

Regarding height control, this article also adopts the
integral backstepping method. Define the height tracking
error as

(51)

€yl = 24 — 2 = T7q — T7
where z74 is the expected altitude trajectory.

By constructing a Lyapunov function Vig ,we have
Vis = Vig + Vir

1 1
31 + ikzl(/ 6Z1dt)2

- (52)
—56

The derivative of equation (51) is

Vis = €216:1 + kz1€21 /6zldt
(53)
= e.1(d7q — &7) + kzr€21 /€z1dt

In order to satisfy the fixed time lemma, we have

ex1(&7q — &7) + kz1€21 /€z1dt = —sgn(e,) — eh

- sgn(/ ex1dt) — (/ eadt)?

1/2 1/2
= _Vlﬁ/ - V126 - V17/ - V127
(54)

If 7 is treated as a virtual control variable, then when the
expected virtual control is ay = (&7)q, it is as follows

ay = dr7q + (sgn(e.1) + eﬁl + sgn(/ e,1dt)

4 (55)
+ (/ ezldt) + kzlezl /ezldt)/ezl
We can obtain the following equation:
: 1/2 1/2
Vig = _Vlﬁ/ - V126 - V17/ - V127 (56)
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Therefore, the error of the virtual control variable &7 is
defined as

€2 = Qxg — .%"7 (57)
By differentiating the above equation, we have
€0 = Gy — &7 = Gy + g — cOS T COST3UL /M (58)
By constructing a Lyapunov function Vg, we have
Voo = Vig + Vig (59)
where Vg = %622.
In order to satisfy the fixed time lemma, we have
Gy + g — cosxq coszzug /m = —sgn(eyo)/e.o — 6‘32 (60)

We can obtain the expression for u; as
up = (&g + g +sgn(eze)/e2 + efz)m/(cos x1cosxg) (61)
By differentiating V19 and substituting w; within, we have
Vig = 296,90 = —sgn(ess) — ey (62)

According to Lemma 2, it can be concluded that

Vao = —Vil® = Vi - ViY* - VB - Vi - V3

6
<= —(Vig + Vir + V10)""* = (Vg + Va7 + Vio)?
(63)
(2) Control of horizontal position
Define the horizontal position tracking error as
€x1 = Tg — T = Tgq — T (64)
where zg94 is the expected altitude trajectory.
By constructing a Lyapunov function Va3, we have
Vag = Va1 + Voo
1 1 (65)
= 5621 + ikrl(/ ezldt)Q
The derivative of equation (64) is
Vo = ex1éa1 + kpr€a1 /€z1dt
(66)

= ep1(Z9q — T9) + kz1€s1 /emdt

In order to satisfy the fixed time lemma, we have

ex1(Z9d — &9) + kz1eq1 /emdt = —sgn(es1) — eh

Therefore, the error of the virtual control variable &g is
defined as

€ro = Q5 — Ig (70)
By differentiating the above equation, we can obtain
€y = G5 — g = Qg — uguy/m (71)
By constructing a Lyapunov function Va5, we have
Vas = Vag + Vau (72)
where Voy = %e%z.
In order to satisfy the fixed time lemma, we have
&5 — ugur /m = —sgn(egn)/ep2 — €2, (73)
We can obtain the expression for u, as
g = (65 + 5g0(ea2) fean + € )mfus  (74)

By differentiating V24 and substituting u, within, we can
obtain

V24 = €y2€y2 = _Sgn(er) - ei2 (75)
According to Lemma 2, it can be concluded that
. 1/2 1/2 1/2
Vas = Vol * = Vi = Vol * = Vi = Vo[ — Vi,
<= = (Va1 + Voo + Vau)/* = (Vor + Vs + Viu)?
(76)

Using the same method, the expression for u, can be
obtained as follows

uy = (&g + sgn(ey2)/ey2 + ejz)m/ul (77)

The expressions for the expected trajectory of roll angle
and pitch angle can be obtained from equation (8):

{ ¢q = arcsin(u, sin x5 — u,, cos T5)

4 = arcsin (u, /(cos ¢qsinzs) + (sin ¢4 coszs)/(cos pgsinzs))

(78)

The aforementioned process has meticulously concluded
the design of fixed-time controllers specifically tailored to
regulate the aircraft’s angle, position, and altitude. This
intricate and comprehensive design is grounded in the
principles of fixed-time control theory, seamlessly integrat-
ing the advanced integral backstepping method. Conse-
quently, the controllers, owing to this meticulous design,
ensure unparalleled precision and timing in controlling the
diverse flight parameters of the aircraft.

Consequently, this ensures a significant improvement in

— sgn( / eg1dt) — ( / ex1dt)" the aircraft’s overall performance and stability throughout

1/2 1/2
Vol ? — VA Vi
(67)

If &g is treated as a virtual control variable, then when the
expected virtual control is as = (&9)q, it is as follows

s = Toq + (sgnlez1) + eil + sgn(/ ex1dt)

1 (68)
+ (/ exldt) +kxlex1/ex1dt)/6xl
We can obtain the following equation:
Vas = ~Vo/* = Vi = V* — Vi (69)

) its flight operations, ultimately contributing to a safer and

— V22 more efficient flying experience.

4.8 Owerall control process

Based on the above analysis, which details the mathe-
matical formulation and implementation steps, the overall
control process of a quadcopter aircraft utilizing the inte-
gral backstepping method is comprehensively illustrated in
Figure 3. This figure depicts the various stages and com-
ponents involved in the control system, showcasing how
the integral backstepping technique ensures stability and
performance of the quadcopter during flight operations
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Fig. 3. Control Flowchart of the Proposed Method.

5. SIMULATION RESULTS AND ANALYSIS

The main parameters of the aircraft are as follows

Table 1. Main parameters of quadcopter air-
craft

Ja (kg - m?)
0.0104

Jy (kg - m?)
0.0104

J.(kg-m?)  1(m)
0.0208

m(kg)

value 0.265

Parameter

0.0103

In order to demonstrate the design effect of a fixed time
controller for quadcopter aircraft based on integral back-
stepping method, comparisons were made with PID con-
troller and sliding mode controller. The required tracking
trajectory is designed as a spiral ascent process, with a
simulation time of 100 s, position height unit in m, and
angle unit in deg. The specific mathematical equation is:

g =0

xq = 8sin(0.2t)

ya = 8sin(0.2t + I)
zg =—8+0.2¢

(79)

1) Fixed time controller for quadcopter aircraft based on
integral backstepping method

As shown in Fig. 4, it can be seen from the 3D tracking
image that the quadcopter perfectly tracked the target
trajectory (including angle and position), and the aircraft

can also quickly track during the spiral upward change of
the trajectory.

3D_Quadrotor

z(m)

-0 10
10 <

Fig. 4. 3D Tracking Image with Proposed Controller.

Fig. 5 specifically shows the error changes of x, y, z, yaw
angle. It is observable that the errors in the z direction
are all within 0.10 m, and the errors in the y direction
are all within 0.04 m. The error in the yaw angle can
be ignored. From the figure, it is observable that x, vy,
x, yaw angle can quickly and accurately converge to the
desired target value without steady-state error under the
action of the proposed controller in a short period of time.
As shown in Fig. 4, it can be seen that the quadcopter
perfectly tracks the target trajectory (including angle and
position), and the aircraft can also quickly track during the
spiral upward change of the trajectory. Fig. 5 specifically
shows the tracking effect of position height z, y, z and angle
¢,0,1. It is observable that the proposed controller can
accurately track the target trajectory in terms of position
and height. Pitch angle can accurately and quickly track
to the reference angle. Roll angle and yaw angle can also
accurately track the changes in actual angle values, with
an error within 2 deg in Fig. 6.

0 ) i o w2 % 4« %
time(s) time(s)

Fig. 5. Error Plot of X, Y, Z, and Yaw angle under the
Proposed Controller.
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The variation of roll angle with time (b)

roll angle(deg)

pitch angle(deg)

yaw angle(deg)

Fig. 6. Tracking Curves of X, Y, Z Directions and Angles
under the Proposed Controller.

2) Simulation of quadcopter aircraft based on PID con-
troller

The simulation results are shown in Fig. 7. From the 3D
tracking map, it is observable that the quadcopter can also
track the target trajectory (including angle and position),
and during the spiral upward change of the trajectory, the
aircraft can also quickly track, but there is a significant
error compared to the tracking effect of the proposed
controller.

3D_Quadrotor

z(m)

-10
10

Fig. 7. 3D Tracking Image with PID Controller.

Fig. 8 specifically shows the error variation of x, y, z, yaw
angle. It is observable that the errors in both the x and y
directions are within 0.21 m, and the error in yaw angle
is around 0.20 deg. From the figure, it is observable that
X, Y, z, yaw angle can all converge to the desired target
value under the action of the PID controller, but there is
a significant steady-state error compared to the proposed
controller. As shown in Fig. 7, it can be seen that the
quadcopter tracked the target trajectory (including angle

and position) under the action of the PID controller, but
the tracking effect error was significant. Fig. 7 specifically
shows the tracking effect of position height x, y, z and angle
¢,0,%. It can be seen that the proposed controller can
accurately track the target trajectory in terms of position
and height. Pitch angle and yaw angle can quickly track
to the reference angle. The tracking effect of roll angle is
poor, with a 6 deg error in Fig. 9.

Fig. 8. Error Plot of X, Y, Z, and Yaw angle under the
PID Controller.

The variation of x with time (a)
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=
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0 0w

The variation of roll angle with time (b)

‘The variation of y with time (c)
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’\/WW\
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.
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Fig. 9. Tracking Curves of X, Y, Z Directions and Angles
under the PID Controller.

3) Simulation based on sliding mode controller

As shown in Fig. 10, from the 3D tracking image, it is
observable that the quadcopter can achieve tracking of
the target trajectory (including angle and position), and
during the spiral upward change of the trajectory, the
aircraft also moves along the target trajectory.
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3D_Quadrotor
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y(m) x(m)
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Fig. 10. 3D Tracking Image with Sliding Mode Controller.

Fig. 11 specifically shows the error variation of x, y, x,
yaw angle. It can be seen that the errors in the x and
y directions are within 0.98 m, and the error in the yaw
angle is around 0.11 deg. From the figure, it is observable
that x, y, x, yaw angle can converge to the desired target
value with minimal error under the action of the sliding
mode controller, but there is still a gap compared to
the proposed controller. As shown in the 3D tracking
image, it is observable that the quadcopter can track the
target trajectory (including angle and position). Fig. 12
specifically shows the tracking effect of position height
x,y,z and angle ¢, 60,1. It can be seen that the proposed
controller can accurately track the target trajectory in
terms of position and height, but there is a significant error
in angle, with a pitch angle error of about 30 deg. The
roll angle error is around 15 deg, and the yaw angle can
accurately track changes in the actual angle value, with
an error within 0.1 deg. Table 2 also shows that compared
with PID method and sliding mode method, the error of
X, ¥, z and yaw angle error of the proposed algorithm are
the smallest.

The variation of x error with time (a) N The variation of y error with time (b)

The variation of z error with time (c)

E) % & wm & w0 1w
time(s) time(s)

Fig. 11. Error Plot of X, Y, Z, and Yaw angle under the
Sliding Mode Controller.

“The variation of roll angle with time (b)

(m)
73
H1
£
~
oll angle(dez)
5 8 o 8 &
3 H

R © ™ ® 0 1w

50
time(s)

The variation of pitch angle with time (d)

Fig. 12. Tracking Curves of X, Y, Z Directions and Angles
under the Sliding Mode Controller.

Table 2. Comparison of position and yaw angle
errors under three algorithms

Method X- Error Y- Error Z- Error Yaw angle-Error

PID method 0.30 0.31 0.005 0.35
Sliding mode method 0.067 0.082 0.051 0.11
Proposed method 0.032 0.035 0.002 0

4) Design of fixed time controller for quadcopter aircraft
based on integral backstepping method and comparison
with the effect without integral term

Taking fixed-point tracking of 1m in the x-direction as an
example, as shown in Fig. 13, it is observable that both can
accurately track the position of 1m. The difference is that
the simplified controller of the control model reduces the
control force by adjusting the integral term parameters,
and its convergence time (7.4s) is slightly longer than the
convergence time before the simplification of the control
model (3.4s).
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Backstepping control with integral term
Backstepping control without integral term| =

0.2 B

0.0 1 1 1 1
0 20 40 60 80 100

time(s)

Fig. 13. Comparison of X-tracking Curves with and with-
out Integral Terms.

The table also shows the computation time of each step
of the quadcopter aircraft under the action of various at-
titude controllers before and after simplification, as shown
in Table 3. It is observable that the operation time of each
step of the control model is shorter after simplification
using the integral term. Figure 13 and Table 3 demonstrate
that the proposed approach of simplifying the attitude
control model by adjusting the integral term parameters
is feasible, and has high significance for applying it to
simulation experiments of aircraft fixed-point arrival and
trajectory tracking.

Table 3. Comparison of single step running
time with and without integral terms

Controller Average single step running time(ms)

0.02869
0.05933

With integral terms
Without integral terms

The above simulation results strongly demonstrate the ef-
fectiveness of the proposed controller. However, the limita-
tions of controller design need to be recognized. In reality,
there is noise in sensors or inevitable wind disturbance to
drones, causing them to deviate from the expected trajec-
tory. In this case, certain improvements can be made in the
original design scheme. If interference terms are introduced
in the position altitude and attitude angle during flight, of
course, these interferences are bounded external interfer-
ence terms. At this point, it is only necessary to construct
the expression of the disturbance term error using the same
method. When constructing the Lyapunov function, the
disturbance error energy function is introduced to obtain
the update rate of the disturbance estimation value that
satisfies the fixed time control lemma. There is also a
problem of computational complexity in the real world.
When the calculation process of the controller is complex,
the computational load is enormous. At this time, it is nec-
essary to optimize the calculation process, such as adding
instruction filters, and designing a lightweight model of
the controller to run on embedded device platforms. This
is also a meaningful research direction for the future.

6. CONCLUSIONS

This paper proposes a fixed time controller for police quad-
copter aircraft based on integral backstepping method. In
the control design process, an integral term is introduced
in the backstepping design of attitude control. By setting
appropriate integral term constants, the controller model
is simplified, the practicality of the algorithm is enhanced,
and the running time of the model was shortened. In order
to solve the problem of slow system tracking response,
a fast and stable aircraft controller is constructed by
combining backstepping method and fixed time control.
Compared with PID control, the proposed algorithm re-
duces x-direction error by 50% and y-direction error by
80%. Compared with sliding mode control, the x-direction
error is reduced by 2% and the y-direction error is reduced
by 60%. The yaw angle error under the proposed control
algorithm is almost zero.Compared with the backstepping
controller without an integral term, the proposed algo-
rithm reduces the single step running time by 51.6%.
The simulation results show that compared with PID and
sliding mode control, the controller can quickly and stably
achieve trajectory tracking.

The significance of this paper is to explore the appli-
cation of fixed time control based on integral backstep-
ping method in quadcopter police unmanned aerial vehi-
cles. This article can summarize some conclusions. Firstly,
in the improved algorithm, introducing an integral term
can simplify the algorithm and shorten the model running
time. Secondly, the introduction of a fixed time control
strategy can improve the speed of trajectory tracking in
the system. This provides a foundation for the application
of the algorithm in practical environments. However, it is
worth noting that the proposed algorithm has a strong
dependence on model accuracy, which can complicate sta-
bility proofs in the presence of high-frequency noise or
communication delays. In the future, the focus will be
on combining fixed time control with lightweight deploy-
ment of drones, and building an open-source drone testing
platform with unified evaluation indicators to improve the
real-time performance of algorithms.
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