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ABSTRACT

Quadrotor Unmanned Aerial Vehicles (UAVs) are increasingly used in sectors such as search and rescue,
crop monitoring, pesticide spraying, aerial photography, service delivery, military surveillance, and power
line inspection. Classical linear controllers offer acceptable performance but lack robustness under
disturbances, unmodeled dynamics, and parameter variations. Although Sliding Mode Control (SMC)
provides robustness, it suffers from chattering, which can damage quadcopter actuators. This work
develops a quaternion-based dynamic model for quadrotor motion that captures both translational and
rotational behavior. Unlike many existing models, the proposed formulation includes unmolded effects,
such as aerodynamic drag and propeller-induced forces, resulting in a more realistic and accurate
representation of quadcopter flight dynamics. Particle Swarm Optimization (PSO) was used to tune the
sliding-surface gains of the Adaptive Super-Twisting Sliding Mode Controller (ASTSMC), Reducing
attitude objective values by 4.43-27.22% and improving position accuracy by up to 10.62%. The Global
Best (GBEST) value dropped from 10.49 to 7.66, reflecting a 26.97 % reduction in combined tracking error
and control effort. Overall, PSO-tuned gains yield faster convergence, smoother responses, and better
performance than manual tuning. The proposed PSO optimized ASTSMC significantly enhances
quadrotor trajectory tracking by reducing attitude errors by up to 27% and improving position accuracy
by 0.61-10.62%. Simulation results show faster convergence, stronger disturbance rejection, smoother
control effort, and superior transient and steady-state performance compared to both conventional PID
and back stepping sliding mode control.

Keywords-particle swarm optimization; adaptive super twisting sliding mode control; quaternion modeling;

unmanned aerial vehicle

I.  INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are vehicles that
operate without a pilot on board. They are widely applied in
different areas, ranging from precision agriculture and service
delivery to search and rescue, military service and surveillance,
the photography industry, and electrical system inspections. To
ensure correct positioning and orientation during flight, the
control system is required to act as a central processing unit.
However, designing high-performance controllers for
quadrotors is a challenging task, mainly because quadrotor
dynamics consist of highly coupled nonlinear dynamics [1].
The mathematical model of the quadrotor system is mainly

composed of high-coupled nonlinear systems. It has six degrees
of freedom, while the only control input signals present are
four; this makes it under actuated along the translational.
Owing to its under actuation along the X and Y axes, two loops
are used: an outer and an inner loop. The outer loop receives X,
Y, and Z signals and then converts them to the desired roll and
pitch, which are subsequently fed to the inner loop and an
attitude controller achieving X and Y translation through roll
and pitch commands [2]. Authors in [3] proposed H-infinity,
classical PID, and a fuzzy-PID controller for a quadrotor,
which are linear controllers. However, owing to their linear
nature in the presence of uncertainties, their performance is
poor. Authors in [4] introduced a back-stepping control, with
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the aim of improving its tracking ability. It was demonstrated
that the designed controllers were only capable to guarantee
stability for position and attitude only for a certain period of
time. Thus, it is necessary to develop a controller that is robust
and capable of overcoming pressing challenges. In this regard,
a Sliding Mode Controller (SMC) was proposed because it can
guarantee stability in the presence of disturbances and
unmodeled dynamics [5]. Authors in [6] studied SMC methods,
with an emphasis on how effective they are in dealing with
disturbances common to robotic quadrotors. Authors in [7]
presented a distributed SMC for the formation of autonomous
flight quadrotors. Experiments were conducted to validate the
fixed-time nonlinear SMC that is homogeneous for UAVs with
multiple rotors, with the aim of tracking control [8]. It was
found that the conventional SMC approach was utilized in
many unmanned aerial vehicle applications. However, the
continuous use of a non-continuous component to control the
law generates high control signal vibrations, which are a
potential cause of early failure of electromechanical systems.
Authors in [9] examined various SMC techniques and their
applications in underactuated systems. They pointed out
significant improvements and existing challenges in this area of
research. Different approaches have been used to mitigate the
unneeded high vibrational control signal inherent in classical
SMC, thus improving its robustness and precision. Authors in
[9] demonstrated how SMC is used in numerous systems for
motion control. The important parameters in designing
successful SMC were discussed; however, the difficulty in
tuning the gain for the controller was also mentioned. Back-
stepping SMC was developed in [10] for tracking trajectories
of quadrotors. Authors in [11] compared a back-stepping
integral SMC to that of a fractional order integral SMC. In
[12], a neural-network model-based reference adaptive control
for robust trajectory tracking in UAV quadrotors was proposed.
Authors in [13] implemented a genetic algorithm in tuning
control parameters of super twisting SMC for the suspension
system of the maglev train. In [14], a controller for position
tracking via an adaptive SMC approach was developed. These
methods are often used to ensure the tracking of trajectories in
the presence of disturbances and parameter variations.
However, it is difficult to obtain optimal gains for the
controller with some of these methods.

The Particle Swarm Optimization (PSO) algorithm is
considered one of the best algorithms employed to tune the
gains of different control systems, thus saving the time required
for manual tuning [15].

Since existing linear and nonlinear controllers use
simplified mathematical models in designing control laws, they
perform poorly when deployed in physical systems. In this
study, a mathematical model that captures unmodeled
dynamics was developed based on existing literature, followed
by optimizing the gains of an Adaptive Super-Twisting Sliding
Mode Controller (ASTSMC) using PSO to enhance fast
convergence, minimum steady-state error, and settling time,
thus improving robustness, chatter-free performance, and
tracking accuracy. The contributions of this research are: The
Newton—Quaternion formalism was employed in deriving the
mathematical model for a quadrotor that accurately captures the
dynamics of a quadrotor by capturing aerodynamic drag and

propeller-induced forces, which were unmodeled in previous
works and not considered during the ASTSMC design, which
is free from gimbal lock problems associated with the Euler
model at high roll and pitch maneuvering angles. A novel
super-twisting sliding mode controller capable of adapting
under different environments for robust tracking control of
quadrotor UAVs was developed using a quaternion modeling
approach. Additionally, a particle swarm was used to obtain the
optimal gains for sliding surface design parameters. A
comprehensive simulation was conducted to validate the
derived mathematical model and the designed controller. The
PSO algorithm was employed to tune the optimal gains for
sliding surface parameters, thus improving trajectory tracking
performance. An adaptation gain was adopted to tune the gains
of the super-twisting SMC.

II. DYNAMIC SYSTEM FOR A QUADROTOR

A. Mathematical Modeling for a Quadrotor Using the
Quaternion Approach

To derive the mathematical model of quadrotor dynamics,
the following assumptions were made [16]: the quadrotor
structure is not flexible, its mass does not change with time,
and the quadrotor structure is symmetric with its matrix of
inertia being diagonal. The force of gravity is constant, the
quadrotor center of mass coincides with its geometric center,
the resistance and inductance of the Brushless Direct Current
(BLDC) motor are negligible, both the air velocity and
propeller velocity are the same in the hovering state, the thrust
force is directly proportional to the square of the rotor speed,
and the speed is directly proportional to the square root of the
torque.

B. Transformation of Reference Frame

A reference body is an imaginary coordinate used to
describe the position and motion of an object. Two coordinate
frames that are in operation for a quadrotor are the fixed
(inertial) frame and the moving (body) frame. The development
of a quadrotor mathematical model requires the prior definition
of the coordinate frames used, as shown in Figure 1. This
demonstrates that the quadrotor works in only two frames,
namely: the inertial (fixed) frame x;, y;, z;, and the body (mobile
frame) xp, yb, 2b-

(Pitch (forward)

Qg

Qy Q3

Fig. 1. Quadrotor free body diagram.
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Newton's law is valid only in an Inertial Frame (IF), rb(q) —
wherein the ground positive z-axis points in the opposite e
8 P b bP o+ a1 — 22— a5 2(q192 + Qoq3) 2(q193 — 90q2)

direction of gravity, and Body Frames (BFs) are defined based
on the center of gravity of the quadrotor, whose axis is fixed. It
is important to define reference frames because the control
inputs for actuator U and the force of thrusts T are handled with
respect to BF, the Inertial Measurement Unit (IMU),
accelerometer, and magnetometer measure quantities with
respect to BF, the Global Positioning System (GPS) also
measures quantities based on IF, and model development is
conducted with respect to IF because Newton's laws are valid
therein. Quaternion modeling for a quadrotor is superior to the
Euler approach because it is free from gimbal lock, it is
represented using simple algebra, and is less computationally
intensive; therefore, a quaternion transformation will be used.
A quaternion is a four-dimensional mathematical entity
consisting of both scalar and vector parts. It is expressed by a
scalar term go and a vector term, which can be written as:

q = qo+ qii + qzj + qsk )]

where qo, g1, q2, and g3 are real numbers, and i, j, and k are
quaternion axes. A unit quaternion provides a simple yet
effective way to represent 3D orientations. Therefore, a
mathematical model for quadrotor was developed using the
framework of unit quaternions. To perform coordinate frame
transformation between IFs and BFs, the following approach
was adopted:

=q QK ®q= 2

where K is the rotated vector and K’ is the vector to be
rotated. Quaternion has its own special mathematical operator
called quaternion product "®", which is extensively used in
vector transformation and rotational kinematics. The product

between two quaternions ¢, = ( ¢oq, 9g) and g, = (qop, qp )
is manipulated as:

~ 9a® 4 = (Gaqa) B (905,95 ) = (doa 9o —
9a -9p 90090 + Qo0 9o + qa X 1) 3)

According to (2), the multiplication of at least two rotation
quaternions produces a new quaternion that encapsulates the
combined effect of the individual rotations. To transfer vectors
between different coordinate systems, they must be expressed
in the form where the scalar part is set to zero magnitude.
Furthermore, equation (2) can be expressed as a quaternion
rotation matrix, which enables the transformation of variables
from one frame to another, by utilizing (3), as shown in:

0 0 .
2]-ee[Yes
where 1, = [xp, Vb, Zp] shows the vector position expressed in
the BF, while r; = [x;,V;, ;] shows the vector position in the

IF. Equation (4) can be reformulated to compute rg(q). Since

unit quaternion is used to represent the attitude of a quadrotor,
it has the property of unit norm, i.e:

llgll*> = qo® + @1® + 2. +q3* = 1

Therefore, by utilizing this property, the rotation matrix can
be further simplified:

2(q192 — 9093) 90> — 1% + 4% — 457 2(q293 + 9091)
2(9195 + 9042) 2(q295 — 9091) 9o — 1% — 0% + q5?

To project the BF rates onto the IF, the present study used
the rate transformation matrix shown in [17]:

90 —91 —q2 —q3

. _ 1191 9o qs _‘h

=5 42 —q3 Qo )
43 492 —q1

C. Translational Motion of a Quadrotor

Using Newton’s 2nd law of motion quadrotor translational
dynamics in IF can be expressed as:

Yfi=ma=r U1 fo—ta (6)

where rle) are the Euler angles based matrix rotations used in

transforming the total thrust BF to IF. U; denotes the total
thrust force used in altitude control, and a = [¥ J Z]T =
quadrotor linear acceleration. The gravitational force is given
by fg = mg acting along the z-direction, while the drag force
is expressed as f; = C4[X ¥y Z], where Cq is the drag
coefficient, g is the acceleration due to gravity and m is the
quadrotor’s mass. Since quadrotor translation is under actuated,
only altitude can be directly controlled. Consequently, by
applying roll and pitch whose magnitude is greater than zero
yields translation motion along the under actuated axis x and y.
The equation describing the translational dynamics of the
quadrotor with respect to Earth frame was:

.. Ui Caxk
|r X=2(q1q3 — 6quz)_1 - de
 Cays
4 =2(q2q3 + %‘h) 2/}’ @)
(z =2[(q + 3:2) — 1] 2 — g — =&

D. Rotational Motion of Quadrotor

Applying Newton’s 2nd law of rotational motion to a fully
actuated quadcopter, the net torque in the BF is expressed as:

Z T = ](1 - (UZ: U3' U4 ) gyro - Maero (8)

where @« = [p ¢ 7]7 denotes the angular acceleration in BF,
U, Us, and Uy are the control moments for roll, pitch, and yaw,
respectively, Mgy, is the gyroscopic moment, and M, is the
aerodynamic frictional moment given by [18]:

{ngyro = ]pqgr ©)
Mygyro = ]pp-Qr

Mgero = Cqw (10)
where J, is propeller's inertia, 2, = —2; + 0, — 05 + (2,

represents the net propellerangular velocity of the propellers,
Ni(i = 1,2,3,4) denotes the angular velocity of each
individual propeller, C, is the aerodynamic coefficient, which
depends on air density, and w represents the angular velocity of
the quadrotor:
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W=
]_1([U2' U3’ U4]T —wX Uw) - ngro - Maera) (11)
where J is:
Jox 0 0
] =10 ]yy 0
0 0 Jg

andw =wii =[P q 7] represents the Euler angular rates
in quadrotor BF.

Substituting (9), (10), J, and o into (11) yields the
rotational dynamics for a quadrotor:

(p="u y Uzt Jp oo CapPp
[ g 2 Jxx o T

. 1 Uzz—JxdpT | ] Caqd
4q=_U3+%+_prr_i (12)
| Iyy Jyy Tyy Tyy

.1 - C

| r=—U+ Uxx=Jyy)P4._ Carr
]ZZ ]ZZ ]ZZ
The description of dynamics in IF was:

Go =% (Pqr + qq2 + 7qs)
G1 =% (@qo+ rq2 = qs) (13)
G2="(qq0 + pqs — 7 q1)
Gz =% (rqo + qq1 — pqz)

The overall dynamics governing quadrotor flight can be
expressed as shown in (14). The subsequent control allocation
equation (15) was derived from the relationship between the
propeller rotational speed and the generated torque:

. U CaxX
¥ =2(q:193 — %‘h);l__‘:nx
.. Uy Cayy
V= 2(0245 + 4oq1) -+ — 2>
.. 2 2 Uy CdzZ
Z=2(q" +q3) -1 -9 ——=

) = LUZ + (fyy‘/zz)qT _ ]_p o Capp

P Jxx T T Jax
. 1 - C
1 Gg=—U;+ Uzz=Jxx)PT + I_ppnr _Caqq (14)
Jyy Jyy Jyy Jyy
pm Ly, 4 Ul carr
]ZZ ]ZZ ]ZZ

do = %2(pq1 + qq2 + 7q3)
41 = %(pqo + 142 — qq3)
4z = Y2(qq0 + pqs — 7q1)
4s = Y2(rqo + qq1 — Pq2)
The motor control allocation is expressed as:

_ U, U, Us  Ug
M = \[4-tf +4th +4tfl 4cd

| u? U3 U,
1, = \/4tf 4tfl + atfl ¥ rea

4 (15)
\/Ui U2 Us U,
D= |- —-= -
atf  Atfl  4tfl  4cd

_|u u, U3 U,
2. = \[4tf + atfl  atfl ¥ 2ed

where ¢ is the distance between the rotor center and the
quadrotor, #fis the thrust factor, and cd is the aerodynamic drag
coefficient. To convert the quaternion to Euler angles, we use
[19]:

@
gl =
%
arctan 2(2(qoq1 + 4293),90° — q:* — q2> + q5%)
arcsin (2(qoq2 — q391) ) (16)
arctan 2(2(qoqs + 9192),90° + 91> — ¢2° — q5°)

The model settings used to implement (14) were: solver
type was fixed step and solver was discrete (no continuous
states, sampling time was set at 0.002 s, and simulation time
was set at 10 s.

III. DESIGN OF CONTROLLER FOR QUADCOPTER

Although quadrotors are equipped with four rotors, their
translational dynamics are not fully actuated. This implies that
the control input is insufficient to directly manage the six
degrees of freedom. To overcome this limitation, the system
utilizes control inputs which are virtual, as shown in [20]:

Uy = 2(9193 — 9092) Uy — Cax
Uy = 2(9293 + q0q1) Uy — Cayy (17)
U, = 2[(q0* + q5*) — 1]U; — g — Cy,2
The variables Uy, Uy, , and U, represent the virtual control
inputs that govern the quadrotor’s translational motion along

the x, y, and z axes, respectively. Accordingly, the translational
dynamics of the quadrotor can be expressed as:

(3 — Ux
X =
LUy
Qy—m (18)

For the design of a 2nd order controller, the rotational
dynamics of the quadrotor were reformulated in terms of
quaternions using the small-quaternion approximation. The
relationship between quaternion derivatives and angular rates
can be written as:

P[]
a|=2|d (19)
L g

Hence, accelerations are expressed as:

12 _qil_
q|=2 P (20)
7] 13

Now, the 2nd order rotational dynamics for a quadrotor
using the quaternion approach is:
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( . 1 U, + (/yy—]zz)qr _In _ Cap P
[ =72 Jx Jex T Jax
. 1 Uzz=Jxx)Pr T Caqq
4q2=_ 3+%+_p Qr_ aq (21)
| Jyy Jyy Jyy Jyy
Uxx=Jyy)pa _Carr

Gy =7-Us+
k ]ZZ

A. Position Controller Design

]ZZ ]ZZ

The overall controller framework integrates both position
and attitude controllers along with control inputs that are
virtual, as illustrated in Figure 2. The position controller was
designed following these steps:

1. Define the desired trajectory of the quadcopter:

ey xq —x7 |éy Xy — X
[ey = [yd - 3’], eyl = [y'd —5’] (22)
e, zq— 2] |é, Zyg—Z
2. Construct a sliding manifold that represents errors of the
quadcopter:

oy = Ayey + ¢y éy (23)

{O'X = Agey + cxéx
o, = Ae, + c,é,

% X position Virtual Qe a; U,
(‘]—' ) ASTSMC [ { }— —
Control i ASTSMC
Input q,
Y position Convert | ' Us | Plant
Yo '@* ASTSMC 1 o C ASTSMC B
Yy Desired b q u
Zipesition Quatern | Gad —O AST\;MC may
24 — =
ASTSM
STSME ions u,
z |
93
Pq
Fig. 2. General UAV quadrotor control architecture.

B. Super-Twisting Sliding Mode Controller Design
The STSMC is formulated as:

Ug = —ay/|a| sign(o) — v (24)

with the auxiliary dynamics defined as:

V= (g) sign(o) (25)

The total control input for the quadcopter is obtained by
combining the equivalent control law and the super-twisting
control law as:

U=Ugqu+ Uy (26)

where U,qy, is the equivalent controller and Uy is the super-
twisting controller. Once the sliding surface has been defined,
the equivalent control law is formulated to ensure that the
system remains in sliding mode during operation by enforcing
0x= 0y= 0, =0. The virtual controllers U,, u,,U,, which

correspond to control inputs along the x,y, and z axes of the
quadrotor, are expressed as:

() ex + %~ axy/Tondsign(@) - v,
[0, = @), + 52 ay flonlsignton - @D
| v

k U, (k) e, + zg — az/lo,lsign(o,) — v,

Cz
where a and f denote the positive super-twisting control gains,
and v = (g) sign(o).

Proof: The Lyapunov function is defined as a positive
scalar function [17]:

Voo = %o'o (28)

(U,
|

To ensure stability, the control law must satisfy:
V(z) <0 and V(z) > 0

The controller (Figure 3) is responsible for ensuring that the
desired trajectories are met by regulating the quadcopter’s
position along the x, y, and z axes. The virtual control defined
in (27) is used to compute the desired quaternion values. When
the quadrotor states x, y, and z converge to their references, the
sliding surfaces o, = 0, g, = 0, and o, = 0 are satisfied. At this
stage, the designed controller ensures that the actual values
track the desired positions. The corresponding quaternion
values for the desired orientation can be derived from the
virtual control inputs:

U= JU2+ U2+ (U, + mg)? (29)
"
Joa = %\/UZ;#— 2sin2(P) +1
P,
o= i (25) Uy + L, [ )y
(30)

L)

sin(%)ux—%uy T sin?(F) 41

q2d=

Uz+mg+U;
s = sin (%)
2
B e, PSO Adaptation
Sei=H] . law for
X P STSMC
Xq _’@kex | sliding
surface
Super U, —
T
Twisting
Y . — Uy —| Plant
o sliding mode
Ya e - sliding
” | surface control U, —=
z
y . algorithm
e, 7
Z sliding
z surface
Fig. 3. Quadrotor position controller.
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C. Attitude Controller Design

Figure 4 presents the diagram of the attitude controller
designed to regulate the attitude of the quadrotor and ensure
that it tracks the desired reference. The controller generates
control input signals by utilizing the reference inputs obtained
from the conversion blocks. The attitude controller also follows
the same design steps as the position controller.

al € PSO Adaptation
€ "L law for
qj STSMC
alq ey —1 sliding
surface
Super U, —
T
al Twisting
@ . —— Us —| Plant
o sliding mode
2 e o sliding
Qzy 'q2
surface control -y, —
q2 . / algorithm
e
o Qs
93, sliding
3 surface
Fig. 4. Attitude controller for quadrotor.

1. Define attitude errors:

€q1 Gia — Q1
€q2| = (924 — 92 31
€q3 q3a — 43
3. Define attitude sliding surface:
Oqg1 = Aq1€q1 + Cq1€q1)
Oq1 = qu €q2 T quéqZ' (32)

O = Aq3eq3 + 43643

Theorem 2: When the quadrotor attitude system (14) is
designed using PSO-optimized sliding surfaces (32), the
tracking errors of the closed-loop system defined in (31) can
asymptotically converge to zero.

Proof: The Lyapunov candidate function is defined as [17]:
Vpo= %o'o (33)
with the condition that Vy; > 0. To ensure stability, the control
law must satisfy V(q1) < 0.

Now, attitude control laws are:

v = (<20 flowlnon) +v0 =20 ) -

(]yy _]zz)qr +]tq-(2r + Cap p

Us = ]CYTZ (—Zaq2 |oq2|sign(oy2) + V42 — quq> -

(]zz _]xx)pr _]tpﬂr + Caq q

U, = Z—Z(—Zaq3 “aq3|sign(aq3) + V45— Aq3r> -
(]xx _]yy)pq + Car r
D. Gain Tuning for Sliding Surface Parameters

(34)

PSO is simple to apply, less computationally intensive, and
a time-efficient method for adjusting the controller gain

compared to other optimization techniques [21]. Owing to
these benefits, PSO was employed to tune the gains for the
position and attitude controllers.

E. Fitness Function

To quantify the optimization performance for quadrotor
trajectory tracking, a performance index known as the fitness
function is used. This index function is the Integral Time
Absolute Error (ITAE).

The fitness function used in tuning position gains is:
ITAE = ["(lex| + |ey| + le,[)t dt (35)
The fitness function used in tuning attitude gains is:
ITAE = ["(|(eqn)| + |eqz| + |egs|)t dt (36)

The PSO parameters used during tuning for the attitude and
position controller gains are listed in Tables I and II.

uba =
[100 100 100 100 100 100 100 100 100 100 100 100]

lba=[000000000000]

ubp = [100 100]

lbp =0 0]

Vmax = L, Vmin = 0.1, Cuax = 2, Cpin = 2

where uba and [ba are the upper and lower attitude bounds
respectively, ubp and Ibp are the upper and lower position
bounds, and Vpgyx, Vmin, Cmax, aNd Cpyip are the maximum and
minimum particle velocity and accelerations, respectively.

TABLE L. PSO PERFORMANCE FOR DIFFERENT NUMBER

OF PARTICLES IN ATTITUDE GAIN TUNNING

. . . 1st iteration 100th iteration
Nop | Iteration | Time (min) GBEST GBEST
15 100 30 10.4968 7.6663
30 100 86 10.3755 7.5522
45 100 105 8.5419 7.6493
60 100 136 8.5953 7.4569
75 100 167 8.0127 7.6575

TABLE IL PSO PERFORMANCE FOR DIFFERENT NUMBER
OF PARTICLES IN POSITION GAINS TUNNING
. . . 1st iteration 100th iteration

Nop | Iteration | Time (min) GBEST GBEST
15 100 38 64.1658 63.1375
30 100 60 70.6404 63.1375
45 100 67 63.6148 63.1375
60 100 93 63.5962 63.1375
75 100 105 63.5222 63.1375

Figures 5 and 6 show how the ITAE values change with
respect to the number of particle swarm size during attitude and
position controller gain optimization.
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10.0 — NoP =15 {a =a(o,0 t) 37
== NoP = 30 —_ T
NoP = 45 B=B(0,0dt)
9.5 m=== NoP = 60
w NoP = 75 IV. RESULTS AND DISCUSSION
< 9.0
E The simulation of the designed quadcopter model was
3 8s performed in the MATLAB/Simulink environment. The
£ quadcopter parameters used in the simulation are displayed in
8.0 " Table VI, and are adapted from [17].
7.5
h\‘& TABLEVL.  SIMULATION PARAMETERS
3 20 Num‘ﬁ’er i Iter:;o“s 80 100 Parameters Symbol Unit Values
Thrust coefficient ks N-s? 54.2 x 107°
Fig. 5. Attitude ITAE against number of iterations for different particle Drag factor d N-m-s? 1.1 x 10°®
swarm size. itati
W 174 Gravnathnal g m/s? 981
acceleration
71 ; e The length of the arm I m 0.24
70l 1 o= NoP = 30 of the quadrotor
1 NoP = 45 Mass of quadrotor m kg 1
69 : - ::: = :: Inertia around X-axis Jxx kg - m? 8.1 x 1073
468 : - Inertia around Y-axis Jyy kg - m* 8.1 x 1073
E ol Inertia around Z-axis J sz kg - m? 14.23 x 1073
£ | N e
E 8s : The simulation results created using Simulink give an
65| | insight into the performance of the designed controller; the
- 1 controller’s initial gains were first tuned using a PSO approach,
k then, controller gains were tuned in real time by adaptive laws
= of the ASTSMC. The designed controller was tested in
(] 20 40 60 80 100

Number of Iterations

Fig. 6. Position of ITAE against number of iterations for different particle
swarm size.

After PSO optimizations, the following parameters and
gains were obtained, as illustrated in Tables III-V.

TABLE IIL DESIGN PARAMETERS FOR ASTSMC

Parameters Values
0.01, 0.01, 0.01, 43.45, 34.21, 51.46

0.0002, 0.0002, 0.0002, 100, 0, 0.0426

Ay, Ay, Az, Qg1 Ag2, Ag3,

ﬂxs ﬂys Bzv quls lng’ 18173’

TABLE IV. DESIGN PARAMETERS OF ADAPTATION LAW

Parameters
W1,V 0

Values
0.0001, 0.01, 0.01, 2, 0.7

TABLE V.

handling parameter variations and disturbances without failing
to track desired trajectories. During all these simulations, its
performance was compared to a Back Stepping Sliding Mode
Controller (BSMC) [22] and conventional PID.

A. Parameter Variation Handling Capacity

To demonstrate the efficiency and robustness of the
designed controller in tracking the desired trajectories under
parameter variations, the following desired trajectories were
used: xd =1 — cos(t), yd =sin(t),zd =t, and psid =
0. The mass of the quadcopter was increased from 1 kg to 1.5
kg for the whole period of simulation. This indicates an
addition of 0.5 kg, equivalent to 50% in the quadcopter’s mass,
with inertia along the x, y, and z axes being kept constant.
According to Figures 7 and 8 and Table VII, the following
insights were realized.

DESIGN PARAMETERS FOR PSO SMC TABLE VIL ITAE AND CONTROL INPUTS DURING
PARAMETRIC VARIATION
Parameters Values
Ay AnCr Gy, 80, 80, 80, 1, 1, 1 ASTSMC BSMC PID
Ao Adc 100 ,83.4608, 100, 0.2351, 68.7297, X (m) 0.2681 0.006215 0.1897
a17az"a3 atmaz, a3, 32.0515 Y (m) 0.5251 26.14 1.74E-01
Z (m) 1.401 0.001363 3.76E-01
yaw error (rad) 0.4332 0 0
F. Adaptive Super Twisting Sliding Mode Control Design U MN) 9.98 8.202 10.23
Control structure of adaptive super twisting sliding mode U, (Em) 08'31120 8'336 03)8;1)‘1‘9
1. After that, super twisting control is considered: Lo Ao L= Y
control. » Sup g : Uy (Nm) 0.03108 0 0.00E+00
Ug = —a+/|olsign(o) + v .
st lﬁ Isign(o) The ASTSMC demonstrated remarkable parametric
v=- ;sign(a) efficiency, with only 58% degradation in X-tracking and 2% in

Gains for adaptations were adapted from [17]:

Y-tracking, compared to BSMC, which had a catastrophic 97%
Y-axis failure under 50% mass uncertainty. This 48.5 time
improvement in Y-tracking validates the adaptive super-
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twisting mechanism's ability to compensate for model
mismatches in real time. While PID achieves superior X-axis
performance (40% degradation), it suffers from 21% Z-axis
deterioration versus the ASTSMC's exceptional 79% Z-
tracking retention. The 100% yaw error in the ASTSMC
indicates conservative tuning, which prioritizes position control
over orientation, as an acceptable tradeoff for trajectory
tracking missions. The ASTSMC achieves a 65% reduction in
thrust demand (U;) compared to PID's 36%, demonstrating
superior energy efficiency, which is crucial for battery-powered
UAVs. The adaptive gains maintain Uz, U3, and Uy torques at
47%, 15%, and 100% of the nominal values, avoiding actuator
saturation, while BSMC demands 52-61% torque increases,
risking hardware limits. The adaptive nature of the ASTSMC
ensures parametric invariance with minimal control
expenditure, outperforming fixed-gain controllers by
simultaneously achieving tracking accuracy and energy
optimization, which are significant for robust autonomous

flight under model uncertainties.

2 N § > - ]
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B. Disturbance Rejection Capacity

During this time, the mass of the quadrotor was maintained
at 1 kg, then a disturbance of d =1 — cos(t) was applied
through all simulation times for x, y, z, and yaw dynamics, then
we tested to see how the proposed controller could track the
desired trajectories, xd =1 — cos(t) , yd =sin(t),zd =

t, psid = 0. With reference to Figures 9 and 10 (a-d) and
Table VIII, the following insights were revealed.

TABLE VIII. ITAE AND CONTROL INPUTS WHEN
DISTURBANCE IS APPLIED TO QUADROTOR
ASTSMC BSMC PID
X (m) 3.968 11.26 0.4989
Y (m) 3.513 45.35 0.6096
Z (m) 3.002 11.34 0.4357
yaw error (rad) 0.01466 0 0
U; (N) 8.904 8.202 10.21
U, (Nm) 0.12 0.1693 2.1
Us; (Nm) 0.12 1.647 0.04235
Us; (Nm) 0.1082 0.3986 0
G . = X-ASTSMC . i
@ g HE de T A\
A SARY ARVA
2 f LY i £ o WV /4
&/ LA H )
o5 f % £ 05+ —-ASTSMC
/ 3 x
o ‘):. f‘. A ‘."' = .is:;\nc
(3% /-’ 4 (d) 0.04 __-"w,_‘
© 3 ~ g o iy
R |2l I £ b ; <
€ 3 35 4% 8 of : 8 {
] - oo e & X H % 3
E ,—"'P' -isam g-n.nz "-_ _: — = yaw PID L3 _-'
J’Dl" Z.Desired = i _‘-. :: - .?::i_:g IEMWC ._1 ;
~ e « =+ yaw-BTSMC s
-0.06
2 L 1 0 2 4 [ ) 10

4 6
Time (seconds) Time (seconds)

Fig. 9. Position trajectory tracking (a, b, c¢) yaw tracking (d) with

disturbance rejection.
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Fig. 10.  Quadrotor control inputs during disturbance rejection.

The ASTSMC achieves superior disturbance rejection with
an X-tracking ITAE of only 25%, Y-tracking at 7%, and Z-
tracking at 20%, despite continuous time-varying disturbances.
In contrast, BSMC suffers catastrophic 72% X-axis and 92%
Y-axis deterioration, demonstrating inadequate disturbance
compensation.  Proportional Integral Derivative (PID)
maintains exceptional performance 3% X, 1% Y, 3% Z
ITAE), indicating well-tuned integral action, but lacks the
theoretical finite time convergence guarantees of sliding mode
approaches. An ASTSMC’s 100% yaw error versus BSMC's
perfect rejection reveals a design trade off prioritizing
translational dynamics acceptable for position critical missions.
The ASTSMC demonstrates remarkable efficiency, with 33%
thrust reduction (U; = 8.904 N) compared to PID's 37%
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increase (10.21 N), achieving 2.5 times better fuel economy.
The super twisting algorithm maintains smooth torque profiles
Uz = 5%, Us = T%, Uy = 21%) without chattering, while
BSMC demands excessive U spikes (1.647 Nm, 91%
increase), risking actuator saturation and mechanical wear.
Thus, an ASTSMC's adaptive disturbance observer embedded
within the super twisting structure provides optimal balance:
efficient disturbance attenuation with minimal control
expenditure, outperforming classical PID in energy efficiency
while maintaining comparable tracking precision.

V. CONCLUSIONS

Quadrotor Unmanned Aerial Vehicle (UAV) trajectory
tracking is challenging due to highly coupled nonlinear
dynamics, parametric uncertainties, and external disturbances.
Conventional controllers, such as PID, lack robustness under
model mismatches, whereas classical Sliding Mode Control
(SMC) suffers from chattering and difficulties in manual gain-
tuning. The present research addresses these limitations by
developing a Particle Swarm Optimization (PSO) tuned
Adaptive Super Twisting Sliding Mode Controller (ASTSMC)
based on a quaternion dynamic model that captures unmodeled
aerodynamic effects and avoids gimbal lock.

The proposed PSO-ASTSMC achieved remarkable
performance improvements: a 27% reduction in attitude errors,
a 9% enhancement in position accuracy, and a 28-30%
decrease in combined tracking error and control effort. Under
50% parametric variation (1 kg-1.5 kg mass increase),
ASTSMC demonstrated exceptional efficiency, with only a 2%
Y-axis degradation compared to back-stepping SMC's
catastrophic 97% failure, representing 48.5 times superior
performance. The controller achieved a 65% thrust reduction
versus PID's 36%, ensuring an energy-efficient operation,
which is critical for battery-powered UAVs.

For disturbance rejection under continuous d = 1 - cos(t)
forcing, the ASTSMC maintained 25% X-axis, 7% Y-axis, and
20% Z-axis degradation, whereas the Back-Stepping Sliding
Mode Controller (BSMC) collapsed with 72-92% deterioration.
The adaptive super twisting mechanism eliminated chattering
while maintaining smooth torque profiles, preventing actuator
saturation.

This work's novelty lies in synergistically combining PSO
optimization with adaptive super twisting control on a realistic
quaternion model, achieving parametric invariance, finite time
convergence, and superior disturbance attenuation with
minimal control expenditure, establishing a robust framework
for autonomous flight under model uncertainties and
environmental disturbances.
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