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ABSTRACT Quadrotor systems are becoming increasingly popular in various applications due to their
maneuverability and versatility. Controlling these systems accurately is crucial to ensure stability and safety.
This research paper proposes the implementation of two advanced controllers with integer and fractional
order quadrotor systems. The purpose of the study is to enhance the control performance, robustness,
and accuracy of the quadrotor system, and to highlight the potential of the proposed approach in modern
control engineering. The researchers used simulation studies in MATLAB to verify the effectiveness of their
approach. The results demonstrate that the implementation of Sliding Mode Control (SMC) and Fractional
Order Sliding Mode Control (FOSMC) with the fractional order quadrotor system outperforms the traditional
integer order quadrotor system in terms of control performance, robustness, and accuracy. Overall, the study
highlights the potential of fractional order modeling and fractional order control techniques in improving
the performance of quadrotor systems, which has significant implications for the advancement of modern

control engineering.

INDEX TERMS Quadrotor model, sliding mode control, fractional order sliding mode control.

I. INTRODUCTION

Unmanned Vehicle Systems (UVS) are important for differ-
ent areas nowadays because they can be controlled and oper-
ated remotely without human interference. UVS is a research
key because of the increase in demand of remote sensing
and control in wide range of applications such as scientific
surveys, traffic surveillance, transportation aids, and inspec-
tion in addition to operation in harsh environments [22].
UVS have various configurations, characteristics, shapes and
sizes which will be reflected on system dynamics [23]. The
development in miniaturization of UVS offers high potential
effort for small size and low cost of UVS compared to manned
applications especially in certain applications. Rapid growing
of UVS comes with promising future because of its size, cost,
construction simplicity and maneuverability [13], [33].

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiwang Dong.

In order to design a controller for UVS, accurate mod-
els are needed to reflect system dynamics either by precise
modelling or real time identification. UVS have a framework
of rigid body dynamics and can be described by a set of
differential equations using Euler-Lagrange.

In recent years, the exact model in many real systems has
been shown to be more precise with fractional differential
equations like viscoelastic systems [2], [28], electromagnetic
theory [8], [15], economics [38], [39], and mechatronics [34].
In certain cases, dynamic fractional order equations are used
to present several real systems. Over the last two decades,
fractional system models were widely explored [1], [5], [14],
[19], [26], [32], [35]. Thus, the conduct of too many exist-
ing systems, like viscoelastic systems, has been shown to
be more reliable by fractional orders differential equations.
In addition, Fractional systems were used widely in various
scientific fields as successful approaches for modelling phys-
ical processes in the real world. In [3], non-integer systems
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for the explanation of long memory and inherited prop-
erties of complex phenomena have been investigated over
the past years in various fields, including energy fuel [20],
imaging science [42], biomedicine [19] and accident inves-
tigation [18]. A major example of fractional order systems
is vibration systems that have many implementations in the
industry and they are modelled by fractional order equations.
According to [9], vibration systems with fractional order
differential equations can be more accurately modelled and
controlled. Up to date, numerous studies were carried out to
explore the vibration system fractional order control [9].

The quadrotor is an unmanned aerial vehicle (UAV) that
moves vertically to take off and land. Numerous research and
studies have been conducted in recent years to model and
regulate Quadrotors, see for example [45], [46], [47] and the
references therein. Quadrotor UAVs are widely employed in
a variety of applications due to their numerous advantages
such as speed, smoothness, small size, and environmental
friendliness [23].

Reference [7] introduced the use of PID and LQ control
schemes on an indoor micro quadrotor, and it was discovered
that these two types of controllers performed comparably and
were capable of stabilizing the quadrotor’s attitude around its
hover position when subjected to minor disturbances [6].

Sliding mode control (SMC) consists of an algorithm that
is fundamentally resilient in parameter, nonlinear, external,
and insecure adjustments. It is introduced where the robust-
ness criterion in driving systems is highly necessary in the
face of strong uncertainty [22]. Backstepping is an iterative
control approach that works on both linear and non-linear
problems [21]. In a more recent paper, [25] and [43] proposed
the use of backstepping and sliding-mode nonlinear control
methods to control the quadrotor which gave a better perfor-
mance in the presence of disturbances. Reference [11] pro-
posed developing controllers that can stabilize the quadrotor
in an outdoor environment, they compared the performance
of an integral sliding-mode controller vs. a reinforcement
learning controller and they reached a conclusion that both
controllers were able to stabilize the quadrotor outdoors with
improved performance over classical control technique.

In the field of rotor aircraft, different methods of
typical control like PID and backstepping have been imple-
mented [11], [16]. The attitude control systems were
separated and defined as a first-order plus the lag time sys-
tem and then the VTOL UAV fractional PI and [PI] flight
controller design method [31]. The authors in [41] devel-
oped an autoregressive exogenous input (ARX) model to
regulate VTOL UAV’s pitch loop and converted them to
FOPTD (first order plus time delay). In [41] proposed a
sliding fractional order mode control method with an effec-
tive attitude controller which has a greater degree of free-
dom to achieve desired performance. Using Black—Nichols
approach to control the quadrotor‘s position and attitude by
implementing new approach of fraction order PI” D* [29].
In order to minimize the chattering and maximize the robust-
ness of the dynamical response of UAV quad-rotor model,
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a fractional-order backstepping sliding mode control tech-
nique is implemented [36].

As represented in [29], sliding-mode controllers were
used with fractional-order derivatives to theoretically miti-
gate chatter impacts. In [10], it was stated that a fractional
order disruption observer could approximate the disorder, and
anew fractional order sliding mode controller on the observer
basis was recommended to minimize the chattering effect and
monitoring errors. The authors in [40] proposed an adaptive
SMC, including a slide surface with a fractional order integral
part and a switching form with a less discord, means has
less chattering. As shown in [4], to stabilize an uncertain
non-linear fractional system, a sliding integral surface was
formulated. In [44], two suggested approaches implemented
integral fractional order sliding surface and various reaching
laws to decrease the reach time and increase system perfor-
mance. The SMC of fractional order nonlinear systems can be
built using two methods, as shown in [17], [30], and [37]. The
first relates to a class of fractional nonlinear systems, while
the second applies to nonlinear systems of both fractional and
integer order. The second strategy, which was outlined in [17],
will be used in this research.

The primary objective of this work is to develop and see
the improvements obtained in transforming the dynamics
of a given nonlinear UAV system (transitional subsystem)
into a fractional order one by implementing four controllers,
SMC for integer and fractional UAV models, and FOSMC for
integer and fractional UAV models.

The motivation for the research article that presents a
novel approach to control both integer and fractional order
quadrotor systems is to address the challenges associated with
controlling these complex and non-linear systems. Quadrotor
systems are widely used in various applications, such as aerial
photography, search and rescue operations, and surveillance.
However, they exhibit complex and non-linear dynamics,
which pose significant challenges for control engineers.

The traditional integer-order control approaches may not
be effective in controlling quadrotor systems due to the com-
plex and non-linear dynamics. Fractional calculus provides a
more accurate and comprehensive representation of quadro-
tor systems and their behavior. Therefore, the research article
proposes a novel approach that utilizes two advanced con-
trollers: Siding Mode Control (SMC) and Fractional Order
Sliding Mode Control (FOSMC) to control both integer and
fractional order quadrotor systems effectively.

The results of the study demonstrate the remarkable effec-
tiveness of the proposed approach, as the implementation of
SMC and FOSMC with the fractional order quadrotor system
results in enhanced precision and robustness. The proposed
approach has the potential to push the boundaries of modern
control engineering and contribute to the development of
more efficient and reliable control strategies for quadrotor
systems.

This paper is organized as follows: Section II, briefly
summarize the fractional calculus used in this paper. The
modeling of the 6-DOF quadrotor system is presented in
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Section III. Section IV subsequently goes through the prob-
lem statement. Section V presents the primary results: the
SMC and FOSMC designs, as well as the stability analyses.
Section VI depicts the simulation results and discussions,
with Section VII delivering a conclusion and future work.

Il. PRELIMINARIES

In this section, some insights to the fractional calculus which
we will employ in our research are given. The adoption of
the Gamma function is the first step in fractional calculus.
The Gamma function, which is an extension of the princi-
ple of factorial numbers, is a significant special function in
fractional mathematics. According to [47], the following is
the function’s general definition and what is indicated by the
notation I'(y) :

Ty = / T ar (1
0

The Caputo fractional derivative operator, employed in
fractional-order dynamic equations, is defined using the
Gamma function as follows [9]:

wropy - A CD
PO T / o et
O<nez @

where n — 1 <o < n.

Itis worth noting that there are various definitions available
for fractional order derivatives. Because the initial conditions
for the fractional order differential equations with the Caputo
derivatives are the same as for their counterparts in integer-
order, the Caputo fractional derivative is more frequently
utilized than other derivatives to describe the fractional order
models. Thus, itis more typical to define the differential equa-
tions of fractional order using the Caputo fractional order.

lll. MATHEMATICAL MODELLING OF UAV QUADROTOR
The quadrotor consists of four spinning propellers powered
by four-dc engines that control vehicle motion. The quadro-
tor’s position depends on the Euler angles, which are the
angles of Roll (¢), Pitch () and Yaw ().

Rotors (1, 3) and rotors (2, 4) rotate in various ways to
negate the moments produced by each other, as shown in
FIGURE 1. The rolling velocity can be accomplished in
the x-axis direction of the vehicle by increasing the angular
momentum of the second rotor and decreasing its angular
velocity by maintaining the entire rotation steady. Likewise,
the pitch velocity along the y - axis is accomplished by
increasing the third rotor angular velocity and reducing the
first rotor angular velocity. And the motion of the yaw along
the z-axis will increase the rotor velocity (1, 3) and reduce
the rotor’s velocity (2, 4). Also, the system consists of two
frames (R” and R™) as shown in FIGURE 1

We will make the following assumptions:

e The quadrotor structure is rigid and symmetrical.

e The propellers are rigid.
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Thrust and drag are proportional to the square of the pro-
pellers speed

Under these assumptions, it is possible to describe the
fuselage dynamics as that of a rigid body in space to which
come to be added the aerodynamic forces caused by the
rotation of the rotors. Using the formalism of Newton-Euler,
the dynamic equations are written in the following form:

E=v
mé = fi +f; +f; 3
R=RS ()

JQ=—-QNQ+Tp —T,—T,

See [25], to obtain more details of the derived dynamic
equations (1). Table 1 explains the meaning of each
parameter.

As a result, the following equations (4) and (5) are the
whole dynamic model that governs the quadrotor, [12]:

¢ =a1yf + b1Q2,0 + c1¢? + d1 Uy
0 = ayyr g + b22,¢ + c20% + daUs @)

¥ = a3¢f + b3y + c3Uy
X = asX + ba( cypsocy + spsy)Up
y =asy+ bs(cysosy — Spcy)U1 5

7 =aecz— g+ be( cpco)Ui

where,
I I J K
a =R _E o= o= - 2
lIXX I)C)C I)C)C
d=—,;
Ly
I Vi J K
=2 = 2= L
; Iyy Iyy Lyy
= —;
- K d
a3 = xx[ yy;b3=—£§ C3=1— (6)
K;z 1 Z 2Z
ag=— —; by =—
m m
K, 1
as = — —2 ;b5 = —
m m
K 1
ag = — —; by = —
m m
2, =w; —w) + w3 — w4

The inputs for the quadrotor system are combinations of the
rotors’ speed (w), which in this case is U; to control the
altitude (z), and (U,, U3 and U3) to control the angles (¢,
0 and ), respectively. U, and U, are the virtual inputs that
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FIGURE 1. Quadrotor dynamic.

Quadrotor Dynantics

FIGURE 2. Quadrotor system controllers block diagram.

control quadrotor positions. All inputs are written as follows:

U, b bbb\ [w?

Uz| | 0-b0b |[e?

Us| |-bobo |]|ws?

U, d —dd—d/) \w4? ™
Ux = CpSeCy + SeSy
Uy = cpsosy — spCy

where c()= cos () and s()=sin ()

FIGURE 2 shows the quadrotor block diagram with all
system controllers. The controller blocks in the block dia-
gram may include any type of control method, whether
linear or nonlinear. All controller inputs are errors con-
nected to some of the quadrotor states and provide an out-
put that is either one or more control inputs U; through
Uy or g and 89 with Uy and Uy if it is the position
controller.

IV. PROBLEM STATEMENT
A. INTEGER ORDER QUADROTOR SYSTEM

The quadrotor model in (4) and (5) can be recast in
integer-order state space form as follows:

X=FX)+GX,U) ®)
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, x12]7 is the system state vector such as:

X=[p,¢9.0,0,¢,¥,x,%,y,5,2,%

The following state representation is obtained from (8)
and (9):

where X = [x1, ...

X2 = ajxaxe + b12,x4 + c1x00% + diUs
X3 =x4

X4 = apxpxe + by §2.x0 + CQX42 + drUs

X6 = azxaxy + bxg> + c3U

. (10
X7 = X3

xg = agxg + baU, Up

X9 = X10

X10 = asxi0 + bsU, Uy
X11 = x12

X12 = aex12 — & + be( cyc)Uy

B. FRACTIONAL ORDER QUADROTOR SYSTEM
As an illustration of obtaining a fractional order system for
integer one, assume the following dynamic system:

MY(t) + CY(t) + KY(t) = f (11)

where Y = [y1,y2, .....ya]’ € R" is the displacement
vector and M € R"™*" is the mass matrix and C € R" is the

Damping matrix and the stiffness matrix is K € R" and
finally, f € R" represents the input vector.

As shown in [9], this system can be transformed into a
linear pseudo state space fractional order system as follows
with fractional order, o = 0.5:

Firstly, taking the state variables as:

Y1) = y()

y2 () =D*y (1 12)

y3(t) = y(7)

ya(t) = D'2y(1)
Hence, (11) can be rewritten as follows using (12):
D%y, (1) 0 1 0 0][yi® 0
D¥p@| _| 0 0 I 0||y® P
D%3y; (1) 00 0 1||y; 0
D™y, (1) —M~'KO-M"'CO | [ ya (1) I

(13)

Then, the linear fractional order system form is:

D*%y(t) = AY (t) + Bf

where,
0 I 0 0 0
0 0 I 0 0
A=1 g o o j|mdB=]|,
-M~k0-pM~1co I
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FIGURE 3. Rotational and transitional subsystems.

In this work, the transitional motion model of an
UAYV, equation (5), will be transformed into a fractional
order one, while keeping the rotational equations (4)
as integer. The following change of variables will be
assumed:

X1 =X
_ pos
3 =
X4 = D'x
(x5 =y
_ pos
;Cé ; y (15)
7 prmg
[ xg = D'y
X9 =7
— pos
Ho=ss (16)
X1 =2
x1p = D'z

Hence, based on the above equations (14), (15), and (16)
the translational equations of the quadrotor will be as
follows:

DSy, = xs
DO‘SXQ = X3
1 05 a7
D""x3 = x4
D0'5x4 = asx3 + ba U, Uj
D0‘5x5 = X6
D0'5x6 = X7
05 (18)
D" x7 = xg
{ D0'5x8 = asx7 + bs UyUl
DOSxo = x40
D%x19 = x11
1 05 (19)
D™"x11 = x12
D% x1p = agxi1 — g + be( cyco)Ui
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Finally, the whole partial fractional order system of the
quadrotor will be as follows:

X| =X

Xy = aixaxe + b182,x4 + C]X22 +di Uy
)53 = X4

Xy = apxaxg + b2 2 x2 + coxa® + dyUs
X5 = Xg

Xg = azxpxq4 + b3x62 + c3Us

D0'5xf7 = Xfg

D*xpg = xrg

DO'Sxfg =Xf10 (20)
DO.Sxflo = asxrg + by Uxf Uiy
DO'Sxfn =X

DO'Sxflz =Xf13

DO'SxfB =Xf14

D" xp, = asxf 3 + bsUy, Uy
DO'Sxf15 =Xf16

DO'SXfl() =Xf17

DO'Sxfn = Xf1g

D% xp g = axy 7 — & + be (cpco) Uy,

V. CONTROL DESIGN

The quadrotor system is a 6 DOF because it has six outputs
(p, 6, ¥, x, y, ) but it has only four inputs that can be
manipulated (U; , Uy , Uz, Us); hence it is considered
as a type of underactuated systems because the number of
controlled variables (outputs) is more than the number of
manipulated variables (inputs). Also, it can be observed that
the rotational dynamics do not depend on the translational
states; hence we can control the quadrotor attitude and head-
ing (angular states ¢ , 6 , Y) separately by implementing
three controllers (U, , Uz, U,) and form a rotational sub-
system as an inner loop. While, the outer loop will govern
the quadrotor system’s position by delivering the altitude
and position (translational states) with the controlled angles.
Because the system is underactuated, the quadrotor position
(x, y) cannot be driven directly. It can be controlled by manip-
ulating the roll and pitch angles (¢ , 6). As a result, the
position is controlled by specifying desired roll and pitch
angles (¢4 , 64) and applying them to their respective con-
trollers as shown in FIGURE 3

Define U, and Uy as,

Uy = CypSeCy + SySy 21
Uy = cypSoSy — SpCy

Solving (21) to obtain the desired angles ¢, and 6, as follows:

0q = sin_l[sdeX — ¢y, Uyl

. 1 (22)
64 = sin 1[—(c¢d Uy + sy, Uy)]
Cou
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TABLE 1. Quadrotor parameters description.

Parameters Description Units
£ Quadrotor Position with Respect to m
The Fame (R?).
Quadrotor Velocity with Respect to
v The Fame (R?). m/s
m Total Mass kg
Inertia Matrix with Respect To R™
J ] € R3¥3) P ( kg.m?
Q Angular Velocity Vector m/rad
S(Q) Skew-Symmetric Matrix m/rad
fr Resultant of Four Rotors' Forces N
£ Resultant of Drag Forces Along N
¢ X,Y,2)
fy Gravity Force m/s?
Ty Quadrotor Moment in R? N.m
Resultant of Aerodynamics
L Frictions Torques N.m
r Resultant of Torques Due to The N.m
& Gyroscopic Effects :
[x,v, 2] Integer Linear Position Vector m
[x 7] Fractional Order Linear Position m
£ Yr % Vector
[o,6,9] Angular Position Vector rad
[Lexs Ly 172] Inertia Moment Vector kg.m?
[Kfx, Kry, Kp;]  Rotational Drag Coefficients N/rad/s
[Kix Kiy, K] Linear Drag Coefficients N/m/s
Jr Rotor Inertia Moment N.m/rad/s?

A. SLIDING MODE CONTROL DESIGN (SMD)
In this section, we will develop an SMC employing the tech-

nique stated in Efe [17] and it was chosen due to its significant

advantages, which include guaranteeing Lyapunov stability
(LF), robustness, and addressing all system nonlinearities.

79828

1) SMC FOR INTEGER ORDER QUADROTOR SYSTEM
Define the sliding surfaces as in (23)and the Lyapunov func-
tions as in (24).

S = {kil (xi1 = xG—1)a) + ki (xi — xia) » (23)

ief{2, 4,6, 8,10, 12}

where k is a positive constant vector (k7 € R"), and x, is the
desired vector state to be tracked.

1
Vi= [5512 ,ie{2, 4,6, 8, 10, 12} (24)

From (23), we can define the sliding surfaces in terms of the
states of the quadrotor as follow:

[Sy =82 = ki (x1 — x10) + ka2 (X2 — X24)

Sg =S4 = k3 (x3 — x34) + kg (x4 — X4q)

| Sy =S¢ = ks (x5 — x54) + ke (X6 — X6q)

Sy = 88 = k7 (x7 — x74) + kg (x3 — x84)

Sy = 810 = ko (x9 — x94) + k10 (x10 — X104)
Sz = S12 = k11 (x11 — x114) + k12(x12 — X124)

(25)

To guarantee that the proposed sliding surfaces are stable,
the requisite sliding condition (SS < 0) must be satisfied.
Using the proposed sliding surface, the control laws will be
as follows:

1
Uy = ————[—qzsign(S;) — k;S;
ki2bgcyco
—k12 (a6X12 — 8 — X12q) — k11 (x12 — X110)]
U, = Tod —[—qysgn (Sw) —kySy

—ka (a1xaxe + b1 Qx4 + c1x2* — xéd)
—ki (xz —X1a)]

Us = ﬁ[ qosign (Sp) — ko Sp

—ky (a2x2x6 + 29232 + coxs® — 564(1)

| —k3 (x4 — X34)]
Uy = [ qysign(sy)
= ——[—qysign
4 ke qyS1g v

—ke (@3x2x4 + b3xe® — )'Cﬁd)

—ky Sy

—ks (x6 — X54)]
1
_ 26
U, = ksbal [ qxsign (Sy) — kxS (26)
—kg (a4xg — xgd) — k7 (xg — X74)]
[ qyszgn( ) kyS)y

— ko (x10 — Xog)]

1

U, =
Y7 kiobsU
—ki0 (asx10 — X10d)

where (qz, 4o, 4o, Gy, qx. qy) and(kz, ko, ko,
ky, ke, ky) >0

Proof of (26):

The altitude sliding mode controller (ASMC) is developed

to track a reference trajectory zz. From (10), the altitude
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dynamic is:

= 27
X12 = agx12 — g + be( cyco) U

And the altitude sliding surface from (25)is:
Sz = S12 = ki (k11 — x112) + ki2(xi2 — x124)  (28)
Now, taking the 1* derivative of (S;) would result:
S. = —q.5gn (S;) — k.S, (29)

where — (gq;sgn (S;) + k;S;) represents the discontinuous part
that satisfies the reachability condition.

ki1 (xi1 — x11q) + k12 (xi2 — x12¢) = —qz5gn (S;) — kS,
(30)

Substituting the altitude dynamic equations (x1; and xi2)
implies,

ki1 (x12 — x11a) + ki12(aex12 — g + becyco Ut — x124)
= —q.58n (S;) — k;S; (31)

Therefore, from (31) the sliding control law of altitude, U,
will be calculated as follows:

Ui [—q.sign (S;) — k;S;

- k12bscyco

—k12 (asx12 — g — x124) — k11 (x12 — x110)]  (32)
To ensure stability, a Lyapunov function is applied as a pos-
itive definite function, and its rate must be negative definite

or semi-negative definite.
From (24), the altitude Lyapunov function is defined as:

1o
V.=V = ESZ (33)
Taking the 15 derivative as:
V,=Vip=8.S5,
V.= Via =5 [kn (x12 — X114) (34)
+ k12 (asx12 — & + becyco Ut — X124)]

Now, substitute (U1) and simplify the result,

V.=V =855,
V.=Vip =S, [kii (12 — X110)
+ (—qzsign (S;) — kzS; — ki1 (x12 — X11a))] (35)
V. =Via =S, [—qusign (S;) — k:S:]
Vo=Vip = —q:IS.| —k.S; <0
which is negative V ¢, since g, , k;, > 0

The same procedures are followed to compute U, , U3 ,
Uy, Uy and Uy and test their stability by Lyapunov functions.

2) SMC FOR FRACTIONAL ORDER QUADROTOR SYSTEM

The sliding mode control (SMC) approach has been widely
used for controlling nonlinear systems. In recent years, there

VOLUME 11, 2023

TABLE 2. Quadrotor parameters values, [12].

Parameter . .
Symbol Description Value Units
Acceleration due to 2
g gravity 9.81 m/s
m Quadrotor Mass 0.486 Kg
Quadrotor Arm
L Length 0.225 m
Ly hertia - Momenty g56 .03 Kg. m?
I, nertia y Moment 4 656 £-03 Kg. m?
I, i‘;gg;‘;f"mem 8.801 E-03 Kg. m?
Rotational Dra
Kp Coefficient in x ¢ 55670 E-04 N/rad/s
Rotational Drag
Kgy Coefficient in y 5.5670 E-04 N/rad/s
Rotational Dra
Ky, Cocffiotant in 7 € 63540 E-04 N/rad/s
Linear Dra
Kex Coefﬁcient%n X 3.5670 E-04 N/m/s
Linear Drag
Ky Coefficient in y 5.5670 E-04 N/m/s
Linear Dra;
Kez Coefﬁcient%n z 6.3540 E-04 N/m/s
Inertia Moment of N.m
Jr Rotor 28385 E-05 /rad/s?
b Lift Coefficient 2.923 E-05 N.m
/rad/s
. N.m
d Drag Coefficient 1.12 E-06 Jrad)s

has been a growing interest in applying SMC to fractional
order systems due to their potential advantages over integer
order systems. The SMC of fractional order nonlinear sys-
tems can be built using two methods. The first method is
based on a class of fractional nonlinear systems, which can
be described by the Caputo fractional derivative. This method
involves designing a sliding mode surface that can ensure
the stability of the system. For example, consider a fractional
order system described by the following equation:

D%x(t) = f (x(1)) (36)

where D% is the Caputo fractional derivative, « is the frac-
tional order, x(7) is the state variable, and f (x(¢)) is the non-
linear function. By using the SMC approach, a sliding mode
surface can be designed to ensure the stability of the system.

The second method applies to both fractional and integer
order nonlinear systems. This method involves designing a
sliding mode surface that can ensure the stability of the
system. For example, consider a nonlinear system described
by the following equation:

x(1) =f (x()) + g (x()) u(r) (37)

where x(t) is the state variable, f (x(¢)) is the nonlinear func-
tion, g(x(z)) is the control gain, u(¢) is the control input, and
the dot represents the time derivative. By using the SMC
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FIGURE 4. x-Position under SMC (a) Time response (b) Control signal.
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FIGURE 5. x-Position under FOSMC (a) Time response (b) Control signal.

approach, a sliding mode surface can be designed to ensure
the stability of the system in the presence of disturbances. The
control input u(#) can be designed such that the system stays
on the sliding mode surface.

Overall, the SMC approach can be an effective way to
control fractional-order nonlinear systems. By using the two
methods described above, a sliding mode surface can be
designed to ensure the stability of the system, and the control
input can be designed to keep the system on the sliding mode
surface. Numerical examples of SMC applied to fractional
order nonlinear systems have shown promising results in
terms of stability and performance. For instance, the control
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FIGURE 6. y-Position under SMC (a) Time response (b) Control signal.

-200
0

of a fractional order chaotic system using SMC has been
successfully demonstrated in [17]. Additionally, the control
of a fractional order van der Pol oscillator using SMC has
been investigated in [37], showing that the proposed method
can effectively stabilize the system.

The proposed sliding mode controllers was applied to the
fractional states (transitional equations), (20). Define the slid-
ing surfaces and the Lyapunov functions as follow:

9i-3 (xfi—3 - xf(i—S)d)
+4i-2 (xf i-2 T (i—2)d)
. (38)
! +qi-1 (xfi—l _xf(i—l)d)

+qi (xr; — X7 ,4)
i c{10, 14, 18)

where q is a positive constant vector (g7 € R"), and Xf 4 = Xd
is the desired vector states to be tracked.

1 :
Vi, = iisfzi” e (10, 14, 18} (39)

From (38), we can define the sliding surfaces as follow:

St = S10 = a7 (77 = %77,)
+48 (X5 — Xrg4) + 0 (9 — Xrg,)
+4q10 (¥ 19 = X 104)
Sy = S1a = qu (1 — X 14)
+q12 (xflz _xfIZd) +q13 (xf]3 _xf13d) (40)
+q14 (Y14 = X 144)
S, =518 =415 (% 15 = ¥ 154)
+416 (7 16 = % 164) + 017 (X717 = 37 174)
[ +418 (xf]S _xf18d)
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To ensure the proposed sliding surfaces are stable, the neces-
sary sliding condition (SySy < 0) must be verified. So, the
control laws will be chosen as follows:

Usp =

[—yxsgn (Sr,) — oxSy,

q10baUiy

—q7 \Xfg — DO'Sfo)

|
=
3
AN TN TN
=
5
Ne)
|
S
&
e
QU
N—

—q10 (“4xf9 - DO'Sxflod)]
Uy, = @[—yysgn (Sfy) - oySfy
—q11 (xflz - DO'Sxflld)
—q12 (xf13 - DO'Sxflzd) “1
—q13 (xf 14~ Das)‘f’mi)
—q14 (“5xf13 DO'Sfod)

) Gszz

0.5
—q17 (xfls -D xf17d)

—q18 (%an -

where (yx, Vs yz) and (ox, oy, az) > 0, and constants.

Because the rotating subsystem was not subjected to the
fractional scheme transformation, the sliding mode con-
trollers for the fractional system are the same as for the integer
system (Up, Uz and Uy), as given in (26).

Proof of (41):

From (20), the fractional order altitude dynamic (zy) is:

DO'Sxfls =X 16

D xf 16 = Xf 7 (42)
DO'Sxfn =X
DO'Sxflg = aeXf 7 — & + be( cpco) Uy,

The altitude sliding surface for fractional system (42)is given
in (40)as:

- xflSd) +4q16 (xfm - xflﬁd)

— X 174) T 18 (57 15 = X 154)  (43)
Taking half derivative (for « = 0.5) of both sides,

Sr. = S1s = q15 (75
+q17 (xfn

0.5 0.5 0.5 0.5
D8, =D 818 =q15 (D 15— D xflSd)
+ 416 (DO'Sxfm - DO'Sxfmd)
+ 417 (DO‘SXfW - DO'Sxfnd)

VOLUME 11, 2023

+q18 (DO'Sxfw - DO‘Sxflsd) (44)
Now, let
DO.Ssz = VS8 (sz)
q15 (DO'Sxfls - DO'Sxflsd)

+4q16 (DO‘SXfK) - DO'Sxfled)

— 025,

+q17 (DO'Sxfn - DO'Sxfnd) “43)
+q18 (DO'Sxflg - DO'Sxflsd)
= Vs8N (sz) - GZsz

| vz and o; >0

Substituting (DO'Sxfls, DO'SXfW D0‘5)gf17, D0'5xf-18) from
the fractional dynamic altitude of the quadrotor given in
(42)implies,

0.5 0.5
q1s (xf16 —-D xflSd) T q16 (xfn —-D xfl()d)
+q17 (xf18 - DO'Sxfnd)
+4q18 (a6xf17 — g+ becycoUy — DO'Sxflsd)
= —VY:88n (sz) - UszZ (46)
Now, solving for Uj:

1
q18bscyco
_ _ pos

q15 \ X 16 X 154
0.5 0.5
—4q16 (xf17 -D xf16d) —q17 (xf18 —-D xf17d)
—q18 (aﬁxfn —8- DO‘5Xflsd)] (47)

From (39), the Lyapunov function and its 1% derivative for
the fractional system can be defined as:

12
Vie=Vrig = Esz (48)

Vi, =Vrig = 5.5,

U1f=

[—yzsgn (sz) — UZSfZ

We define ’DO‘SSfZ as in (45):

530‘55fZ = —y,sgn (sz) — 05,
Sf, = —VZD_O'Ssgn (sz) - GZE)_O‘SSfZ (49)
Sy, = —y:0%sgn (Sr,) — 0:0°75f,
; Y. and o, >
Now,
sz = Vf 18
=5, [—yz’Do'ssgn (S.) - azz>°~55fz] (50)

Vi, = Vrig = —r2" S | - UZDO'SSJ‘Z' =0

D03 }Sf } and D 5Sf2 always positive as proved and dis-

cussed in [7] and [30], and this ensures that Sf Sf <0
The same steps are followed to compute Uxf and U and
test the stability by Lyapunov functions.
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FIGURE 7. y-Position under FOSMC (a) Time response (b) Control signal.

= position (m)

|
2 3 4 5
time (sec)

(a)

x10”

20

Amplitude

3 1 5

time (sec)

(b)

FIGURE 8. z-Position under SMC (a) Time response (b) Control signal.

B. FRACTIONAL ORDER SLIDING MODE CONTROL
DESIGN (FOSMD)

Recently, the fractional order was added to the SMC to
enhance the control system, and it is known as the FOSMC.
In this section, we propose fractional order sliding mode
controllers to control the integer quadrotor dynamic model’s
altitude, attitude, heading, and x, y positions.
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FIGURE 9. z-Position under FOSMC (a) Time response (b) Control signal.

1) FOSMC FOR INTEGER ORDER QUADROTOR SYSTEM
Define the fractional order sliding surfaces and the fractional
order Lyapunov functions for the integer quadrotor system as

follow:

Srosmci = kr;_y (Xie1 — X(-1)a)

“rkfiDy (xi — Xig)
1
Vrosmci = ESI%OSMCi

ief{2, 4,06, 8, 10, 12}

(S

Expanding (51), where k¢, are constants, the fractional sliding
surfaces are:

[ Srosmcy = SFosmc,
= kry (x1 — x14) + kr, DY (x2 — x24)
Srosmce = Srosmc,
= krsy (03 — x30) + kp, D7 (x4 — x4a) ,
Srosmcy = SFOSMC,
= krs (x5 — x54) + kr D? (x6 — X6a)
SrosMcx = SFosMCg
= k5 (X7 — x74) + kpgD? (x3 — x84) ,
Srosmcy = SFosmcy,
= krg (X9 — x94) + kr (D (x10 — X104) »
Srosmc; = SFosmcy,
[ = kryy 11— X114) + k1, DY (k12 — x124)

(52)

Employing the same steps as in subsection VIto obtain
the control laws of SMCs, we can derive the control laws
of FOSMC and test the stability. The following results
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will be obtained:

1
ki2bscyco
—ky D™V Srosmc; — k12 (agx12 — g — X124)
—kn D™V (x12 — *11a)1s

Urosmc1 =

1 _
Urosmc, = E[—qwfl) Vsgn (Srosmc.y)

—kg; D7V Srosmc
—ko (a1X4X6 +b182x4 + 61X22) + koxoq
—kiD™7 (x2 — X1a)],

1 _
Urosmcs = E[—CI@-D Vsgn (Srosmco)

—ko, D™V SFosmce

—ka (azxzx() + by 220 4 cox4® — 564d)
—k3D™7 (x4 — X34)],

Urosmc, = i[—qxpfl)fysgn (Srosmcy)
—ky, D™7 SFosmc y

—kg (a3x2x4 + b3xe? — 566(1)

—ksD™7 (x6 — Xs4)],

Urosmcx = [—¢x D" sign (Srosmc)

ksba Uy
—ky D™V Srosmc
—kg (asxg — xgq) — k7D~ (xg — X74)],

Urosmcy = [—qy, D™ sign (Srosmcy)

k10bsUy
—ky, D™ Srosmcy
—kio (asx10 — X104) — D™V ko (x10 — X94)]

1

1o
Vrosmcy, = ESFOSMCQ

Vrosmc. = Vrosmc,, = Srosmcy, Srosmcr
= —ay|Srosmc.| — ki Skosuc.

Srosmc. Tk (x12 — X114)

+ki2 (agx12 — g + becycoUr — %124)]

2
= —qy|Srosmc,| — ki Sposue, <0

which is negative V 7, since g;¢ , kzy >0

[—q:, D" sgn (Srosmc:)

(53)

(54)

2) FOSMC FOR FRACTIONAL ORDER QUADROTOR SYSTEM
Define the fractional order sliding surfaces and the fractional
order Lyapunov functions for the fractional order quadrotor

system as follow:

qi-3 (xf i-3 (i—3>d)
+qi—2 (xf i—2 T (i—2)d)
Srosmcy; =
+qi—1 (xfi—l _xf(i—l)d)
{ T%’Dy (xr; = %f1q)
2
Vrosmcy; = | 5SFosmci -
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\i €{10, 14, 18} (55)

From (55)), we can define the fractional sliding surfaces for
fractional system as fractional order dynamic equations as
follows:

SFosmcy g =
a7 (X3 = Xr74) + 48 (¥rg — Xrg4)
+499 (xf9 - fod) qi0D” (xflo _xf]Od)

SFOSMCy 1y =

au (5 = X 11g) + 412 (5 15 = ¥ 124) (56)
+q13 (% 13 = X 130) + 014D” (3714 — X7 149)
Srosmcy 15 =

Q15 (¥ 15 — X 154) + 916 (¥ 16 — ¥ 164)

[ ]

Following the same procedure in part 7and after simplifi-
cations, the LFs that ensure the stability of the proposed

| +q18D” (xfIS _xflsd) +q17 (xf17 _xf17d)

And the fractional order sliding mode control laws can be
obtained using the same procedure as in subsection VII. The
results are as follow:

1
beqiscyco
—pD7V sgn \Srosmcy g ) — kD" SFosmcy g

- 0.5
—qi1sD77 (xfm —-D xflsd)
- 0.5
—q16D7" (xfn —-D xf16d)

- 0.5
—q17D™" (xf'ls —-D xfl7d)

Urosmc; | =

—q18 (a6xf17 &~ DO'SXflSd)
]
1
q10ba Uy [
—pxsgnD ™" (Srosmcy ) — kxD ™V Srosmcy |

—q1D77 (ng - Do‘sxm)
—qsD™" (xf9 - DO'Sfod)

—qoD™” (xflo - DO'Sxf9d)

Urosmcy, =

—q10 (ng - DO'SXflod)

1

VrosMGry = 4 bstr

—pxD7Vsgn (S'FOSMcf 14) — kD" SFosmcy 1,
—quD™” (xf12 - DO'Sxflld)

—quD™7 (xf13 - DO'Sxflzd) ©7
—q13D77 (xf14 - DO'Sxfwd)

—quuD™" (anfm - DO'Sxfmd)
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TABLE 3. Case studies input signals.

Case (1) Case (2)
States Reference Trajectory ~ Reference Trajectory
x u(t) cos(t)
y 2u(t) sin(t)
z 3u(t) 0.2t
¥ Su(t) u(t)
6
7]
]
11
= | — = —ySMC
P 1 I A SN S ;-SMC |4
j l — U d
2l
1
0 =
0 1 2 3 .
time (sec)
(a)
30
— = —U,-SMC
0 e, Uy,-SMC
20
€15
ERT
z
0h .
WV
-VJ(J 1 9 3 1 5
(b)

FIGURE 10. ¥-Angle under SMC (a) Time response (b) Control signal.

fractional sliding surfaces are as follow:

. 0.5 2
Vrosmc,, = — pxD77|Srosmc,y| — kxSFosmc,,
. 0.5 2
Vrosmc,y = — pyD"7ISFosmc | — kKySkosmc,,
. _ 0.5 ¢2 2
Vrosmciy = — pD""ISFosmcys| — K2SFosmcs

(58)

D% |Skosmcil and SI%OSMCi always positive and as
shown in Efe [17]; Khan et al. [30], and this ensures that
SFOSMC,'SFO-SMCI' < Oforalli € {10, 14, 18}, and positive
constants (py , py, pz) and (ky , Ky, kz).

VI. SIMULATION RESULTS
MATLAB/Simulink has been used to test and simulate both
integer and fractional order quadrotor systems by applying
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FIGURE 11. y-Angle under FOSMC (a) Time response (b) Control signal.

the proposed SMC and FOSMC. The PC utilized in the
simulation is an HP model, featuring a Core(TM) i7-4702MQ
CPU operating at a clock speed of 2.20GHz, accompanied
by 8 GB of RAM. Additionally, we utilized MATLAB ver-
sion 2022a throughout our investigation. For the fractional
calculus, FOMCON Toolbox was utilized. TABLE 1 shows
the values of the quadrotor parameters employed in the sim-
ulations. Two case studies that have been investigated to
highlight the issues that the quadcopter control systems in
both integer and fractional systems may face in achieving the
required tracking. The first case study was the step input, and
the second one was the helical path. The states with reference
trajectories of these case studies are presented TABLE 2.
Case Study (1) The positions (x , y and z) and the yaw ()
have been set as unit step references (xg , yq , zg and ¥4). The
curves in FIGURE 4, FIGURE 5, FIGURE 6, FIGURE 7,
FIGURE 8 and FIGURE 9(a) show the responses of both
integer and fractional position states under both controllers
(SMC and FOSMC), while (b) represent the control input
signals produced by the proposed controllers to acquire the
desired positions. The output responses of yaw orientation in
both integer and fractional systems are shown in FIGURE 10
and FIGURE 11. As can be observed, the output responses in
the fractional quadrotor system under both controllers (SMC
and FOSMC) are speedier than that in the integer system.
Furthermore, once SMC is used in integer systems, chattering
occurs, that is alleviated via using FOSMC, although this
phenomenon does not exist in fractional systems. TABLE
4 and TABLE 5 show the summary of the systems (inte-
ger/fractional ones) performance in terms of percentage over-
shoot OS, and rising time RT under SMC and FOSMC
respectively, and it can be seen that the rising time in the
fractional system is much faster than in the integer system;
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TABLE 4. Time domain specifications of both systems under SMC.

Integer System Fractional System

T(se) M%) To(sec)  My(%)
X 0.216 0.505 0.008 0.874
y 0.217 0.505 0.008 0.890
z 0.217 0.505 0.0079 0.895
P 0.139 0.504 0.139 0.504

TABLE 5. Time domain specifications of both systems under FOSMC.

Integer System Fractional System

T(sec)  My(k)  To(se)  My(%)
x 0.200 0.505 0.023 5.31
y 0.200 0.505 0.023 5.28
z 0.200 0.505 0.023 5.24
Y 0.143 6.99 0.139 0.504

1 —— —
09 <
4 (8 =
/ - =z(3=0.1)
o8| Jy

(3 = 0.3)

r position (m})

————— z(8 = 0.5)

==—T

0 0.5 1 15 2 2.5 3 35 1 15
time (sec)

FIGURE 12. x-Position with different fractional orders, 8.

o s T

= 1 oy 5

=06 iz == =z(8=01)

5 osf

- z7(3=10.3)
v 06

————— z7(3=10.5)

0 0.5 1 15 2 2.5 3 3.5 1 15
time (sec)

FIGURE 13. xg-Position with different fractional orders, g.

nevertheless, the overshoot in the fractional system does not
improve, but it is still acceptable in practice.
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FIGURE 14. Case 2 - Helical trajectory under SMC.
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x position (m)

FIGURE 15. Case 2 - Helical trajectory under FOSMC.

Case Study (2) the second case study was the helical
path. The states with reference trajectories are presented in
TABLE 3.

FIGURE 12 and FIGURE 13 show the x and x; position
with different fractional orders. The fractional order has sig-
nificantly reduced the chattering of the controller. However,
this increase in the fractional order affects the transient per-
formance of the outputs of the quadrotor. Furthermore, the
results reveal that decreasing the value of fractional order in
FOSMC performs well in the fractional system but poorly in
the integer system, however increasing that value of fractional
order yields the opposite results. The fractional order param-
eters (8) were chosen to produce high output performance as
well as better control input behaviour. They were not chosen
to reduce the chattering at the expense of system perfor-
mance, and vice versa. Hence, there is a trade-off between
both behaviours.

FIGURE 14 and FIGURE 15 show the tracking of inte-
ger and fractional quadrotor systems under both SMC and
FOSMC respectively. The stated controllers followed the
desired trajectory with less time in fractional system than in
integer system and they almost have the same tracking error
(etrack=0).

VII. CONCLUSION AND FUTURE WORK

The study concludes that fractional order sliding mode con-
trol (FOSMC) is a viable method for controlling quadrotor
systems and following a desired trajectory. FOSMC pro-
vides improved accuracy and robustness compared to tradi-
tional sliding mode control (SMC). The fractional derivative
approach in FOSMC enables the system to have better
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tracking capabilities, which leads to reduced overshoot and
rising time compared to SMC. Additionally, FOSMC also
has a faster response rate compared to SMC, making it a
better option for applications where fast control response is
required. Overall, the study finds that FOSMC is a promising
control method for controlling quadrotors and following a
desired trajectory. In the near future work, we will investigate
the performance of the proposed model by employing an
aggressive disturbance rejection control paradigm to actively
reject wind disturbances and reduce the influence of measure-
ment noise.
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