
 

All Sciences Proceedings 
http://as-proceeding.com/ 

2nd International Conference on Engineering, 

Natural and Social Sciences 
 

April 4-6, 2023 : Konya, Turkey 

 

 

 

© 2023 Published by All Sciences Proceedings https://www.icensos.com/ 
 

37 

 

 

Fractional Order Sliding Mode Controller for Heading and Heave Control 

of Quadcopter 

Abdul Haseeb*, Ahsan Ali 2 and Inam ul Hasan 3 

1Department of Electrical Engineering, University of Engineering and Technology Taxila, Pakistan  
2Department of Electrical Engineering, University of Engineering and Technology Taxila, Pakistan 
3Department of Electrical Engineering, University of Engineering and Technology Taxila, Pakistan 

 

*Abdul.haseeb@students.uettaxila.edu.pk Email of the corresponding author 

 

 

Abstract – In this paper a fractional order sliding mode control (FO-SMC) based approach is proposed to a 

six-degree of freedom (6-DOF) quadcopter for the control of heading and heave. We begin by describing 

the mathematical model of a quadcopter. Afterward, a nonlinear controller is designed to maintain the 

quadcopter's heading and heave while tracking the desired outputs. FOSMC has been shown to eliminate 

heading and heave tracking errors, even when external disturbances occur. A simulation test is performed 

to verify the robustness of the proposed controller.  
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I. INTRODUCTION 

From the last few years, the control of Unmanned 

Aerial Vehicles has all progressed significantly. The 

goal of this effort is to create a fractional 

order sliding mode quadrotor controller. There are 

discrepancies between the actual plant and the 

mathematical model used for controller design 

when a control problem is formulated. The 

fractional sliding mode controller tries to correct 

this mismatch. A Simulink model of six degrees of 

freedom is used to show the suggested approach. 

For the controller design of other MUAV systems as 

well as other nonlinear under-actuated systems, the 

suggested methodologies give effective guidance. 

The efficiency of linearized dynamics-based control 

schemes outside of the operating region is a critical 

topic to address. Linearizing the system at 

operational points and then applying linear control 

strategies is a common method of controlling the 

UAV. The disadvantage of this strategy is that when 

used outside of the working region, the proposed 

controller based on linear system dynamic does not 

perform well. This issue can be resolved by using a 

linear parameters variable system model.  

In [3], the scholars proposed the research on 

quadcopter control by using the adaptive 

compensation technique. By using this their system 

can be able to detect the fault and recover it may as 

possible. Yaw, pitch, and roll into consideration. 

The change of angle is taken from -6° to +6°. A 

simple adaptive control by taking the linearized 

model along with the fuzzy logic feedforward 

compensator is used [4]. The system can optimize 

the parameters which are involved in the controller 

if some disturbance is injected into the system and 

reconfiguration control capability involved. Also, in 

[5] researchers propose an adaptive backstepping 

control, focus on the 1 degree of freedom that is the 

thrust force and the other three in angular velocities. 

The model and control of the coaxial octo rotor are 

presented [6]. First group that models the eight 

rotors unmanned aerial vehicle (UAV). 

The robust controller is achieved by the 

backstepping sliding mode controller (BSMC) with 

an adaptive radial basis function neural network 
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https://www.icensos.com/
mailto:*Abdul.haseeb@students.uettaxila.edu.pk


 

38 
 

(RBNN). In [7] worked on designing and 

implementing the controller of eight rotor UAVs, 

they performs several experiments but their system 

is only attitude controller-based by using the 

proportional integral derivative (PID) controller. 

During running if one of the motors is stopped 

working. Then for it, a recovery algorithm is 

implemented to diagnose it and overcome the loss. 

At this time multirotor is allowed to complete the 

flight [8]. An adaptive technique-based controller of 

the quadcopter is used to achieve the robustness by 

applying the ASMC (adaptive sliding mode 

controller) with some uncertainties. They developed 

an algorithm based on the Lyapunov function and 

compared their result with the previous controller 

and showed the stability of the proposed model [9]. 

In [10] the nature of team work, is fault detection 

and recovery algorithm for the eight rotor UAVs 

with second-order sliding mode observer with 

unknown input uncertainties. Further the failure of 

motors during flight the offline control mixing 

strategy is involved. In which system can be adopted 

the input by built in command and gives the output 

according to the given situation. Performing the 

experimental results, authors achieved a good 

response if two motors are failed during the flight 

[11]. On linearized model scholars performed hover 

situation of quadcopter with the H-infinity mixed-

sensitivity controller. Control of attitude of the 

quadcopter by using the µ-synthesis controller. This 

is the next step of the H-infinity controller by doing 

the DK iterations. Their research concluded that 

applied controller is good for robust stability and 

robust performance [12]-[13]. 

II. PRELIMINARIES 

A. Dynamics of Quadcopter 

The quadrotor is the most prevalent UAV variant 

for several purposes. A quadrotor is made up of four 

rotors those are equally distanced “x” from the pivot 

point and installed at the extremities of a cross 

airframe design as shown in Figure 1. The four 

electric motors cause the thrust “T” and speed “ω” 

of the rotors. Necessary thrust required to lift the 

quadcopter upward. Each rotor rotates in the 

opposite direction of the rotors next to it. Rotors 1 

and 3 rotate in the opposite direction i.e., clockwise, 

while rotors 2 and 4 rotate in the opposite direction 

i.e., anti-clockwise. The subscript “B” shows the 

body frame representation. 

 

Fig. 1 Layout of Quadcopter 

B. Quadcopter Equation of Motion 

The total thrust is given by, 

𝑇𝑖 = 𝑘𝐹𝜔𝑖 (1) 

Where “T” denotes the total thrust applied on the 

quadcopter which moves it upward. Where i = 1, 2, 

3 and 4, and kF is the force coefficient, 𝜔𝑖 denotes 

the speed of the rotors. 

𝑀𝑖 = 𝑘𝑀𝜔𝑖 (1) 

where kM is the moment coefficient. 

By expanding the above equations following is 

obtained, 

�⃗� = 𝑇1⃗⃗  ⃗ + 𝑇2⃗⃗  ⃗ + 𝑇3⃗⃗  ⃗ + 𝑇3⃗⃗  ⃗ −  𝑚𝑔ℎ⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ⃗ (3) 

And, 

�⃗⃗� = 𝑟1𝑇1⃗⃗  ⃗ + 𝑟2𝑇2⃗⃗  ⃗ +  𝑟3𝑇3⃗⃗  ⃗ +  𝑟4𝑇4⃗⃗  ⃗ + 𝑀1⃗⃗⃗⃗  ⃗

+  𝑀2
⃗⃗ ⃗⃗  ⃗ +  𝑀3

⃗⃗ ⃗⃗  ⃗ +  𝑀4
⃗⃗ ⃗⃗  ⃗ 

(4) 

Equation 3 and 4 shows the net force and the net 

moment. If we combine these equations with the 

Newton-Euler equations, we get the following set of 

equations. 

𝑚�̈� =  [
0
0

−𝑚𝑔
] + 𝑅 [

0
0

𝑇1 + 𝑇2 + 𝑇3 + 𝑇4

] 

𝐽 [
�̇�
�̇�
�̇�

] = [

𝑥(𝑇2 − 𝑇4)
𝑥(𝑇3 − 𝑇1)

𝑇1 − 𝑇2 + 𝑇3 − 𝑇4

] − [
𝑝
𝑞
𝑟
] × 𝐽 [

𝑝
𝑞
𝑟
] 

The matrix R is rotating thrust vector, quadrotor’s 

inertia with respect to body frame. The quadcopter 

will experience a force in the z direction if all the 

rotor speeds are equal. Depending on the strength of 

the force concerning gravity, the quadcopter will 

either go up, hover, or fall. Pitch, roll, and yaw 

motion are caused by the moments acting on the 

quadcopter. Due to the difference in thrust generated 

by motors 2 and 4, the pitching moment M occurs. 

Due to the difference in thrust generated by motors 

1 and 3, the rolling moment M occurs. The drag 

force that opposes the rotation of all the propellers 

causes the yawing moment M. 
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C. Mathematical Modelling 

UAVs are a category of underactuated nonlinear 

mechanical systems, which are traditionally 

challenging to manage because they have fewer 

control inputs than degrees of freedom [16]. There 

have so far been two primary methods employed for 

MUAV modelling. The goal is to create a dynamic 

model of the MUAV that exhibits strong coupling 

and nonlinearities between various modules. 

Therefore, modelling is a crucial step in creating 

flight controllers for UAVs. As seen in Figure 2, a 

dynamical model of the MUAV system is a 

collection of mathematical equations that link the 

system's inputs and outputs.  

It may be broken down into four modules: 6-DOF 

rigid body dynamics, actuator dynamics, rotor 

dynamics, and force and moment production 

mechanism [17]. MUAV is treated as a rigid body 

in Cartesian space with a system for producing force 

and torque vectors when designing control for it. 

Generally, Newton–Euler equations of motion are 

used to describe the dynamics of rigid-body, or 

Euler-Lagrange equations for energy-oriented 

approaches. The body frame or the inertial frame 

can be used to express the resultant equations of 

motion, having different model structures and 

parameters. Most of the researchers have relayed on 

these techniques for modelling and control of 

MUAV, that can be seen in [18-19]. 

 

 
Fig. 2 Main Components of a Typical UAV Dynamical 

Model 

D. Kinematic Modelling 

The coordinate systems utilized in the dynamic 

equations' derivations are shown in Figure 3. Let 𝑟𝐼 
indicate where the quadrotor's center of mass is in a 

frame of global coordinates. 

𝑟𝐼 = [𝑥𝐼    𝑦𝐼   𝑧𝐼]𝑇 (7) 

The quadrotor's speed about the global coordinate 

frame expressed in the global frame is indicated by 

the symbol 𝑣𝐼. 
𝑣𝐼 = �̇�𝐼 = [�̇�𝐼   �̇�𝐼   �̇�𝐼]𝑇 (8) 

The quadrotor's centre of mass serves as the origin 

of a body-frame coordinate system with the 

coordinates xB, yB, and zB. In Euler-angles, the 

quadrotor's orientation 𝜂 is described (yaw, pitch, 

roll). 

𝜂 = [𝜓   𝜃   𝜙]𝑇 (9) 

yaw 𝜓  =  global z-axis rotation first  

pitch 𝜃 = new y-axis rotation  

roll 𝜙   = new x-axis rotation 

The matrix 𝑊−1 transforms the body-angular 

rates about local x-y-z-axes to Euler-rates. 

Ω = (𝑝, 𝑞, 𝑟)𝑇 (10) 

�̇� = [�̇�   �̇�   �̇�]
𝑇
 (11) 

𝑊−1

=

[
 
 
 0

sin(𝜙)

cos(𝜃)

cos(𝜙)

cos(𝜃)

0 cos(𝜙) − sin(𝜙)

1 sin(𝜙) tan(𝜃) cos(𝜙) tan(𝜃)]
 
 
 

 
(12) 

E. Dynamical Modelling 

The simplest dynamic model to describe the 

quadrotor’s dynamics with its full 6-DOF. Let, 

𝑇𝐵 = Total thrust generated by the rotors 

expressed in the body frame 
𝜏𝑦𝑎𝑤= total torque about the 𝑧𝐵-axis 

𝜏𝑝𝑖𝑡𝑐ℎ= total torque about the 𝑦𝐵-axis 

𝜏𝑟𝑜𝑙𝑙 =total torque about the 𝑥𝐵-axis 

J= quadrotor’s inertia w.r.t body frame 

Now according to Newtons second law 

Net Force = mass × acceleration 

𝐷𝐵
𝐼 (𝜂)𝑇𝐵 = 𝑚(�̇�𝐼 − 𝐺𝐼) (13)  

�̇�𝐼 = 𝐺𝐼 + 𝐷𝐵
𝐼 (𝜂)

𝑇𝐵

𝑚
 (14) 

 

With 𝐷𝐵
𝐼  denotes the transformation matrix from 

body-frame axes to the inertial frame axes, 

𝐷𝐵
𝐼 (η) = DψDθDϕ (15)  

𝐷𝜓 = [
𝑐𝑜𝑠(𝜓) − 𝑠𝑖𝑛(𝜓) 0

− 𝑠𝑖𝑛(𝜓) 𝑐𝑜𝑠(𝜓) 0
0 0 1

] (16) 

𝐷𝜃 = [
𝑐𝑜𝑠(𝜃) 0 𝑐𝑜𝑠(𝜃)
0 1 0

− 𝑠𝑖𝑛(𝜃) 0 𝑐𝑜𝑠(𝜃)
] (17) 

𝐷𝜙 = [

1 0 0
0 𝑐𝑜𝑠(𝜙) − 𝑠𝑖𝑛(𝜙)

0 𝑠𝑖𝑛(𝜙) 𝑐𝑜𝑠(𝜙)
] (18) 

Also, Net Moment = Inertia × angular 

acceleration 
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[

𝜏𝑟𝑜𝑙𝑙
𝜏𝑝𝑖𝑡𝑐ℎ
𝜏𝑦𝑎𝑤

] = 𝐽Ω̇ + Ω × 𝐽Ω (19) 

𝐽Ω̇ = [

𝜏𝑟𝑜𝑙𝑙
𝜏𝑝𝑖𝑡𝑐ℎ
𝜏𝑦𝑎𝑤

] − Ω × 𝐽Ω (20) 

�̇� = 𝑊−1Ω (21) 

[

�̇�

�̇�
�̇�

] = 𝑊−1 [
𝑝
𝑞
𝑟
] (22) 

As a result of having more degrees of freedom 

than real control inputs (the four motor speeds 𝑤𝑖), 
this system is underactuated. The transformation of 

motor speeds 𝑤𝑖 to     [𝑇
𝐵  𝜏𝑟𝑜𝑙𝑙  𝜏𝑝𝑖𝑡𝑐ℎ  𝜏𝑦𝑎𝑤]

𝑇
  is 

given by: 

 T = 𝛼𝑇(𝜔0
2 + 𝜔1

2 + 𝜔2
2 + 𝜔3

2). 

 
Fig. 3 Coordinate Frames [29] 

The quadcopter UAV dynamics in 6-DOF are 

provided as follows [30], 

�̈� = (𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜓 + 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓)
𝑢1
𝑚

 
(23) 

�̈� = (𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜓 − 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓)
𝑢1
𝑚

 
(24) 

�̈� = −𝑔 + (𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝜃)
𝑢1
𝑚

 
(25) 

∅̈ = 𝑎1�̇��̇� + 𝑎2�̇�𝛺𝑑 +
1

𝐼𝑥
𝑢2 

(26) 

�̈� = 𝑎3�̇��̇� + 𝑎4�̇�𝛺𝑑 +
1

𝐼𝑦
𝑢3 

(27) 

 �̈� = 𝑎5�̇��̇� +
1

𝐼𝑧
𝑢4 

(28) 

Where, 

𝑎1 =
𝐼𝑦 − 𝐼𝑧

𝐼𝑥
, 𝑎2 =

𝐽𝑟
𝐼𝑥
, 𝑎3 =

𝐼𝑧 − 𝐼𝑥
𝐼𝑦

, 𝑎4

=
𝐽𝑟
𝐼𝑦
,   𝑎𝑛𝑑   𝑎5 =

𝐼𝑥 − 𝐼𝑦

𝐼𝑧
 

(29) 

Jr is for rotor inertia, and 𝐼𝑥, 𝐼𝑦, and 𝐼𝑧 represents 

the x, y, and z-axis inertia, respectively. Quadrotor's 

parameters values for these constants are shown in 

Table 1. 

And  (𝑢1 , 𝑢2 , 𝑢3 , 𝑢4 ) are the control inputs given 

as follows. 

Table 1. Quadcopter's Parameters 

Name Parameter Value 

Mass m 0.063 kg 

Inertia x-

axis 

Ix 0.0000582857 𝑘𝑔𝑚2 

Inertia y-

axis 

Iy 0.0000716914 𝑘𝑔𝑚2 

Inertia z-

axis 

Iz 0.0001 𝑘𝑔𝑚2 

Thrust 

coefficient 
b 

4.719990366910910e-

08 𝑁𝑠2 

Rotor Inertia Jr 1.0209375e-07 𝑘𝑔𝑚2 

Arm Length d 0.1080 m 

𝑢1 = b(Ω1
2 + Ω2

2 + Ω3
2 + Ω4

2) (30) 

𝑢2 = b(Ω4
2 − Ω2

2) (31) 

𝑢3 = b(Ω3
2 − Ω1

2) (32) 

𝑢4 = d(Ω4
2 + Ω2

2 − Ω3
2 −Ω1

2) (33) 

Ω is the angular velocity of each rotor and  Ω𝑑 is 

expressed as follows: 

Ω𝑑 = −Ω1 +Ω2 − Ω3 + Ω4  (34) 

III. CONTROLLER DESIGN 

A. Strategy for Control of UAVs 

Linear Controllers: To work with the linearized 

model the linear control technique is first option to 

apply in model. The more effective controller for 

linearized model is PID controller that has easily 

implemented by hit and trail rule. By using PID 

controllers many scholars successfully implemented 

their models [12] and [14]. LQR is integrates with 

the PID controller for the satisfactory results [2]. H∞ 

controller is applied for robust control on the 

linearized model. 

Non-Linear Controllers: To address the 

limitations of linear control algorithms used in 

UAVs, many nonlinear flight controllers have been 

proposed. The nonlinear dynamic model is used to 

develop nonlinear control strategies. 

Backstepping is a well-known repetitive approach 

for underactuated system control. This approach has 

a high rate of convergence and can manage external 

disturbances, but it is not robust. Fractional order 

controller is a reliable control that integrates with 

backstepping, radial basis functions and with the 

sliding mode controller. By using this scheme, the 

scholars can get the satisfactory simulation results 

[10]-[12]. 

Altitude is chosen to represent one translational 

dimension and yaw is chosen to represent one 

rotational dimension. 
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B. Fractional Order Sliding Mode Controller 

Sliding Mode Controller: A kind of variable 

structure control (VSC) is sliding mode control 

(SMC). Traditionally, the closed-loop system's state 

space of the VSC consists of several structures at 

various locations. The isolated structures could be 

unstable, but by setting specific rules to transfer the 

control efforts among these structures, desirable 

performance is accomplished. Thus, regardless of 

the characteristics of the isolated structures, a 

closed-loop system with specific traits is produced. 

The design of sliding mode design technique 

involves two phases. Designing a switching 

function is the first step in ensuring that the sliding 

motion complies with design requirements. SMC 

uses the switching control rule to accomplish two 

design goals. First, it moves the system's state 

trajectory onto the switching or sliding surface, a 

predetermined and user-selected surface in the state 

space. In logic, the surface is known as switching 

and depending on where in the state trajectory a 

state is, whether it is "above" or "below," the control 

path will have a different gain. 

 
Fig. 4 Different Control Techniques for Quadcopter 

The system's state trajectory on the switching 

surface is then maintained for the remainder of the 

time. The primary successes of the sliding mode 

design method are the ability to tailor the system's 

dynamic behavior through the selection of a specific 

switching function, and (ii) the system's closed-loop 

response becoming insensitive to known 

uncertainties. The design strategy is generally 

adequate for strong control given the latter benefit. 

Sliding Surface Design: Consider the dynamical 

system below. 

�̇� = 𝐴𝑥 + 𝑏𝑢, 𝑥 ∈ ℜ𝑛 ,    𝑢 ∈ ℜ (35) 

Where A is square matrix of order n, b is an nth-

order column vector, x represents the system state, u 

is the control input, and the controller receives n-

dimensional input data 𝑥 ∈ ℜ𝑛. A sliding surface 

might be made to look like 

𝑠(𝑥) = 𝐸𝑇𝑥 =∑𝜎𝑖

𝑛

𝑖=1

𝑥𝑖 =∑𝜎𝑖

𝑛−1

𝑖=1

𝑥𝑖 + 𝑥𝑛 (36) 

Where E is sliding surface parameter vector given 

as 𝐸 = [𝜎1   …   𝜎𝑛−1]
𝑇 

C. Yaw Control 

Yaw error is the difference of current yaw angle 

and desired yaw angle. 

𝑒𝜓 = 𝜓 − 𝜓𝑑 (37) 

Taking double derivative on both sides 

�̈�𝜓 = �̈� − �̈�𝑑 

To cancel the effect of nonlinear terms and 

uncertainty choose appropriate 𝑢  

𝑢4 = 𝐼𝑧(−𝑎5�̇��̇� + 𝜇𝜓 + �̈�𝑑 − 𝑘𝜓�̇�𝜓 + 𝑢1) (39) 

𝐼𝑧𝜇𝜓 + 𝑢1 = �̇�𝜓 (40) 

We utilize the following Lyapunov functions to 

get an estimated level of uncertainty. 

𝑉𝜓 =
1

2
𝑠𝜓
2 +

1

2
𝜍�̃�𝑟𝜓𝜍�̃�



𝜍�̃�= Error between actual uncertainty and 

estimated uncertainty 

rψ is a positive constant. 

𝜍̂�̇�= Estimated uncertainty 

And, 

𝑢1 = −𝜉 − 𝑘1𝜓  𝑠𝑔𝑛(𝑠𝜓) − 𝑘2𝜓𝑠𝜓 (42) 

The control gains must be as large as possible to 

ensure that the system behaves robustly against 

modeling uncertainties, but this leads to chattering, 

which causes many issues like vibrations in the 

mechanical structure of the quadrotor; as a result, 

reduces the chattering effect, control gains are 

estimated as follows. 

𝑘1𝜓 = 𝛽𝜓|𝑠𝜓| 

Where 𝛽𝜓 is a positive constant. 

D. Altitude Control 

The dynamics of quadrotor's altitude are provided 

by, 

�̈� = −𝑔 + (𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃)
𝑢1
𝑚

 

where 

(42) 

𝑢1 = 𝑏(Ω1
2 + Ω2

2 + Ω3
2 + Ω4

2) 
Error is given by difference in desired and 

actual value of altitude 

(43) 

𝑒𝑧 = 𝑧 − 𝑧𝑑 
Taking derivative on both sides 

(44) 
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�̇�𝑧 = �̇� − �̇�𝑑 (45) 

�̈�𝑧 = �̈� − �̈�𝑑 
Sliding surface is assume as 

(46) 

𝑠 = �̇� + 𝑘𝑒 
Taking derivative on both sides 

(47) 

�̇� = �̈� + 𝑘�̇� = �̈� − �̈�𝑑 + 𝑘�̇� 
Using the exponential reaching law 

(48) 

�̇� = −𝑘1𝑠𝑔𝑛(𝑠) − 𝑘2(𝑠) (49) 

To cancel the effect of nonlinear terms 

control input is chosen as 

 

𝑢1 =
𝑚

(𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃)
(𝑔 + �̈�𝑑 − 𝑘�̇�

− 𝑘1𝑠𝑔𝑛(𝑠)) 
(50) 

Fractional order integral and derivative operators 

are represented by the symbol 𝐷𝑡
𝑝
. Their integral and 

derivative are given by the following equation, 

𝐷𝑡
𝑝 =

{
 
 

 
  
𝑑𝑝

𝑑𝑡𝑝
            ℛ > 0

1                  ℛ > 0

∫𝑑𝑡−𝑝
𝑡

𝑎

      ℛ > 0

 (51) 

 

Caputo fractional method is defined as, 

𝐷𝑡
𝑝𝑓(𝑡) =

1

ґ(𝑛 − 𝑝)
∫

𝑓𝑛(𝜏)

(𝑡 − 𝜏)𝑝−𝑛+1
𝑑𝜏

𝑡

𝑎

 (52) 

Riemann-Liouville method is defined as, 

𝐷𝑡
𝑝𝑓(𝑡)

= (
𝑑

𝑑𝑡
)𝑛

1

ґ(𝑛 − 𝑝)
∫

𝑓𝑛(𝜏)

(𝑡 − 𝜏)𝑝−𝑛+1
𝑑𝜏

𝑡

𝑎

 
(53) 

Ґ is a gamma function states that in Equation 53, 

and 𝑛 − 1 < 𝑝 < 𝑛, 

ґ(𝑝) = ∫ 𝑒−𝑥. 𝑥𝑝−1 𝑑𝑥

∞

0

 (54) 

The quadcopter altitude sliding surface can be re-

defined using the derivative and integral of the 

fractional order: 

𝑠𝑓ℎ = 𝐷𝑡
1+𝛽

𝑒ℎ(𝑡) + 𝑘ℎ𝑒ℎ (55) 

A fractional order sliding surface for altitude 

control is represented by 𝑠𝑓ℎ and 𝑘ℎ is a positive 

constant. Studying the sliding surface derivation can 

also change the altitude control signal in a FO. The 

Eq. 50 becomes, 

𝑢1 = 
𝑚

(𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃)
(𝑔 + �̈�𝑑 − 𝑘𝐷𝑡

1−𝛽

− 𝑘1𝑠𝑔𝑛(𝑠)) 
(56) 

IV. RESULTS AND DISCUSSION 

In this section controllers are designed based on 

the discussion in Section III and applied to the 

quadcopter model. 

Firstly, used the built in block of PD controller, 

and adjusting the gains by hit and trail method [32]. 

Then applied the proposed controller and compare 

the results of both controllers. 

A. Step Input without Disturbance 

Figure 5 shows the PD controller's yaw reaction, 

the parameters proportional and derivative values 

are 0.004 and 0.0012. Table 2 provides a summary 

of that data. The response has a 25% overshoot at 

0.48 sec and a 1.21 s settling time when step input 

is used. The Red line indicates a response, whereas 

the blue line displays a command. 

 
Fig. 5 Yaw Response of PD Controller 

For the FO-SMC controller used, the yaw 

response is currently being examined. Figure 6 

displays the outcomes, and Table 2 provides an 

overview of them. The overshoot has been 

effectively decreased to zero using fractional order 

SMC. The command is shown on the blue line, and 

the answer is shown on the red line. This occurred 

because of switching terms that tightly maintained 

the system's sliding surface. 
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Fig. 6 Yaw Response of FO-SMC Controller 

Table 2. Yaw Response of PD & FOSMC Controller 

Description PD FOSMC 

Rise Time 0.38 s 0.46 s 

Percentage 

overshoot 

25.7 % Nil 

Settling Time 1.21 s  0.56 s 

Figure 7 and Table 3 provide the altitude response 

for the PD controller by adjusting the parameters PD 

are 0.8 and 0.3 respectively. The response to a 1 m 

step input exhibits a significant overrun of 62% at 

1.3 s and a significant settling period of 2.6 s. 

 
Fig. 7 Altitude Response of PD Controller 

For the FO-SMC controller, the altitude response 

is currently being examined. Figure 8 displays the 

results, which are reported in Table 3. FOSMC has 

been able to successfully minimize the overshoot to 

just 29.22%. The rising time is 0.311 s, while the 

settling time is 1.4 s. This occurred because of 

switching terms that tightly maintained the system's 

sliding surface. 

 
Fig. 8 Altitude Response of FO-SMC 

Table 3. Results of Altitude Response of PD & FOSMC 

Description PD SMC FOSMC 

Rise Time 0.87 s 1.06 0.311 s 

Percentage 

overshoot 
62 % 5.3% 29.22% 

Settling Time 2.67 s 1.4 s 1.457 s 

The figures clearly show that the FO-SMC has 

improved performance in terms of overshoot for 

yaw from 25% to 0%. For yaw, the settling time is 

lowered from 1.2 s to 0.5 s. The rising time for yaw 

has increased somewhat from 0.38 s to 0.46 s. 

Altitude overshoot was cut in half, from 62% to 

29%. The settling time is lowered from 2.7 to 1.457 

seconds. The rise time for altitude has reduced 

somewhat from 0.87 s to 0.311 s. Planning a flight 

path and formation is made much easier by this 

feature. 

B. Chattering Attenuation 

Figures 9 and 10 depict the chattering 

phenomenon rapid jumps in actuator command 

values between the maximum and minimum which 

causes vibrations and mechanical wear and tear. 

Utilizing the saturation function as opposed to the 

sign function Figures 11 and 12 demonstrate how 

the chattering has been eliminated. There is no wind 

disruption in this scenario and a step input is used. 
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Fig. 9 Yaw Response with Chattering Simulation 

 
Fig. 10 Yaw Response without Chattering 

 
Fig. 11 Altitude Response with Chattering 

 
Fig. 12 Altitude Response without Chattering 

C. Wind Disturbance 

The introduction of wind disruption in the body 

frame's x and y axes. The effects of wind 

disturbance can cause variations in thrust and 

power, as well as roll, pitch, and yaw, which can 

make the flight more challenging. In Figure 13, the 

results of the PD and FO-SMC controller are 

displayed. For yaw, a step input of 1 radian is used. 

The sinusoidal wind disturbance cannot be rejected 

by the PD when it occurs. In the instance of the FO-

SMC controller, wind disturbance in the body 

frame's x and y axes are not creating any divergence 

from the mandated value. 

 
Fig. 13 Yaw Response of FO-SMC and PD Controller with 

Wind and Step Input 

To evaluate the effectiveness of the altitude 

controller, wind disturbance was induced into the 

body frame's z-axis.  

In the case of the FO-SMC controller for step, as 

illustrated in Figure 14, wind disturbance in the 

body frame z-axis is creating a minor deviation from 

the required value. 
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Fig. 14 Altitude Response with Step Input and Wind 

V. CONCLUSION AND FUTURE WORK 

In this study, the rising time, settling time, and 

percentage overshoot in simulations for PD and FO-

SMC are compared. With a little increase in rise 

time, the FO-SMC has enhanced performance in 

terms of overshoot and settling time. Planning a 

flight path and formation can be made much easier 

by this feature. Also offered is a comparison 

between fractional order sliding mode and PD under 

wind disturbances in simulations. While the FO-

SMC entirely rejects wind disturbances, the PD 

controller is unable to do so. On hardware with wind 

disturbance, FO-SMC is used with positive 

outcomes. 

It is advised that several control settings be tuned 

in future research. For this, a suitable optimization 

method must be created and used. The use of 

fractional order sliding mode on various UAV 

designs is another consideration. A smooth reaching 

phase may also be achieved by using a higher order 

sliding mode. 
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