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Environment  
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Abstract - This paper aims to propose a robust nonlinear control for quadcopter autonomous flight control that improves the tracking 
control for quadcopters under disturbances and the wind effect. The quadcopter dynamics contain uncertainties, external disturbances, 
mass variation (parametric uncertainty), and wind effect. Hybrid SMCBS with proportional-fractional order- integral-derivative controller 
(PFOID) surface is proposed to mitigate the effect of disturbances. The stability is proved of the system with a proposed controller with 
the help of the Lyapunov Stability criterion, which guarantees that all states retain and reach the sliding surface. A quadcopter's tracking 
control problem is investigated using linear motion and a helix structure (trajectories). To validate the performance of PFOIDSMCBS, it 
has been implemented on the quadcopter models. The proposed controller's performance is evaluated and compared with (PID-SMC) and 
(SMC-BS) and ability to mitigate the effects of the disturbances. It is observed that the system is stable as it satisfies the stability condition 
derived using the Lyapunov stability criterion, and successfully tracks a given reference in a noisy environment. 
 
Keywords: Backstepping controller, Hybrid controller, Nonlinear system, Sliding Mode controller, Proportional-Integral-
Derivative, Quadcopter Model. 
 
 
1. Introduction 

Quadcopter UAVs have been widely used in various applications due to their numerous advantages [1] [2]. In industrial 
and academic applications, robust trajectory tracking control has become an important topic to achieve high performance, 
fast response time, high robustness, and accuracy in autonomous flight missions. In flight control, the angular and translational 
motion factors are highly nonlinear and strongly linked, and their behavior affects the stability and safety of the flight mission 
[3]. 

Researchers have recently researched UAVs, including the control algorithm for controlling the quadcopter [4][5]. 
Several linear and nonlinear control methods have been applied [6]. SMC and BS have gained attention due to their capacity 
to provide stability, disturbance rejection, and robustness [7][8]. The classical and modified backstepping control approach 
has been represented in [9]. SMC is the most efficient and robust control method because it is insensitive to model errors and 
system parameter variations [10]. An integral SMC [11] and an integral backstepping SMC have been proposed to deal with 
the quadcopter's robust trajectory tracking. 

Extending the SMC method [12][13] improves the performance under external disturbances and removes the chattering 
effect. Various hybrid controller has been proposed to achieve the desired trajectory and mitigate the effect of the disturbances 
like SMCBS [14] and PIDSMC [15], PFOIDSMC [16], and PIDSMCBS [17]. 

The literature shows that different nonlinear control schemes tackle the aerodynamic effect, senor noise, wind effect, and 
payload considered individually. This paper proposes a hybrid controller (proportional fractional-order integral derivative 
surface-based SMC with BS) to track the trajectory considering all the disturbances. The performance of the proposed control 
has been compared with existing controllers SMCBS [14], and PIDSMC [15]. Stability is proved with the help of the 
Lyapunov criterion. Simulation has been done with three quadcopter models. 

The paper is structured as follows: Section 2 discusses the quadcopter's dynamics. Proposed controller and stability 
conditions are derived in section 3 and implemented in Section 4, Section 5 followed by conclusions. 

 
2. Mathematical Model 

The quadcopter model has been described in [17] is shown in Figure 1. 
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Fig. 2: Control scheme diagram 

 
 
Figure 1 represents the position of the center of mass of the quadcopter in 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 direction, relative to the earth 

fixed frame E. Rotational angles are; roll, pitch, and yaw   around the x, y, and z-axis, respectively. State space 
representation of model [17]. 

 
Α̇ = 𝑓𝑓(Α,𝑢𝑢) + 𝑑𝑑(Α,𝑢𝑢) (1) 

 

 State vector is the Α, d is the disturbances vector, and u is the input vector. 

Α = �
Α1 = 𝜙𝜙,Α2 = 𝜙̇𝜙,Α = 𝜃𝜃,Α = 𝜃𝜃,̇
Α5 = 𝜑𝜑,Α6 = 𝜑̇𝜑,Α7 = 𝑧𝑧,Α = 𝑧𝑧,̇

Α9 = 𝑥𝑥,Α10 = 𝑥̇𝑥,Α11 = 𝑦𝑦,Α12 = 𝑦𝑦,̇
� 𝜖𝜖𝑅𝑅12 (2) 

 

𝑢𝑢 = �𝑢𝑢𝜙𝜙,𝑢𝑢𝜃𝜃,𝑢𝑢𝜑𝜑 ,𝑢𝑢𝑧𝑧�
′
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Α̇ =

⎩
⎪
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎧ Α̇1 = Α2
Α̇2 = 𝐽𝐽𝑥𝑥𝑥𝑥−1 ��𝐽𝐽𝑦𝑦𝑦𝑦 − 𝐽𝐽𝑧𝑧𝑧𝑧�𝜃̇𝜃𝜑̇𝜑 + 𝐽𝐽𝑟𝑟𝜃̇𝜃𝑛𝑛��+ 𝑏𝑏1𝑢𝑢𝜙𝜙 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟

Α̇3 = Α4
Α̇4 = 𝐽𝐽𝑦𝑦𝑦𝑦−1 �(𝐽𝐽𝑧𝑧𝑧𝑧 − 𝐽𝐽𝑥𝑥𝑥𝑥)𝜑̇𝜑𝜙̇𝜙 − 𝐽𝐽𝑟𝑟𝜙̇𝜙𝑛𝑛�� + 𝑏𝑏2𝑢𝑢𝜃𝜃 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟

Α̇5 = Α6
Α̇6 = 𝐽𝐽𝑧𝑧𝑧𝑧−1 ��𝐽𝐽𝑥𝑥𝑥𝑥 − 𝐽𝐽𝑦𝑦𝑦𝑦�𝜃̇𝜃𝜙̇𝜙�+ 𝑏𝑏3𝑢𝑢𝜑𝜑 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟

Α̇7 = Α8
Α̇8 = 𝑔𝑔 −𝑚𝑚−1𝜒𝜒𝑧𝑧𝑢𝑢𝑧𝑧 + 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡

Α̇9 = Α
Α̇10 = 𝑚𝑚−1𝜒𝜒𝑥𝑥𝑢𝑢𝑥𝑥 + 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡

Α̇11 = Α12
Α̇12 = 𝑔𝑔 −𝑚𝑚−1𝜒𝜒𝑦𝑦𝑢𝑢𝑦𝑦 + 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡

 (3) 

 
       

Where 𝑏𝑏1 = 𝑙𝑙
𝐽𝐽𝑥𝑥𝑥𝑥

, 𝑏𝑏2 = 𝑙𝑙
𝐽𝐽𝑦𝑦𝑦𝑦

, 𝑏𝑏3 = 𝑙𝑙
𝐽𝐽𝑧𝑧𝑧𝑧

,  𝜒𝜒𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝜒𝜒𝑦𝑦 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝜒𝜒𝑧𝑧 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
 
2.1. Disturbance model 

The mathematical representation of various disturbances [17] considered acting on the system is: 
• Aerodynamic moment𝑑𝑑𝑖𝑖𝑎𝑎𝑎𝑎= sin(2t)  

• Sensor noise 𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠= used 'rand,' function in Matlab, the value lie between 0 and 1. 

• External noise 𝑑𝑑𝑖𝑖𝑎𝑎𝑎𝑎= 

𝑛𝑛𝑑𝑑𝜙𝜙𝑒𝑒𝑒𝑒(𝑡𝑡) = 𝑛𝑛𝑑𝑑𝜃𝜃𝑒𝑒𝑒𝑒(𝑡𝑡) = 7 + 2 cos �
2𝜋𝜋
3
𝑡𝑡�

𝑛𝑛𝑑𝑑𝜑𝜑𝑒𝑒𝑒𝑒(𝑡𝑡) = 5 + 2 cos�
𝜋𝜋
2
𝑡𝑡�

𝑛𝑛𝑑𝑑𝑥𝑥𝑒𝑒𝑒𝑒(𝑡𝑡) = 𝑛𝑛𝑑𝑑𝑦𝑦𝑒𝑒𝑒𝑒(𝑡𝑡) = 𝑛𝑛𝑑𝑑𝑧𝑧𝑒𝑒𝑒𝑒(𝑡𝑡) = 18 + 4 cos �
𝜋𝜋
6
𝑡𝑡�⎭
⎪
⎬

⎪
⎫

𝑡𝑡 = 0.01𝑠𝑠𝑠𝑠𝑠𝑠 

 
• Wind noise 𝑑𝑑𝑖𝑖𝑤𝑤 [17] acts as a shock on the quadcopter with the speed of 3 m\s, after 8 seconds act in trajectory-1, and 

after 25 seconds act in trajectory-2 with the same speed.   
• Total disturbance in translation 𝑑𝑑𝑡𝑡𝑡𝑡𝑖𝑖 and rotational 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 motion is;   

 
𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡
𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟

� = 𝑑𝑑𝑖𝑖𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠 + 𝑑𝑑𝑖𝑖𝑒𝑒𝑒𝑒 + 𝑑𝑑𝑖𝑖𝑤𝑤 + 𝑑𝑑𝑖𝑖𝑃𝑃𝑃𝑃 (4) 

 
Other quadcopter model parameters/variables with their values are defined in Table 1. 
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Table 1: Physical parameters 

Variable Definition Value/ 
Unit [18] 

m mass 1.12 kg 
g gravity 9.8 m/s2 
l Arm length 0.23 m 

R Radius of the 
propellers - 

𝐽𝐽𝑥𝑥𝑥𝑥 = 𝐽𝐽𝑦𝑦𝑦𝑦 Inertia on x, y axis 0.0119 kg.m2 
𝐽𝐽𝑧𝑧𝑧𝑧 Inertia on z-axis 0.0223 kg.m2 
𝑙𝑙𝑓𝑓 left coefficient 7.73213×(10-6) Ns2 
𝐽𝐽𝑟𝑟 Rotor inertia 8.5×(10-4)  kg.m2 

𝑘𝑘𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘𝑚𝑚   Aerodynamic forces 
and moment constant 

3.13e-5 Ns2 and 7.5e-
5 Nms2 

 
3. Control Design 

The quadcopter dynamics are underactuated and nonlinear with the 6 output (𝑥𝑥,𝑦𝑦, 𝑧𝑧,𝜙𝜙,𝜃𝜃,𝜑𝜑) variables and 4 control 
inputs �𝑢𝑢𝑧𝑧,𝑢𝑢𝜙𝜙,𝑢𝑢𝜃𝜃,𝑢𝑢𝜑𝜑�. The control schemes diagram is shown below (Figure 2). 

 
Fig. 2: Control scheme diagram 

 
General SMC control law is, 

𝑢𝑢𝑖𝑖+ = 𝑢𝑢𝐸𝐸 + 𝑢𝑢𝑆𝑆  (5) 
 

(𝑢𝑢𝐸𝐸) is the control signal without external disturbances and linearization of the input/output. (𝑢𝑢𝑆𝑆) the switching control 
law, provides additional control effort for disturbances and reduces tracking error.  
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3.1 PFOIDSMCBS controller 
3.1.1 SMC with BS 

The tracking error (𝑧𝑧𝑟𝑟𝑟𝑟) for SMC with BS is [17][19];  
 

𝑧𝑧𝑟𝑟𝑟𝑟 = 𝜉𝜉𝑖𝑖𝑖𝑖 − 𝜉𝜉𝑖𝑖  
𝑧̇𝑧𝑟𝑟𝑟𝑟 = 𝜉̇𝜉𝑖𝑖𝑖𝑖 − 𝜉𝜉𝑖𝑖 − 𝜂𝜂𝑖𝑖𝜀𝜀𝑖𝑖  with 0 <  𝜂𝜂𝑖𝑖 < ∞ 

(6) 

 
and 

𝑧̈𝑧𝑟𝑟𝑟𝑟 = 𝜉̈𝜉𝑖𝑖𝑖𝑖 − 𝜉̇𝜉𝑖𝑖 − 𝜂𝜂𝑖𝑖𝜀𝜀𝑖̇𝑖,  𝑖𝑖 = 𝜙𝜙,𝜃𝜃,𝜑𝜑, 𝑧𝑧, 𝑥𝑥,𝑦𝑦 
 

In the design, considered the PFOID as a sliding surface: to drive PFOID first take PID surface [17], [20] and converting 
it into the PFOID;  
 

𝑠̇𝑠𝑖𝑖 + 𝛾𝛾𝑖𝑖𝑠𝑠𝑖𝑖 = 𝑘𝑘𝑝𝑝𝑝𝑝𝑧𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖 � 𝑧𝑧𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑧̇𝑧𝑟𝑟𝑟𝑟

𝑡𝑡

0

 

𝑠̈𝑠𝑖𝑖 + 𝛾𝛾𝑖𝑖𝑠̇𝑠𝑖𝑖 = 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑧𝑧𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑧̈𝑧𝑟𝑟𝑟𝑟 ,   𝛾𝛾𝑖𝑖 𝜀𝜀𝑅𝑅+ 

(7) 

 
𝑠̈𝑠𝑖𝑖 + 𝛾𝛾𝑖𝑖𝑠̇𝑠𝑖𝑖 = 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎𝑧𝑧𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑧̈𝑧𝑟𝑟𝑟𝑟 (8) 

 
         

Firstly, the calculation for roll:  
 

By using the Eq. (6), calculating the value 𝑧̈𝑧𝑟𝑟𝑟𝑟 is; 
𝑧̈𝑧𝑟𝑟𝑟𝑟 = 𝜉̈𝜉𝜙𝜙𝜙𝜙 − 𝜉̇𝜉𝜙𝜙 − 𝜂𝜂𝜙𝜙𝜀𝜀1̇ 

𝑧̈𝑧𝑟𝑟𝑟𝑟 = 𝜉̈𝜉𝜙𝜙𝜙𝜙 − �
�𝐽𝐽𝑦𝑦𝑦𝑦 − 𝐽𝐽𝑧𝑧𝑧𝑧�

𝐽𝐽𝑥𝑥𝑥𝑥
𝜃̇𝜃𝜑̇𝜑 +

𝐽𝐽𝑟𝑟
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝑛𝑛� + 𝑏𝑏1𝑢𝑢𝜙𝜙 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟� − 𝛼𝛼𝜙𝜙�𝜀𝜀1 + 𝜂𝜂𝜙𝜙𝜀𝜀1� 
(9) 

 
 

So, the sliding surface Eq. (8) in the term of roll input; 
 

𝑠̈𝑠𝜙𝜙 + 𝛾𝛾𝜙𝜙𝑠̇𝑠𝜙𝜙 = 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑧̈𝑧𝑟𝑟𝑟𝑟 (10) 

 
Substituted the Eq. (9) into (10)  

 
𝑠̈𝑠𝜙𝜙 + 𝛾𝛾𝜙𝜙𝑠̇𝑠𝜙𝜙 = 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟

+ 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �𝜉̈𝜉𝜙𝜙𝜙𝜙 − �
�𝐽𝐽𝑦𝑦𝑦𝑦 − 𝐽𝐽𝑧𝑧𝑧𝑧�

𝐽𝐽𝑥𝑥𝑥𝑥
𝜃̇𝜃𝜑̇𝜑 +

𝐽𝐽𝑟𝑟
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝑛𝑛� + 𝑏𝑏1𝑢𝑢𝜙𝜙 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟� − 𝛼𝛼𝜙𝜙�𝜀𝜀1 + 𝜂𝜂𝜙𝜙𝜀𝜀1�� 
(11) 

 
𝑠̈𝑠𝜙𝜙 = 0 for tracking error to remain on the sliding surface and external disturbance is zero 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 = 0; 
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𝑢𝑢𝐸𝐸 = 𝑢𝑢𝜙𝜙 = 1
𝑏𝑏𝜙𝜙𝑘𝑘𝑑𝑑𝑑𝑑

𝑏𝑏 �−𝛾𝛾𝜙𝜙𝑠̇𝑠𝜙𝜙 + 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �𝜉̈𝜉𝜙𝜙𝜙𝜙 − ��𝐽𝐽𝑦𝑦𝑦𝑦−𝐽𝐽𝑧𝑧𝑧𝑧�
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝜑̇𝜑 + 𝐽𝐽𝑟𝑟
𝐽𝐽𝑥𝑥𝑥𝑥
𝜃̇𝜃𝑛𝑛�� −

𝛼𝛼𝜙𝜙�𝜀𝜀2 + 𝜂𝜂𝜙𝜙𝜀𝜀1���   

(12) 

 
The switching function introduced is; 

𝑢𝑢𝑠𝑠 = 𝜆𝜆𝑖𝑖𝑠𝑠𝑖𝑖 + 𝑘𝑘𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑖𝑖),   𝜆𝜆𝑖𝑖,𝑘𝑘 > 0 (13) 
          

For sign function [21]  defined as; 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠𝑖𝑖) = �
+1, 𝑖𝑖𝑖𝑖 𝑠𝑠(𝑡𝑡)̇ > 0
0  𝑖𝑖𝑖𝑖 𝑠𝑠(𝑡𝑡)̇ = 0
−1  𝑖𝑖𝑖𝑖 𝑠𝑠(𝑡𝑡)̇ < 0

 

Using approaches [22] and [23], the roll input equation is calculated by substituting Eq. (11) and (12) into (5).  

𝑢𝑢𝜙𝜙 =
1

𝑏𝑏𝜙𝜙𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏

⎝

⎜
⎛
−𝛾𝛾𝜙𝜙𝑠̇𝑠𝜙𝜙 + 𝑘𝑘

𝑝𝑝𝑝𝑝
𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖

𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟

+ 𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏 ��𝜉̈𝜉𝜙𝜙𝜙𝜙 − �

�𝐽𝐽𝑦𝑦𝑦𝑦 − 𝐽𝐽𝑧𝑧𝑧𝑧�
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝜑̇𝜑 +
𝐽𝐽𝑟𝑟
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝑛𝑛�� − 𝜂𝜂𝜙𝜙
2 𝜀𝜀1�+ 𝜆𝜆𝜙𝜙𝑠𝑠𝜙𝜙 + 𝑘𝑘𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑠̇𝑠𝜙𝜙��

⎠

⎟
⎞

 

(14) 

So, 𝑠̈𝑠𝜙𝜙  is calculated by substituting the Eq. (14) into the Eq. (12) 

 
𝑠̈𝑠𝜙𝜙 = −𝑘𝑘𝑑𝑑𝑑𝑑

𝑏𝑏 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑏𝑏𝜙𝜙𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏 𝜆𝜆𝜙𝜙𝑠𝑠𝜙𝜙 − 𝑏𝑏𝜙𝜙𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑠̇𝑠𝜙𝜙� (15) 

 
      

And modifying the surface Eq. (15) in a generalized form; 

 
𝑠̈𝑠𝑖𝑖 = −𝑘𝑘𝑑𝑑𝑑𝑑

𝑏𝑏 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏 𝜆𝜆𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑖𝑖) (16) 

 
    

Now, the roll input with the disturbance is; 
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𝑢𝑢𝜙𝜙+ =
1

𝑏𝑏𝜙𝜙𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏

⎝

⎜⎜
⎛
−𝛾𝛾𝜙𝜙𝑠̇𝑠𝜙𝜙 + 𝑘𝑘

𝑝𝑝𝑝𝑝
𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖

𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟

+ 𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏

⎝

⎜
⎛�𝜉̈𝜉𝜙𝜙𝜙𝜙 − �

�𝐽𝐽𝑦𝑦𝑦𝑦 − 𝐽𝐽𝑧𝑧𝑧𝑧�
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝜑̇𝜑+
𝐽𝐽𝑟𝑟
𝐽𝐽𝑥𝑥𝑥𝑥

𝜃̇𝜃𝑛𝑛� + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟�− 𝜂𝜂𝜙𝜙
2 𝜀𝜀1�

+𝜆𝜆𝜙𝜙𝑠𝑠𝜙𝜙 + 𝑘𝑘𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑠̇𝑠𝜙𝜙� ⎠

⎟
⎞

⎠

⎟⎟
⎞

 

(17) 

 
Other control inputs for rotational and translational subsystems calculated on the same line are defined as; 

 

𝑢𝑢𝜃𝜃+ =
1

𝑏𝑏𝜃𝜃𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏

⎝

⎜
⎛
−𝛾𝛾𝜃𝜃𝑠̇𝑠𝜃𝜃 + 𝑘𝑘

𝑝𝑝𝑝𝑝
𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖

𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟

+ 𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏 �

�𝜉̈𝜉𝜃𝜃𝜃𝜃 − �
�𝐽𝐽𝑧𝑧𝑧𝑧 − 𝐽𝐽𝑥𝑥𝑥𝑥�

𝐽𝐽𝑦𝑦𝑦𝑦
𝜑̇𝜑𝜙̇𝜙 −

𝐽𝐽𝑟𝑟
𝐽𝐽𝑦𝑦𝑦𝑦

𝜙̇𝜙𝑛𝑛� + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟� − 𝜂𝜂𝜃𝜃
2𝜀𝜀3�

+𝜆𝜆𝜃𝜃𝑠𝑠𝜃𝜃 + 𝑘𝑘𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝜃𝜃)
�

⎠

⎟
⎞

 

(18) 

 

𝑢𝑢𝜑𝜑+ =
1

𝑏𝑏𝜑𝜑𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏
�−𝛾𝛾𝜑𝜑𝑠̇𝑠𝜑𝜑 + 𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟

+ 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 ��𝜉̈𝜉𝜑𝜑𝜑𝜑 − �
�𝐽𝐽𝑥𝑥𝑥𝑥 − 𝐽𝐽𝑦𝑦𝑦𝑦�

𝐽𝐽𝑧𝑧𝑧𝑧
𝜙̇𝜙𝜃̇𝜃 + 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟� − 𝜂𝜂𝜃𝜃2𝜀𝜀5� + 𝜆𝜆𝜙𝜙𝑠𝑠𝜑𝜑 + 𝑘𝑘𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑠̇𝑠𝜑𝜑��� 

(19) 

with 

�
 𝜀𝜀3 = 𝜉𝜉𝜃𝜃𝜃𝜃 − 𝜉𝜉𝜃𝜃, 𝑠𝑠𝜃𝜃 = 𝜀𝜀4 = 𝜉̇𝜉𝜃𝜃𝜃𝜃 − 𝜉𝜉𝜃𝜃 − 𝜂𝜂𝜃𝜃𝜀𝜀3,   𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ
𝜀𝜀5 = 𝜉𝜉𝜑𝜑𝜑𝜑 − 𝜉𝜉𝜑𝜑 , 𝑠𝑠𝜑𝜑 = 𝜀𝜀6 = 𝜉̇𝜉𝜑𝜑𝜑𝜑 − 𝜉𝜉𝜑𝜑 − 𝜂𝜂𝜑𝜑𝜀𝜀5,   𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦𝑦𝑦𝑦𝑦

 

 
𝑢𝑢𝑧𝑧+ =

𝑚𝑚
𝜒𝜒𝑧𝑧
𝑘𝑘
𝑝𝑝𝑝𝑝
𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖

𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏 �𝜉̈𝜉𝑧𝑧𝑧𝑧 − (𝑔𝑔 + 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡) − 𝜂𝜂𝑧𝑧2𝜀𝜀7 + 𝜆𝜆𝑧𝑧𝑠𝑠𝑧𝑧 + 𝑘𝑘𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑧𝑧)� 

(20) 

 
with 

𝜀𝜀7 = 𝜉𝜉𝑧𝑧𝑧𝑧 − 𝜉𝜉𝑧𝑧, 𝑠𝑠𝑧𝑧 = 𝜀𝜀8 = 𝜉̇𝜉𝑧𝑧𝑧𝑧 − 𝜉𝜉𝑧𝑧 − 𝜂𝜂𝑧𝑧𝜀𝜀7 
 

𝑢𝑢𝑥𝑥+ =
𝑚𝑚
𝜒𝜒𝑥𝑥
𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �𝜉̈𝜉𝑥𝑥𝑥𝑥 − (𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡 − 𝜂𝜂𝑥𝑥2𝜀𝜀9) + 𝜆𝜆𝑥𝑥𝑠𝑠𝑥𝑥 + 𝑘𝑘𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑥𝑥)� 

(21) 
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𝑢𝑢𝑦𝑦+ =
𝑚𝑚
𝜒𝜒𝑦𝑦
𝑘𝑘𝑝𝑝𝑝𝑝𝑧̇𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑎𝑎 𝑧𝑧𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �𝜉̈𝜉𝑦𝑦𝑦𝑦 − 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡 − 𝜂𝜂𝑦𝑦2𝜀𝜀11 + 𝜆𝜆𝑦𝑦𝑠𝑠𝑦𝑦 + 𝑘𝑘𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑠̇𝑠𝑦𝑦�� 

(22) 

 
with 
 

�
 𝜀𝜀9 = 𝜉𝜉𝑥𝑥𝑥𝑥 − 𝜉𝜉𝑥𝑥, 𝑠𝑠𝑥𝑥 = 𝜀𝜀10 = 𝜉̇𝜉𝑥𝑥𝑥𝑥 − 𝜉𝜉𝑥𝑥 − 𝜂𝜂𝑥𝑥𝜀𝜀9,   𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥
𝜀𝜀11 = 𝜉𝜉𝑦𝑦𝑦𝑦 − 𝜉𝜉𝑦𝑦, 𝑠𝑠𝑦𝑦 = 𝜀𝜀12 = 𝜉̇𝜉𝑦𝑦𝑦𝑦 − 𝜉𝜉𝑦𝑦 − 𝜂𝜂𝑦𝑦𝜀𝜀11,   𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦

 

 
 
3.2. Stability Analysis 
 

Quadcopter sliding surface given by Eq. (8) and control law �𝑢𝑢𝑧𝑧,𝑢𝑢𝜙𝜙,𝑢𝑢𝜃𝜃,𝑢𝑢𝜑𝜑� defined by Eq. (17,18,19,20) is asymptotically 
stable if : 𝑉̇𝑉𝑖𝑖 < 0 (is negative definite) for differential quadratic Lyapunov function [17] [24] defined as; 

 
𝑉̇𝑉 = 𝑠𝑠𝑖𝑖𝑠̇𝑠𝑖𝑖+𝑠̇𝑠𝑖𝑖𝑠̈𝑠𝑖𝑖 (23) 

 
Proof 1: for roll, pitch and yaw; using Eq. (23) and substituting the value 𝑠̈𝑠𝑖𝑖 defined in Eq. (16); 

 
= 𝑠𝑠𝑖𝑖𝑠̇𝑠𝑖𝑖+𝑠̇𝑠𝑖𝑖 �−𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑖𝑖)� 

= 𝑠̇𝑠𝑖𝑖�𝑠𝑠𝑖𝑖 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑖𝑖|𝑠̇𝑠𝑖𝑖|� 
≤ |𝑠̇𝑠𝑖𝑖|�𝑠𝑠𝑖𝑖 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑖𝑖 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑖𝑖|𝑠̇𝑠𝑖𝑖|� 

≤ |𝑠̇𝑠𝑖𝑖|�𝑠𝑠𝑖𝑖�1 − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑖𝑖� + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟+ − 𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 �|𝑠̇𝑠𝑖𝑖|� 
 
 
Where 𝑑𝑑𝑖𝑖+ ∈ 𝑅𝑅 is the upper bound on disturbance [18]. For asymptotic stability 𝑉̇𝑉𝑖𝑖 < 0, and negative if: 
 

⎩
⎪
⎨

⎪
⎧𝜆𝜆𝑖𝑖 >

1
𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏

𝑘𝑘𝑖𝑖 >
𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟+

𝑏𝑏𝑖𝑖

  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝜙𝜙,𝜃𝜃,𝜑𝜑 (24) 

 
 

Proof 2: for z 

 
Using the Eq. (22) substituting the value define as 𝑠̈𝑠𝑧𝑧, calculated as same way as 𝑠̈𝑠𝜙𝜙. 

𝑠̈𝑠5 = −𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑧𝑧𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑧𝑧) 
 

𝑉̇𝑉 = 𝑠𝑠𝑧𝑧𝑠̇𝑠𝑧𝑧+𝑠̇𝑠𝑧𝑧𝑠̈𝑠𝑧𝑧 
= 𝑠𝑠𝑧𝑧𝑠̇𝑠𝑧𝑧+𝑠̇𝑠𝑧𝑧 �−𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑧𝑧𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑠̇𝑠𝑧𝑧)� 
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= 𝑠̇𝑠𝑧𝑧�𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑧𝑧𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑧𝑧|𝑠̇𝑠𝑧𝑧|� 
≤ |𝑠̇𝑠𝑧𝑧|�𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑧𝑧𝑠𝑠𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑑𝑑𝑧𝑧 − 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝑘𝑘𝑧𝑧|𝑠̇𝑠𝑧𝑧|� 
≤ |𝑠̇𝑠𝑧𝑧|�𝑠𝑠𝑧𝑧�1− 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 𝜆𝜆𝑧𝑧� + 𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏 (𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡+ − 𝑘𝑘𝑧𝑧)|𝑠̇𝑠𝑧𝑧|� 

 
𝑉̇𝑉 it will always be negative if: 

 

𝜆𝜆𝑧𝑧 >
1
𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏

𝑘𝑘𝑧𝑧 > 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡
+
� 

 

(25) 

4. Simulation Result 
 The proposed controller has been implemented on the quadcopter models to follow the desired trajectory 1 and 2 (Figure 

3) in MATLAB/Simulink version 2021b. The transient response has been compared with the existing (i) SMCBS [14] and 
(ii) PIDSMC [15] controllers under disturbances and parametric uncertainties. Graphical results of controllers are presented 
for clarity of graphs and quantified in Tables.    

For the quadcopter parameters defined in Table 1, PID gains are determined using the ultimate gain method, and sliding 
function gains tuned by the hit and trial method are listed in Table 2. Fractional power chosen for Integrator (I) a=0.8, 
Derivative (D) b=0.65. 

4.1. Trajectory 
Trajectory-1, the initial and final values of position are (0,0,0) meters and (1,1,1) meters, and angle values are (0,0,0) 

radians and (0,0,0) radians, respectively.  The quadcopter takes off at 0 sec and flies over 15 seconds. After the 8th-second 
oscillation is observed due to wind disturbance, the system settles slowly. Figures 4 show the performance of the controller’s 
responses. Trajectory-2 is a helix structure are shown in Figure5.  

 

 
 

Fig. 3: Trajectory 1) Linear motion 2) Helix structure  
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Table. 2. Controller parameters 
Variables 𝑥𝑥 𝑦𝑦 𝑧𝑧 ∅ 𝜃𝜃 𝜑𝜑 

𝑘𝑘𝑝𝑝 5.5 6.0 10.0 9.0 9.0 8.0 

𝑘𝑘𝑖𝑖 0.86 0.86 1.05 1.24 1.36 0.88 

𝑘𝑘𝐷𝐷 0.66 0.66 0.11 0.33 0.33 0.13 

𝜆𝜆𝑖𝑖 2.0 2.0 2.0 1.0 1.0 3.0 

𝑘𝑘𝑖𝑖 20.0 20.0 20.0 19.0 19.0 20.0 

4.1.1 Trajectory 1 
The quadcopter takes off at 0 seconds from the 0.0 m. The proposed controller takes 2.94 seconds to reach 1.0 m. After 

the 8th second, oscillation observed due to the wind settles slowly to its original trajectory in 3.03 seconds. The results are 
quantified in Table 3 and compared with the SMCBS and PIDSMC controllers. 

 

 
Fig. 4: Performance comparision of the existing and proposed controller. 

4.2. Trajectory-2 Helix structure 
The effectiveness of controllers' is tested when the quadcopter tracks a helical trajectory [17] for a time interval of 0-50 

seconds. The effect of wind disturbance at a speed of 3m/s is added to the system from the 25th second. The proposed controller 
can mitigate the effect of disturbances and wind disturbances. Figure 5 show that the proposed controller exhibits good 
performance versus the existing controllers. The RMSE value with PFOIDSMCBS (z-direction) is observed from Table 4 
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Fig. 5: Performance comparision of the existing and proposed controller 

 

Table. 3. Performance specification of the test 1 (Trajectory-1) 
Parameters 𝑥𝑥 𝑦𝑦 𝑧𝑧 ∅ 𝜃𝜃 𝜑𝜑 

 
Rise time 

SMCBS No Wind effect 2.33 2.33 2.27 0.90 0.72 0.73 
PIDSMC No Wind effect 2.15 2.25 2.12 0.55 0.72 0.67 

PFOID 
SMCBS 

No Wind effect 1.73 1.73 1.71 0.180 1.27 1.74 
No  wind effect +20% (PU)  1.42 1.42 1.65 0.41 0.59 1.78 
No Wind effect -20% (PU) 1.89 1.89 1.79 0.41 0.59 1.78 

 
 

Overshoot 
Time 

SMCBS       
 

No wind effect  0 0 0 -1.16 0.44 0.13 
Wind effect  2.18 2.18 2.18 1.25 -1.26 0.51 

PIDSMC No wind effect  0 0 0 -1.06 0.45 0.12 
Wind effect  2.12 2.12 2.12 1.12 -1.21 0.07 

PFOID 
SMCBS 

No wind effect  0 0 0 -0.39 0.07 0.02 
Wind effect  2.10 2.10 2.10 0.54 -0.45 0.09 
No  wind effect +20% (PU)  0 0 0 -1.06 0.39 0.126 
Wind effect +20% (PU) 2.01 2.01 2.01 1.14 -1.24 0.39 
No wind effect -20% (PU) 0 0 0 -1.03 0.33 0.02 
Wind effect -20% (PU) 2.10 2.10 2.10 1.03 -1.14 0.07 

 
 

Settling Time 

 SMCBS 
      

No wind effect  3.21 3.21 3.18 4.42 4.21 3.91 
Wind effect  12.04 12.04 11.91 11.22 12.23 10.56 

PIDSMC No wind effect  3.14 3.14 3.12 4.28 3.20 3.81 
Wind effect  11.58 11.58 11.44 11.01 11.88 10.40 

PFOID No wind effect  3.01 3.01 2.94 4.21 4.01 3.74 
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SMCBS Wind effect  11.04 11.04 11.03 10.30 12.01 10.33 
No Wind effect +20% (PU)  2.34 2.34 2.07 4.07 3.01 1.78 
Wind effect +20% (PU) 10.41 10.41 10.20 10.20 11.58 12.06 
No wind effect -20% (PU) 3.34 3.34 3.29 4.21 3.01 1.78 
Wind effect -20% (PU) 11.61 11.61 11.31 10.40 11.58 10.33 

 
 

Steady State 
Error 

 SMCBS No wind effect 0 0 0 0.001 -0.006 0.001 
Wind effect  0.004 0.004 0.004 0.002 0.014 0.004 

PIDSMC No wind effect  0.001 0.001 0.001 0.001 -0.005 0.001 
Wind effect  0.013 0.013 0.003 0.001 -0.006 0.001 

 PFOID 
SMCBS 

No wind effect  0 0 0 0.001 -0.006 0.001 
Wind effect  0.004 0.004 0.004 0.002 0.014 0.004 
No wind effect +20% (PU) 0.001 0.001 0.001 0.001 -0.005 0.001 
Wind effect +20% (PU) 0.013 0.013 0.003 0.002 0.004 0.013 
 No wind effect -20% (PU) 0.004 0.004 0.004 0.004 -0.005 0.004 
Wind effect -20% (PU) 0.005 0.005 0.005 0.005 0.004 0.005 

 

Table. 4. RMSE value (Trajectory-2) 
Controllers 𝑥𝑥 𝑦𝑦 𝑧𝑧 ∅ 𝜃𝜃 𝜑𝜑 

PIDSMC 1.360 1.388 0.415 0.338 0.553 1.19e-6 

SMCBS 0.599 0.567 0.394 0.238 0.199 1.13 e-6 

PFOIDSMCBS 0.389 0.188 0.299 0.105 0.082 1.25 e-6 

 

Table. 5. Stability Analysis 
Parameters  
and values 𝜆𝜆∅ = 20 𝜆𝜆𝜃𝜃 = 20 𝜆𝜆𝜑𝜑 = 20 𝜆𝜆𝑧𝑧 = 20 𝑘𝑘∅ = 2.26 𝑘𝑘𝜃𝜃 = 2.56 𝑘𝑘𝜑𝜑 = 3.20 𝑘𝑘𝑧𝑧

= 3.69 

Parameters  
and values 

1
𝑏𝑏∅𝑘𝑘𝑑𝑑∅𝑏𝑏

= 3.78 

1
𝑏𝑏𝜃𝜃𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏
= 3.78 

1
𝑏𝑏𝜑𝜑𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏

= 5.56 

1
𝑘𝑘𝑑𝑑𝑑𝑑𝑏𝑏
= 1.25 

𝑑𝑑𝑟𝑟𝑟𝑟∅+

𝑏𝑏∅
= 0.71 

𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟+

𝑏𝑏𝜃𝜃
= 0.57 

𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟+

𝑏𝑏𝜑𝜑
= 2.35 

𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡+
= 1.67 

 
In the RMSE value of PFOIDSMCBS is 27.9% less than SMCBS and 31.7% less than PIDSMC. Therefore, proposed 

controller outperforms another controller with a small error.  

4.1. Stability Analysis 
From Eq. (24) and (25), conditions for asymptotically stability are: 

�
𝜆𝜆𝑖𝑖 > 1

𝑏𝑏𝑖𝑖𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏

𝑘𝑘𝑖𝑖 > 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟
+

𝑏𝑏𝑖𝑖

  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = 𝜙𝜙, 𝜃𝜃,𝜑𝜑       
𝜆𝜆𝑧𝑧 > 1

𝑘𝑘𝑑𝑑𝑑𝑑
𝑏𝑏

𝑘𝑘𝑧𝑧 > 𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡
+
�   for z                                         

 
Table 5 shows that the stability conditions are fulfilled, implying that the system is asymptotically stable. 
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5. Conclusion 
A simple hybrid controller (PFOIDSMCBS) is proposed to improve a quadcopter's attitude, altitude, and angle tracking 

tracking performance. The proposed controller can be deployed with quadcopters in the presence of various disturbances 
(external disturbances, wind effects, and mass variation) during flight state. To demonstrate the effectiveness and robustness 
robustness of the controllers has been compared with the PIDSMC and SMCBS controllers. Performances have been done on 
the linear and helical trajectories under the disturbances. Simulation results shown that the proposed controller has successfully 
tracked the quadcopter movement to desired/reference values for trajectories 1 and 2, ensuring the system's stability. 
Optimizing the controller parameters and power can improve the controller's tracking capability. 
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