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1. Introduction 

 In recent years, Quadrotor unmanned aerial vehicles (UAVs) have attracted much attention 

due to a variety of applications, such as logistics [1], search and rescue [2], mapping [3], 

photography [4], and so on. For the Quadrotor UAVs, the problem of trajectory tracking control 

is always one of the key issues. A numerous control approaches have been carried out on 

quadrotor platforms, such as PID control [5], LQR control [6], Backstepping control [7],  and 

Model predictive control (MPC) [8]. However, the control design for the Quadrotor system 

usually requires tackling several challenges, including nonlinear dynamics, strong coupling, 

model uncertainties, and external disturbances [9] - [11]. Therefore, these model-based control 

approaches in [5] - [8] usually deliver low performance in real-world applications. The control 

problem for the quadrotor system is to design a robust controller that achieves trajectory tracking 

under the influence of dynamic uncertainties and external disturbances.  

 Sliding Mode Control (SMC) is a nonlinear control method, which is well-known as an 

effective method against uncertainties and disturbances. Due to its simplicity and robustness, the 

method has been studied extensively for over 50 years and has received many applications [12], 

[13]. The core idea of SMC lies in two fundamental problems: constructing the sliding surface 

and formulating a control law that ensures system stability, typically based on Lyapunov stability 

theory. A conventional SMC with a linear sliding surface is often designed to ensure the 

asymptotic stability of the system [14]. An advanced version, known as Terminal Sliding Mode 

Control (TSMC), has been developed to further enhance performance by ensuring that the 

tracking error converges to zero in a finite time, depending on the initial conditions [15]. 

However, there are several typical SMC design methods, for detailed discussions on them and 

key challenging issues such as chattering or sensitivity to unmodeled dynamics.  

 The limitations of the SMC methods are that the parameters of the dynamic system need to be 

known in advance so that it is more difficult to be satisfied in practical application. As far as we 

know, Radial Basis Function Neural Networks (RBFNNs) is a powerful technique for their 

approximation capabilities [16] - [18]. With a universal function approximation property, 

RBFNNs are usually utilized to approximate unknown nonlinear dynamics and uncertainties 

without requiring accurate mathematical models. They act as adaptive estimators or 

compensators that help cancel out the unknown parts of the dynamics. As a result, RBFNNs are 

commonly integrated into nonlinear control methods such as SMC to ensure system stability and 

desired performance despite the presence of uncertainties.  

 Inspired by these discussions, this paper presents a TSMC-based RBFNN framework for 

Quadrotor UAVs subject to external disturbances and model uncertainties. In particular, an 

RBFNN is employed to estimate the model uncertainties and external disturbances. Then, a 

TSMC controller is used to achieve a good trajectory tracking performance and guarantee the 

stability of the Quadrotor system. The main contributions of this paper are listed as follows: 

1. A nonlinear control framework based on TSMC is developed for the Quadrotor system to 

achieve the finite-time convergence of both position and attitude tracking errors, performing a 

superior performance compared to conventional SMC. 

2. To overcome the limitations of traditional SMC methods, RBFNNs are integrated as 

adaptive estimators to approximate the unknown dynamics, model uncertainties, and external 

disturbances without prior knowledge of system dynamics.   

 The rest of this paper is organized as follows. In Section 2, the details of the Quadrotor 

dynamic model and TSMC-based RBFNNs control design are presented. In Section 3, the 

simulation result is provided. Finally, Section 4 concludes this paper. 
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2. Problem Formulation and Control Design 

2.1. Problem formulation 

2.1.1. The dynamic model of a Quadrotor 

The coordination and motion of the Quadrotor 

unmanned aerial vehicle are shown in Figure 1. 

Let              denotes the inertial Earth-

fixed frame and              denotes the 

body-fixed frame attached to the Quadrotor. Let 

  [     ]     denotes the position of the 

Quadrotor mass center in the inertial Earth-fixed 

frame and the Euler angles (i.e., roll, pitch, and roll 

angles) are represented by   [     ] , 

satisfying        ,         , and 

      . 

 
Figure 1. The Quadrotor coordinate 

According to [19], the dynamic model of the Quadrotor is described by 
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Where  ̅              ;    is the rotor inertia;                    are time-varying 

external disturbance;        ([        ]) is the inertial matrix. The total thrust    and the 

control torque     [        ]
 

are generated by the rotors, which are formulated by 

     ∑   
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(2) 

 Where,      is the thrust coefficient ;     is the drag coefficient;   is arm length; and    

is the speed of rotors. It is widely recognized that the parameters of Quadrotor system are 

uncertain. Therefore, adaptive control framwork is cruial to achieve good tracking performance 

corresponding to a predefined trajectory. 

2.1.2. Model transformation  

 It is easy to observe from the Quadrotor dynamic model (1a) and (1b) that the Quadrotor is an 

underactuated system, having six degrees of freedom while having only four independent control 

inputs. To overcome this limitation, a hierarchical control structure, including a position 

controller and an attitude controller, is employed. Firstly, the virtual position control input 

   [        ]
 

is defined as the following 
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 The dynamic model of Quadrotor (5) can be rewritten as follows 
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(5) 

 Assumption 1. The external disturbances acting on the Quadrotor UAV, arising from factors 

such as wind, aerodynamic drag, and friction, are assumed to be bounded along with their time 

derivatives in this study [20].  

Once the virtual control input    is determined, the desired reference for the attitude 

controller    [        ]
  is derived as 

   √  
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(6) 

 It is noted that the desired yaw angle    is usually set as a fixed constant.  

2.2. Control Design 

This section presents an adaptive neural network-based terminal sliding mode control (ANN-

based TSMC) for both position and attitude controllers of the Quadrotor UAVs. The position 

controller is designed to generate a virtual position control signal    tracks the position of the 

Quadrotor UAV with the desired reference trajectory. Then, the attitude controller is designed to 

generate the desired control signal     to achieve the stability of the Quadrotor. Based on the 

Lyapunov stability theory, the stability of the closed-loop system is proved. 

2.2.1. Position control design 

 Let    [        ]
     as the desired position reference. Define the position-tracking 

error as  

        (7) 

 The terminal sliding mode surface for the position controller is defined as 

    ̇    |  |
            

(8) 

 Where      and        . The virtual model-based position control input is designed as 
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 Where  ̂  is the estimation disturbance of   . Similar to [17], due to the unknown disturbances 

and uncertainties in the position subsystem, the RBF NN is introduced to approximate these terms as 

  
  (  )             ̇      ̈      |  |

    
  (10) 

 where    [   ̇      ̇   ̈ ]
      is the input vector,    is the ideal position weight 

matrix,  (  )   *                +
 
     is chosen as the Gaussian function with are the 

width of the Gaussian function    and the center of the receptive file   ,  and   (  ) is the 

approximate error which satisfies |  (  )|    ̅ with   ̅ is a possitive constant. The position 

control input is rewritten as 

     ( ̂ 
  (  )               (  )     )  (11) 

 Where  ̂      is the estimation value of the ideal position weight matrix. Then, the 

adaptive law is formulated as 

  ̂̇     (  )  
   (12) 

 Theorem 1. Let  ̃      ̂  as the approximate weight error. For the position subsystem 

in (1a), the position control law (11) with the adaptive law (12), the position tracking error    is 

asymptotic stability. 

 Proof. Choosing a Lyapunov candidate function as 
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 Taking the time derivative of   , we have  
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 By choosing       ̅ , the stability of the position subsystem is proven. 

2.2.2. Attitude control design 

 After the virtual position control input is determined, the desired reference    for the attitude 

controller can be obtained by using (6). Define the attitude-tracking error    as 

        (15) 

 The terminal sliding mode surface for the attitude controller is defined as 

    ̇    |  |
            

(16) 

 Where      and        . The model-based attitude control input is designed as 
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 where  ̂  is the estimation disturbance of   . Similar to the position control design, the RBF 

NN is employed to approximate these terms as 
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 Where    [   ̇      ̇   ̈ ]
 
is the input vector;    is the ideal attitude weight matrix; 

 (  )   *            
    +

 
     is chosen as the Gaussian function with are the width of 

the Gaussian function   ; and the center of the receptive file   , and   (  ) is the approximate 
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error which satisfies |  (  )|    ̅ with   ̅ is a possitive constant. The attitude control input is 

rewritten as 

     ( ̂ 
  (  )               (  ))  

(19) 

 Where  ̂  is the estimation value of the ideal position weight matrix. Then, the adaptive law 

is formulated as 

  ̂̇     (  )  
   (20) 

 Theorem 2. Let  ̃      ̂  as the approximate weight error. For the attitude subsystem 

in (1b), the attitude control law (19) with the adaptive law (20), the attitude tracking error    is 

asymptotic stability. 

Proof. Choosing a Lyapunov candidate function as 
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Taking the time derivative of   , we have  
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By choosing       ̅  , the stability of the position subsystem is proven. 

3. Simulation result  

 In this section, a simulation result is provided to verify the effectiveness of the proposed 

controller. The parameters of the Quadrotor system are chosen in [19]. The parameters of the 

Quadrotor system are shown in Table 1. The position and attitude control coefficients are chosen 

in Table 2. The initial condition of the Quadrotor is configurated as follows      
[           ] ,  ̇    [           ] ,      [           ] , and  ̇    [           ] . 

Table 1. The parameter of the Quadrotor system 

Parameter Value Parameter Value 

                               

                              

                                  

                                    

                                      

                                         

             

       

Table 2. The parameters of the position and attitude controllers 

Parameter Value Parameter Value 
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 The desired trajectory reference is set as follows    [                             ]. 
The external disturbances are assumed as                     and           

             .The desired yaw angle is predefined as       . The RBF NN in both position 

and attitude controllers are designed with 5 and 7 nodes, respectively. The width of the Gaussian 

function           , and the center    and     are evenly distributed in [    ] and [    ], 

respectively. The initial weight matrices for position and attitude controllers are chosen as 

           and           , respectively. 

 The convergence of RBF NN for position and attitude controllers are shown in Figure 2 And 

Figure 3, respectively. The position and attitude responses of the Quadrotor are shown in Figure 4 

and Figure 5, respectively. After 2 seconds, both the position and attitude states of the Quadrotor 

track follow the position and attitude references. The “chattering” seen in the attitude tracking 

results of Figure 5 originates from an inherent limitation of the TSMC scheme. This issue can be 

alleviated either by smoothing the switching term - replacing the discontinuous sign(·) function 

with continuous functions such as tanh(·) or sat(·) functions - or by optimising the control gains 

with meta heuristic techniques like Genetic Algorithm (GA) and Particle Swarm Optimization 

(PSO) to obtain coefficient sets that suppress chattering without sacrificing robustness. This aspect 

will be further discussed in future work, as it is not the focus of the current study. To clarify the 

effectiveness of the proposed controller, a 3D trajectory is provided in Figure 6. 

 
Figure 2. The convergence of RBFNN in the position 

controller 

 
Figure 3. The convergence of RBF NN in the 

attitude controller 

 
Figure 4. The position responses of the 

Quadrotor 

 
Figure 5. The attitude responses of the Quadrotor 

 

 
Figure 6. The 3D trajectory of the Quadrotor 
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4. Conclusion 

 The study proposes an adaptive neural network-based terminal sliding mode strategy for the 

trajectory tracking control for the Quadrotor subjected to unknown external disturbances. Based 

on the terminal sliding mode control, the position and attitude tracking error converge to zero in 

the finite time. However, both controllers cannot be obtained directly due to model uncertainties 

and external disturbances. Therefore, the RBF NN is employed to approximate the uncertain 

dynamics of the Quadrotor and the external disturbances. The simulation result is carried out to 

clarify the superior performance of the proposed controller. It is noted that this paper does not 

consider the optimization of the quadrotor trajectory-tracking problem. In practical applications, 

due to the limited battery capacity, the problem of optimal control for a single or multiple 

quadrotor systems should be taken into consideration and remains a subject for future work. 
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