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ABSTRACT 

Quadrotor unmanned aerial vehicles are nonlinear and underactuated systems whose control performance is 

strongly affected by model uncertainties and external disturbances. This paper presents an adaptive nonlinear 

control approach for quadrotor UAV trajectory tracking. The proposed strategy is developed from an adaptive 

fuzzy control framework for a general second-order nonlinear system, in which the control signal is generated 

through a Sugeno-type fuzzy structure and the controller parameters are updated online according to adaptive 

laws derived from the Lyapunov stability criterion. The resulting control architecture is then extended to the 

position and attitude subsystems of the quadrotor through six control channels with corresponding adaptive 

parameter update laws. Simulation results show that the quadrotor can follow the prescribed trajectory with 

stable position and attitude responses, while the tracking errors remain bounded and decrease toward a small 

neighborhood of zero. The results indicate that the proposed adaptive nonlinear control structure provides good 

adaptability and satisfactory tracking performance under the considered operating conditions. Therefore, the 

proposed approach is a feasible solution for quadrotor UAV control in the presence of uncertainties and 

disturbances. 

Keywords: Adaptive nonlinear control; Quadrotor UAV; Trajectory tracking; Adaptive fuzzy approximation; 

Lyapunov stability. 

INTRODUCTION  

In recent decades, unmanned aerial vehicles (UAVs), especially quadrotors, have attracted significant attention 

because of their wide range of applications in civil, industrial, and military fields, including surveillance, search 

and rescue, mapping, and environmental monitoring [1], [2]. Despite their mechanical simplicity, quadrotor 

UAVs exhibit strongly nonlinear, coupled, and underactuated dynamics. In addition, their motion is affected by 

aerodynamic effects, parameter uncertainty, payload variation, and external disturbances. These features make 

trajectory tracking and stabilization challenging control problems. 

To address these difficulties, many control methods have been proposed for quadrotor systems. Classical linear 

controllers such as PID and LQR remain attractive because of their simple structure and ease of implementation 

[3]. Variants such as fuzzy PID and adaptive fuzzy PID have also been investigated to improve control 

performance [4], [5], while optimization-based tuning methods have been employed to enhance active 

disturbance rejection control [6]. However, as emphasized in recent review studies [7], controllers based on 

linearized models often show limited robustness when the operating conditions deviate from the nominal design 

assumptions. 
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For this reason, recent research has increasingly focused on nonlinear and intelligent control strategies, including 

sliding mode control [8], adaptive sliding mode control [9], finite-time sliding-mode-based approaches [10], 

neural-network-based control [11], and fuzzy-system-based methods [13]–[15]. These approaches generally 

provide stronger nonlinear compensation and better disturbance-handling capability than conventional linear 

controllers. Nevertheless, many of them require either a relatively accurate model structure or a more 

complicated control design. 

Motivated by these observations, this paper develops an adaptive nonlinear control approach for quadrotor UAV 

trajectory tracking using an adaptive fuzzy control framework. The main idea is to construct the control signal 

through a Sugeno-type fuzzy system and update the controller parameters online through adaptive laws derived 

from the Lyapunov stability criterion. The approach is first formulated for a general second-order nonlinear 

system and then extended to the position and attitude dynamics of the quadrotor. 

The contribution of the paper is not to introduce an entirely new control theory, but to develop a systematic 

adaptive nonlinear control structure for quadrotor trajectory tracking and to verify its effectiveness through 

simulation. In particular, the controller is organized for the position and attitude channels of the quadrotor, 

allowing the system to handle nonlinear dynamics and uncertainty within a unified adaptive framework. 

The remainder of this paper is organized as follows. Section 2 presents the mathematical model of the quadrotor. 

Section 3 describes the nonlinear control framework. Section 4 develops the control design for the quadrotor. 

Section 5 presents simulation results and discussion. Finally, Section 6 concludes the paper. 

Quadrotor Dynamic Model 

The mathematical model of the quadrotor is described in the following form: 

                        

{
 
 
 
 

 
 
 
 𝑥̈ =

1

𝑚
(𝐶𝜙𝑆𝜃𝐶𝜓 + 𝑆𝜙𝑆𝜓)𝑇 −

𝐴𝑥

𝑚
𝑥̇ + 𝑑𝑥

𝑦̈ =
1

𝑚
(𝐶𝜙𝑆𝜃𝑆𝜓 − 𝑆𝜙𝐶𝜓)𝑇 −

𝐴𝑦

𝑚
𝑦̇ + 𝑑𝑦

𝑧̈ =
1

𝑚
(𝐶𝜙𝐶𝜃)𝑇 − 𝑔 −

𝐴𝑧

𝑚
𝑧̇ + 𝑑𝑧

𝜙̈ = 𝜃̇𝜓̇
𝐼𝑦𝑦−𝐼𝑧𝑧

𝐼𝑥𝑥
− 𝜃̇

𝐼𝑟

𝐼𝑥𝑥
𝜔𝛤 +

𝜏𝜙

𝐼𝑥𝑥
+ 𝑑𝜙

𝜃̈ = 𝜙̇𝜓̇
𝐼𝑧𝑧−𝐼𝑥𝑥

𝐼𝑦𝑦
+ 𝜙̇

𝐼𝑟

𝐼𝑦𝑦
𝜔𝛤 +

𝜏𝜃

𝐼𝑦𝑦
+ 𝑑𝜃

𝜓̈ = 𝜙̇𝜃̇
𝐼𝑥𝑥−𝐼𝑦𝑦

𝐼𝑧𝑧
+

𝜏𝜓

𝐼𝑧𝑧
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                                (1)                

where the lift force generated by the four rotors is determined as:  

                         𝑇 = 𝑘(𝜔1
2 +𝜔2

2 + 𝜔3
2 +𝜔4

2),                                                    (2) 

where 𝑘  is the lift coefficient, 𝜔𝑖  is the angular speed of the i rotor, l is the distance between two opposite 

rotors, 𝐴𝑥, 𝐴𝑦, 𝐴𝑧 are the inertia moments, 𝑑∗ the disturbance component ∗∈ {𝑥, 𝑦, 𝑧, 𝜙, 𝜃,𝜓}, 𝑥, 𝑦, 𝑧 are the 

coordinates of the quadrotor in the inertial frame, and , 𝜙, 𝜃, 𝜓 are the roll, pitch, and yaw angles of the quadrotor. 

The torques acting on each rotational axis are: 

                         {

𝜏𝜙 = 𝑘𝑙(𝜔4
2 − 𝜔2

2)

𝜏𝜃 = 𝑘𝑙(𝜔3
2 −𝜔1

2)

𝜏𝜓 = 𝑏(−𝜔1
2 + 𝜔2

2 −𝜔3
2 + 𝜔4

2)

           (3)                     

From (2) and (3), the angular velocities of each rotor can be obtained as: 
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 𝜔1 = √

𝑇

4𝑘
−

𝜏𝜃

2𝑘𝑙
−

𝜏𝜓

4𝑏

𝜔2 = √
𝑇

4𝑘
−

𝜏𝜙

2𝑘𝑙
+

𝜏𝜓

4𝑏

𝜔3 = √
𝑇

4𝑘
+

𝜏𝜃

2𝑘𝑙
−

𝜏𝜓

4𝑏

𝜔4 = √
𝑇

4𝑘
+

𝜏𝜙

2𝑘𝑙
+

𝜏𝜓

4𝑏

                                                  (4) 

The mathematical model in (1) will be used to simulate the quadrotor in Section 5 

Adaptive Nonlinear Control Framework 

To address the nonlinear and uncertain characteristics of quadrotor UAVs, this paper adopts an adaptive 

nonlinear control framework based on adaptive fuzzy approximation. The main idea is to construct the control 

signal through a nonlinear mapping generated by a Sugeno-type fuzzy system, while the controller parameters 

are updated online using adaptive laws established from the Lyapunov stability criterion. In this way, the control 

structure can compensate for uncertain nonlinearities without requiring exact knowledge of the mathematical 

model. 

Consider a general second-order nonlinear system of the form: 

 

                       𝑥(𝑛) = 𝑓(𝑥, 𝑥̇, . . . , 𝑥(𝑛−1)) + 𝑏𝑢                                         (5) 

where x is the system state, u is the input signal, and f(x) together with the control gain b > 0 are unknown. Let  

the tracking error vector be defined as 

 

e = [e, ė]ᵀ. 

The control law is constructed through a fuzzy basis expansion as 

 

                       𝑢𝐷 = 𝜃
𝑇𝜁(𝒙)                                                                           (6) 

where ζ(x) is the basis-function vector formed by Gaussian membership functions and Θ is the parameter vector 

to be adjusted online. 

If the system dynamics were exactly known, an ideal control signal could be determined in order to stabilize the 

tracking error dynamics. In the proposed approach, this ideal signal is approximated by the nonlinear fuzzy-

based control structure. Substituting the control law into the system dynamics yields the corresponding closed-

loop error model: 

                          𝑒(𝑛) = −𝒌𝑻𝒆 + 𝑏(𝑢∗ − 𝑢𝐷).                       (8) 

where the control gains are selected such that the nominal error system is stable. 

For convenience of analysis, the error dynamics are rewritten in state-space form as 

                                   𝑒̇ = 𝛬𝒆 + 𝑏[𝑢∗ − 𝑢𝐷(𝒙, 𝜃)]                                        (9) 

 

where the approximation error of the nonlinear fuzzy structure is explicitly taken into account. Let Θ* denote 

the optimal parameter vector of the fuzzy system, then the approximation residual can be represented through 
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the corresponding minimum reconstruction error. The state equation can therefore be written in the compact 

form 

                           𝑒̇ = 𝛬𝒆 + 𝑏(𝜃∗ − 𝜃)𝑇𝜁(𝛸) − 𝑏𝜔                                      (10) 

To establish the stability of the proposed nonlinear control framework, the Lyapunov function is chosen as 

                          𝑉 =
1

2
𝒆𝑇𝑃𝒆 +

𝑏

2𝛾
(𝜃∗ − 𝜃)𝑇(𝜃𝑇 − 𝜃)          (11) 

where P is a positive definite matrix and γ > 0 is the adaptation gain. Taking the time derivative of the Lyapunov 

function and selecting the adaptive update law in the form 

                             𝜃̇ = 𝛾𝒆𝑇𝑝𝑛𝜁(𝛸),                                                                 (12) 

it follows that the tracking error remains bounded and evolves toward a neighborhood of the origin.  

It should be emphasized that the nonlinear controller used in this paper does not rely on an exact mathematical 

model of the plant. Instead, it exploits the approximation capability of the fuzzy basis structure together with 

online parameter adaptation. As a result, the controller is suitable for systems whose dynamics are nonlinear and 

affected by uncertainty. In the next section, this nonlinear control framework is specialized to the position and 

attitude dynamics of the quadrotor UAV.                                                          

Adaptive Nonlinear Control Design for the Quadrotor 

In this section, the adaptive nonlinear control framework introduced in Section 3 is applied to the quadrotor 

UAV. Because the quadrotor is an underactuated system with six state channels but only four independent 

control inputs, the controller is organized into two coupled loops.  

The outer loop is responsible for trajectory tracking in the translational coordinates, while the inner loop 

stabilizes the attitude dynamics. This hierarchical structure allows the nonlinear control law to be implemented 

in a systematic manner for the full quadrotor system. 

Attitude Control Design 

The objective of the attitude loop is to drive the roll, pitch, and yaw angles toward their desired references. Let 

the attitude tracking errors be defined as 

eφ = φ − φd, eθ = θ − θd, eψ = ψ − ψd. 

The corresponding error vectors are expressed in second-order form so that the nonlinear control framework of 

Section 3 can be directly applied. 

To construct the control signals for the attitude channels, the basis-function vectors are chosen as 

 

                        {

𝜁(𝜙) = 𝐺𝜙(𝜙) ⊗𝐺𝜙̇(𝜙̇)

𝜁(𝜃) = 𝐺𝜃(𝜃) ⊗ 𝐺𝜃̇(𝜃̇)

𝜁(𝜓) = 𝐺𝜓(𝜓) ⊗ 𝐺𝜓̇(𝜓̇)

                                                  (13) 

where Gφ(.), Gθ(.), and Gψ(.) are Gaussian basis vectors, ci denotes the center of each membership function, σi 

is the width, and ⊗ represents the Kronecker product. These basis vectors provide a nonlinear approximation 

structure for the roll, pitch, and yaw channels. 

Based on the general control law in (6), the attitude control torques are selected as 

τφ = Θφᵀζ(φ), τθ = Θθᵀζ(θ), τψ = Θψᵀζ(ψ) 
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where Θφ, Θθ, and Θψ are the parameter vectors associated with the three attitude channels. The corresponding 

parameter vectors are updated online using adaptive laws derived from (12). In this way, the roll, pitch, and yaw 

dynamics are controlled through three nonlinear adaptive channels that compensate for uncertainty in the 

rotational subsystem. 

The main role of the attitude controller is to ensure that the quadrotor orientation follows the desired references 

generated by the outer-loop motion controller. Since the rotational dynamics are strongly nonlinear and coupled, 

the adaptive fuzzy-based approximation provides a convenient way to construct a nonlinear control law without 

requiring exact parameter knowledge. 

Position Control Design 

The purpose of the position loop is to achieve trajectory tracking in the translational coordinates x, y, and z. To 

this end, the following virtual control signals are introduced: 

                         

{
 
 

 
 𝑢𝑥 =

𝑇

𝑚
(𝑐𝑜𝑠𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 + 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛𝜓)

𝑢𝑦 =
𝑇

𝑚
(𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜓 − 𝑠𝑖𝑛 𝜙 𝑐𝑜𝑠𝜓)

𝑢𝑧 =
𝑇

𝑚
(𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃) − 𝑔

           (14) 

where ux, uy, and uz denote the virtual translational control inputs. These signals are related to the total thrust 

and the orientation of the quadrotor, and they provide the interface between the translational and rotational 

subsystems. 

Using these virtual signals, the desired attitude references and the total thrust can be determined for the inner-

loop controller. Therefore, the position loop plays the role of generating motion commands, while the attitude 

loop ensures that the quadrotor orientation evolves consistently with those commands. 

The nonlinear control structure for the translational channels is built by defining the basis-function vectors as 

 

                         {

𝜁(𝑥) = 𝐺𝑥(𝑥) ⊗ 𝐺𝑥̇(𝑥̇)
𝜁(𝑦) = 𝐺𝑦(𝑦) ⊗ 𝐺𝑦̇(𝑦̇)

𝜁(𝑧) = 𝐺𝑧(𝑧)⊗ 𝐺𝑧̇(𝑧̇)

                            (15) 

 

where Gx(.), Gy(.), and Gz(.) are Gaussian basis vectors associated with the translational states and their 

derivatives. These functions allow the nonlinear terms in the translational dynamics to be represented through 

adaptive fuzzy approximation. 

 

The virtual control inputs are then generated in the form ux = Θxᵀζ(x), uy = Θyᵀζ(y), uz = Θzᵀζ(z)where Θx, Θy, 

and Θz are the adaptive parameter vectors for the translational channels. Similar to the attitude loop, the online 

update of these parameters follows the adaptive law given in Section 3. As a result, the translational subsystem 

is controlled through three nonlinear adaptive channels. 

By combining the position loop and the attitude loop, the overall quadrotor controller consists of six nonlinear 

control channels with six corresponding adaptive parameter update laws. This design provides a unified 

framework for handling both translational and rotational motion.  

The resulting controller is expected to maintain stable trajectory tracking even when the system is affected by 

modeling uncertainty and disturbance. 

The next section presents the simulation setup and evaluates the tracking performance of the proposed nonlinear 

control approach for the quadrotor UAV. 
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Simulation Results and DiscussionThe quadrotor parameters used in the simulation are selected as 

follows: 

     

Parameter 

 

       Value      

Parameter 

Value 

m 1.21   g 9.8 

k 2.98e-5 Ixx 0.01 

b 3.23e-7 Iyy 0.01 

l 0.25 Izz 0.0148 

Consider the reference trajectory as follows: 

           

{
 
 

 
 𝑥𝑑 = 𝑐𝑜𝑠(

𝜋

20
𝑡)

𝑦𝑑 = 𝑠𝑖𝑛(
𝜋

20
𝑡)

𝑧𝑑 = 1; 𝜓𝑑 = 0
 

 

 

Figure 1. Quadrotor trajectory response 

 

Figure 2. Quadrotor position along the x-axis 

 

Figure 3. Quadrotor position along the y-axis 

 

Figure 4. Angle 𝜓 
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Figure 5. Angle 𝜙 

 

Figure 6. Quadrotor position along the z-axis 

 

 

Figure 7. Angle 𝜃 

 

To evaluate the effectiveness of the proposed adaptive nonlinear control approach, simulations were carried out 

on the quadrotor model described in Section 2. The model parameters used in the simulations are listed in Table 

1. These parameters represent the mass, gravitational acceleration, lift coefficient, drag moment coefficient, arm 

length, and inertia values of the quadrotor. 

A reference trajectory was specified in order to assess the trajectory-tracking capability of the closed-loop 

system. The position responses of the quadrotor along the x, y, and z axes, together with the attitude responses 

in roll, pitch, and yaw, were recorded. The obtained results are illustrated in Figures 1 to 7. 

Figure 1 shows the overall trajectory response of the quadrotor. It can be observed that the actual trajectory 

follows the reference path closely, indicating that the proposed nonlinear control structure is able to coordinate 

the translational and rotational dynamics effectively. This result confirms that the controller provides satisfactory 

tracking performance for three-dimensional motion. 

The position responses shown in Figures 2, 3, and 6 indicate that the quadrotor tracks the desired motion along 

the x, y, and z axes with acceptable transient behavior. The responses gradually converge to the reference signals 

and remain stable throughout the simulation interval. This behavior suggests that the outer-loop control structure 

http://www.rsisinternational.org/


Page 577 

 
www.rsisinternational.org 

INTERNATIONAL JOURNAL OF LATEST TECHNOLOGY IN ENGINEERING,  

MANAGEMENT & APPLIED SCIENCE (IJLTEMAS) 

                            ISSN 2278-2540 | DOI: 10.51583/IJLTEMAS | Volume XV, Issue IV, April 2026 

 

can generate suitable motion commands for the translational subsystem even in the presence of nonlinear 

coupling. 

The attitude responses in Figures 4, 5, and 7 show that the roll, pitch, and yaw angles remain bounded and evolve 

smoothly toward their desired values. This demonstrates that the inner-loop controller is capable of stabilizing 

the rotational dynamics and supporting the motion commands generated by the position loop. Although transient 

deviations are present in the initial stage, they decay over time without causing instability. 

Overall, the simulation results indicate that the proposed adaptive nonlinear control approach can provide stable 

trajectory tracking for the quadrotor UAV. The adaptive control structure allows the system to adjust to 

uncertainty in the model and maintain bounded tracking errors during operation. These results support the 

applicability of the proposed method to quadrotor systems with nonlinear and uncertain dynamics. 

CONCLUSION 

This paper presented an adaptive nonlinear control approach for quadrotor UAV trajectory tracking. The 

proposed method was developed from an adaptive fuzzy approximation framework for a general second-order 

nonlinear system and then extended to the position and attitude dynamics of the quadrotor. The resulting control 

structure consists of six adaptive nonlinear control channels with corresponding parameter update laws. 

Simulation results demonstrated that the quadrotor can follow the prescribed reference trajectory with stable 

translational and rotational responses. The position and attitude errors remain bounded and decrease over time, 

indicating that the proposed adaptive nonlinear control structure is capable of handling the nonlinear and 

underactuated nature of the quadrotor system. 

The main advantage of the proposed approach is that it does not rely on exact knowledge of the plant dynamics 

and can adapt online to uncertain operating conditions through parameter adjustment. For this reason, the method 

is a feasible candidate for quadrotor UAV control in the presence of model uncertainty and external disturbance. 

Future work will focus on comparative evaluation with other nonlinear controllers, improved robustness under 

stronger disturbances, and experimental validation on a real quadrotor platform.. 
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