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1. Introduction 

Unmanned Aerial Vehicles (UAVs), often known as drones, have garnered considerable 

interest in recent years from a growing number of academics and engineers across diverse 

academic and scientific fields [1]-[6]. UAVs have historically been employed for military 

programs to carry out a comprehensive array of army activities [7]-[8]. However, significant 

advancements in the design and production of low-cost, highly reliable unmanned aerial vehicles, 

coupled with growing demand for their commercial deployment, have led to the widespread adoption 

of UAVs across a diverse range of civil and industrial applications [1]. In addition, UAVs’ unique 

attributes, together with ease of use, speedy deployment to some distance-flung regions, high-
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 This paper presents the design and analysis of a roll motion control system 

for a vertical take-off and landing of unmanned aerial car (VTOL-UAV) 

during the hovering flight phase. Ensuring stability and disturbance 

rejection during hovering is a significant challenge for UAVs, as external 

disturbances can lead to instability. To address these challenges, this study 

proposes an Active Disturbance Rejection Control (ADRC) strategy to 

enhance the system's roll stability and disturbance rejection. The primary 

contribution is the development of an improved ADRC system by 

integrating different types of extended state observers (ESO) with a 

Nonlinear-Proportional-Derivative (NPD) controller. The paper evaluates 

three ESO types—Linear (LESO), Nonlinear (NESO), and Fractional 

Order (FOESO)—for system state estimation and disturbance 

compensation. By combining the best ESO with NPD controller, an 

enhanced ADRC system is formed and its performance is compared against 

a conventional Proportional-Integral-Derivative (PID) controller. 

Numerical simulations performed using MATLAB demonstrate that 

ADRC significantly improves roll stability and disturbance rejection under 

both disturbed and undisturbed conditions. The results indicate that the 

LESO provides the best estimation accuracy, leading to superior system 

robustness. The ADRC system with LESO outperforms the PID controller 

in all test cases, particularly in disturbance rejection and stability. The study 

concludes that ADRC with LESO is an effective solution for improving 

VTOL-UAV roll motion control during hovering providing a promising 

approach for future UAV applications in dynamic environments. 

 

Keywords 

Tail-Sitter VTOL Aircraft; 

Active Disturbance Rejection 

Control; 

Extended State Observer; 

Parameter Uncertainty 

This is an open-access article under the CC–BY-SA license. 

 

http://pubs2.ascee.org/index.php/ijrcs
http://dx.doi.org/10.31763/ijrcs.v5i2.1829
mailto:ijrcs@ascee.org
mailto:cse.23.15@grad.uotechnology.edu.iq
mailto:amjad.j.humaidi@uotechnology.edu.iq
mailto:60141@uotechnology.edu.iq
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/


ISSN 2775-2658 
International Journal of Robotics and Control Systems 

1279 
Vol. 5, No. 2, 2025, pp. 1278-1296 

  

 

Hakam Marwan (Active Disturbance Rejection Control for Unmanned Aerial Vehicle) 

 

mobility, maneuverability, and their ability to hover, make them super applicants for civil and 

industrial programs [1]. Examples of such applications include search and rescue missions [9]-[12], 

precision agriculture monitoring [13], natural disaster and environmental monitoring [14]-[15], 

delivery of goods [16]-[19], and remote sensing [20]-[21]. An unmarried UAV (more than one UAV) 

may be used as communication relays or maybe aerial base stations (BSs) to provide wi-fi network 

insurance [22]-[24]. Applications for the Internet of Things (IoT) can also make use of UAVs. [25]-

[28]. Physical items (also known as “matters”) in such packages might not be capable of speak over 

an extended variety. In IoT packages, UAVs can then be utilized as dynamic gateways to transmit 

wireless information [29]-[30]. 

This paragraph discusses the importance of Active Disturbance Rejection Control (ADRC). The 

ADRC represents a paradigm shift in feedback control system design, offering a robust alternative 

to conventional PID and model-based approaches [31]-[36]. ADRC addresses the limitations of 

model dependency and tuning challenges by actively estimating and compensating for unknown 

dynamics and disturbances in real-time [37]. This technique demonstrates high robustness, 

maintaining consistent performance and stability margins despite significant plant parameter 

variations [38]. ADRC has proven effective in various applications, including active vibration control 

of seismically excited building structures [39]. Its key advantages include reduced sensitivity to input 

disturbances, simplified implementation, and the ability to function without precise system 

parameters [38]-[39]. ADRC comprises three key components: the tracking differentiator, the 

extended state observer (ESO), and nonlinear PID [40]. 

In the literature, many researchers have used different structures of controls a tail-sitter VTOL 

UAV system including the PID regulator [41], the model predictive controller [42], sliding mode 

control [43], disturbance observer-bases controller using H-infinity synthesis [43], active disturbance 

rejection control (ADRC) for attitude controller [44], and nonlinear robust controller [45]. As in step 

with past studies, a tail-sitter VTOL aircraft exhibits an herbal volatile conduct in vertical flight.  

Also, all through hover mode, tail-sitters have complex flight dynamics due to system uncertainties 

and outside disturbances. In [46], proposed a sliding mode control strategy using a high-gain observer 

for VTOL aircraft trajectory tracking. In [47], a control layout based on linear saturation features and 

the Lyapunov technique for manoeuvre in transition for tail-sitter drone. 

This study highlights the developing of an Active Disturbance Rejection Control (ADRC) due 

to its potential to address machine uncertainties and outside disturbances without requiring a correct 

mathematical model. The core of ADRC is the Extended State Observer (ESO), which estimates and 

compensates for disturbances in real-time. However, specific ESO systems, together with linear, 

nonlinear, and fractional order, exhibit various levels of performance in disturbance rejection. The 

objective of this research is to analyze and compare the effectiveness of three types of ESO in ADRC 

structures. In addition, The ADRC is integrated with Nonlinear Proportional-Derivative (NPD) and 

the proposed ADRC-NPD method is compared with traditional PID. This examine affords treasured 

insights into the most appropriate selection of the feedback controller and demonstrates a 

sophisticated method for improving ADRC performance. The key contributions of this study may be 

summarized as follows: 

• Development of an Enhanced ADRC Framework – This observe gives an progressed Active 

Disturbance Rejection Control (ADRC) strategy via integrating one of a kind styles of Extended 

State Observers (ESO) to beautify roll balance and disturbance rejection for VTOL-UAVs. 

• Comparative Analysis of ESO Variants – The studies evaluate the overall performance of Linear 

(LESO), Nonlinear (NESO), and Fractional (FESO) Extended State Observers in estimating 

system states and compensating for outside disturbances. 

• Integration of Nonlinear Proportional-Derivative (NPD) Control – A novel method is brought 

by using incorporating NPD manage inside the ADRC framework, and its effectiveness is as 

compared with the traditional PID controller. 
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• Numerical Validation via MATLAB Simulations – The proposed manipulate structures are 

tested through numerical simulations, demonstrating superior overall performance in 

disturbance rejection and roll balance below unique working conditions. 

This is how the rest of the paper is structured: Section 2 provides a description of the Tail-Sitter 

VTOL Aircraft. Section 3 presents the design ADRC and PID controllers, Section 4 presents 

simulation results in MATLAB, and Section 5 concludes the study. 

2. Dynamic Model of Tail-Sitter VTOL Aircraft 

This section discusses the dynamic model of the Tail-Sitter VTOL aircraft. Before calculating 

the dynamic equations, the following assumptions are made: 

1. The use of the Flat-Earth model equations is justified by the first assumption: The aircraft 

operates within a small local area [48]. 

2. The second assumption: The masses of the elevators and propeller blades are not taken into 

account [49]. 

Two coordinate frames are considered in light of Fig. 1: 

• The first frame is the body-fixed frame (b-frame), which is attached to the aircraft and 

represented by (X, Y, Z). 

• The second frame is the inertial reference frame, which follows the North-East-Down (NED) 

coordinate system and is represented by (x, y, z). 

As demonstrated in [46], the kinematic equations for position, forces, and moments are derived 

from the configuration shown in Fig. 1. 

  𝑝̇ = 𝑅(𝑒)𝑉 (1) 

 Θ̇ = 𝐻(𝑒)Ω (2) 

 𝑚𝑉̇ = −Ω × 𝑉 + 𝐹 (3) 

 𝐽Ω̇ = −Ω × 𝐽. Ω + 𝜏   (4) 

The matrix 𝑅(𝑒) represents the transformation from the airframe to the fixed inertial coordinate 

system and is defined as follows: 

 

[

𝐶𝜃𝐶𝜓 𝑆𝜙𝑆𝜃𝐶𝜓 − 𝐶𝜙𝑆𝜓 𝐶𝜙𝐶𝜃𝐶𝜓 + 𝑆𝜙𝑆𝜓
𝐶𝜃𝑆𝜓 𝑆𝜙𝑆𝜃𝑆𝜓 + 𝐶𝜙𝐶𝜓 𝐶𝜙𝑆𝜃𝑆𝜓 − 𝑆𝜙𝐶𝜓
−𝑆𝜃 𝐶𝜃𝑆𝜙 𝐶𝜃𝐶𝜙

] (5) 

• Sa = sin(a), Ca = cos(a) 

• 𝑝 = [𝑝𝑛𝑝𝑒𝑝𝑑]
𝑇represents the position of the center of mass of the rigid body relative to the n-

frame. 

• 𝑒 = [𝑒0 𝑒1 𝑒2  𝑒3]
𝑇 symbolizes the current attitude's quaternion and is described as follows: 

𝑒 = 𝑒𝑜 + 𝑒1𝑖 + 𝑒2𝑗 + 𝑒3𝑘, 

• Θ = [𝜙𝜃𝜓]𝑇  represents the orientation of the VTOL aircraft in the n-frame. 

• The angular velocity produced by a series of Euler rotations from the body to the local reference 

system during hover flight is represented by the transformation matrix H(e). 

Where 𝑡𝜃 denotes tan(θ), and the roll, pitch, and yaw angles, which are frequently utilized in 

aerodynamic applications, are defined by the Euler angles. 
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𝐻(𝑒) = [

1 𝑡𝜃𝑆𝜙 𝑡𝜃𝐶𝜙
0 𝐶𝜙 −𝑆𝜙
0 𝑆𝜙/𝐶𝜃 𝐶𝜙/𝐶𝜃

] (6) 

F is the vector of external thrusts applied to the mass center of the VTOL aircraft, and the torque 

vector 𝜏 = [𝜏𝑙 𝜏𝑚 𝜏𝑛]𝑇combines the torque components applied to the mass center of the VTOL 

aircraft in the body frame. The angular velocity in the body-fixed frame (b-frame) is represented by 

the vector Ω = [𝑃𝑄𝑅]𝑇. The flying aircraft's inertia matrix, J, can be represented by: 

 

𝐽 = [

𝐽𝑥 𝐽𝑥𝑦 𝐽𝑥𝑧
𝐽𝑦𝑥 𝐽𝑦 𝐽𝑦𝑧
𝐽𝑧𝑥 𝐽𝑧𝑦 𝐽𝑧

] (7) 

 

 

Fig. 1. Flight dynamics of tail-sitter vertical takeoff and landing aircraft [50] 

If it is assumed that the 𝑥𝑧-plane of the body-fixed frame in the Tail-Sitter VTOL aircraft 

configuration coincides with the plane of symmetry, the products of inertia 𝐽𝑥𝑦 and 𝐽𝑦𝑧become 

negligible. Additionally, due to the symmetry of the Tail-Sitter configuration in the 𝑦𝑧-plane, the 

product of inertia 𝐽𝑥𝑧is also zero. Consequently, the inertia matrix and its inverse are expressed as 

follows. 

 

𝐽 = [

𝐽𝑥 0 0
0 𝐽𝑦 0

0 0 𝐽𝑧

] , 𝐽−1 = [

1/𝐽𝑥 0 0
0 1/𝐽𝑦 0

0 0 1/𝐽𝑧

] (8) 

The transformation matrix 𝐻, as defined in Equation (2), converts the angular velocity 

components resulting from Euler rotations from the body-fixed frame to the inertial reference frame, 

expressed as follows: 

 

  𝐻(𝑒) = [

1 tan (𝜃)sin (𝜙) tan (𝜃)cos (𝜙)
0 cos (𝜙) −sin (𝜙)
0 sin (𝜙)/cos (𝜃) cos (𝜙)/cos (𝜃)

] (9) 

Consequently, the kinematic Equation (2) can be expressed as follows: 

 𝜙̇ = 𝑃 + tan 𝜃(𝑄sin (𝜃) + 𝑅cos 𝜙) (10) 

 𝜃̇ = 𝑄cos 𝜙 − 𝑅sin 𝜙 (11) 
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 𝜓̇ = (𝑄sin 𝜙 + 𝑅cos 𝜙)/cos 𝜃   (12) 

Utilizing the inertia matrix presented in Equation (6) with the thrust moments 𝑇𝑙 , 𝑇𝑚 and 𝑇𝑛 as 

indicated in Fig. 1, Equation (4) can be rewritten by: 

 𝑃̇ = (𝐽𝑦 − 𝐽𝑧)𝑄𝑅/𝐽𝑥 + 𝑇𝑙/𝐽𝑥 (13) 

 𝑄̇ = (𝐽𝑧 − 𝐽𝑥)𝑃𝑅/𝐽𝑦 + 𝑇𝑚/𝐽𝑦 (14) 

 𝑅̇ = (𝐽𝑥 − 𝐽𝑦)𝑃𝑄/𝐽𝑧 + 𝑇𝑛/𝐽𝑧 (15) 

To derive the roll dynamics, it is assumed that the yaw and pitch rates are zero, i.e., 𝑃 = 𝑄 = 0.  

Based on this assumption, the configuration of tailsitter VTOL aircraft is shown in Fig. 2. Therefore, 

based on Equations (6) and (9):  

   ϕ̈ = Tl/Jx   (16) 

where the exerted torque 𝑇𝑙 can be calculated as follows: 

 Tl = F. d − Clϕ̇ (17) 

The difference between the thrust generated by the right and left rotors is represented by the 

force (𝐹 = 𝐹1 − 𝐹2), which is the net force. The distance between the center of mass and each rotor 

is represented by the parameter "d." Additionally, the aerodynamic damping force 𝐶𝑙𝜙̇ generates a 

resisting moment that counteracts the rolling motion, and the damping coefficient 𝐶𝑙 is represented 

by this term. 

 

Fig. 2. Configuration of roll dynamics 

By combining Equations (14) and (15) and incorporating the effect of gust wind as an 

uncertainty term 𝜁(𝑡) acting on the roll dynamics system, the resulting equation is obtained as 

follows : 

 𝜙̈ = −𝐶𝑙𝜙̇ + 𝐹. 𝑑 + 𝜁(𝑡) (18) 

In order to establish the state space of Equation (18), one can let 𝑥1 = 𝜙, 𝑥2 = 𝜙̇ and 𝑢 = 𝐹 to 

have the following state variable: 

 
[
𝑥̇1
𝑥̇2
] = [

0 1
0 −𝐶𝑙/𝐽𝑥

] [
𝑥1
𝑥2
] + [

0
𝑑/𝐽𝑥

] 𝑢 + [
0
𝜁(𝑡)

] (19) 

Let the D(t) lump all disturbance, nonlinearity, and uncertainty. 

 𝐷(𝑡)= 𝜁(𝑡) + d(t) + nonlinearity (20) 
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3. Proposed Controller  

The feedback mechanism is steadily advancing to manage a broad spectrum of systems [51]-

[57]. In this context, controlling the UAV system involves addressing a range of issues, such as 

tracking control and handling external disturbances. Particularly, this section explores two control 

methods to generate the control signals for the UAV system, including Active Disturbance Rejection 

Control (ADRC) strategy and the conventional Proportional-Integral-Derivative (PID). 

3.1. Active Disturbance Rejection Control  

ADRC is a powerful control method that can control system contains imprecise information and 

imprecise internal and external disturbances [58]-[60]. It is also useful for controlling nonlinear 

systems. The ADRC consists of three basic components: the tracking differentiator (TD), the 

nonlinear state error feedback (NLSEF), and the ESO. The TD tracks the desired set-point signal, 

which is used to arrange the transition process, and thus reduces oversight in system regulation. ESO, 

the core component of the ADRC controller, is primarily used to observe the state feedback of the 

system and to compensate for interference caused by the extended state. The NLSEF generates 

control outputs to compensate for all faults in the system. This structure is shown in Fig. 3. 

 

Fig. 3. ADRC structure 

According to the concept of ADRC from Fig. 3, the control action is equal to: 

  u = 𝑢0  −  𝑧3/b (21) 

Where 𝑧3 is the output of ESO and is the summation of uncertainties and nonlinearities affecting the 

system that will be canceled out in the feedback, u0 can be the output of any suggested controller, 

for example, PD controller. 

 𝑢0 = 𝑘𝑝 ∗ (𝑟 − 𝑧1) − 𝑘𝑑 ∗ 𝑧2 (22) 

This is a simple summary of the concept of ADRC. In the second part, each part of the ADRC 

will be discussed separately. 

3.1.1. Tracking Differentiator (TD) 

Most of the time, the TD is used to prevent overshoot and improve system response [61]. It 

distinguishes and processes the transient profile of the input signals in order to avoid abrupt shifts 

and instead achieve a gradual increase in output power. As shown in Equation, the TD developed by 

Zhigao Liu [62] is utilized in this article. Trajectory tracking performance is enhanced by this 

formulation's superior performance to the traditional differentiator nonlinear tracking formulation, 

which is simple to implement. 

 𝑥̇1 = 𝑥2 

𝑥̇2 = −𝑅
2 (𝑎1[𝑥1 − 𝑣] − 𝑏1

𝑥2
𝑅
− 𝑏2

𝑥2
𝑛

𝑅𝑛
) 

(23) 



1284 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 2, 2025, pp. 1278-1296 

 

 

Hakam Marwan (Active Disturbance Rejection Control for Unmanned Aerial Vehicle) 

 

where 𝑎1 > 0, 𝑏1 > 0, 𝑏2 > 0, 𝑛 > 0, 𝑛 is odd.  

The desired trajectory and its derivative are represented by 𝒙𝟏 and 𝒙𝟐. In order to alter the tempo 

of the transient profile, R is chosen in accordance with the application. The term "tracking 

differentiator" for v is then applied to the state 𝒙𝟐. 

3.1.2. Extended State Observer (ESO) 

As already mentioned, ESO is an observer who can calculate the states and uncertainties of the 

system and thus enables disturbances to be compensated or rejected. ESO regards any element that 

has effects on the plant, including nonlinear dynamics, uncertainties, and external perturbations and 

coupling effects, as a complete disturbance (extended state) that must be observed and, in this regard, 

it can be regarded as a disturbance observer or an unknown input observer. The observer is called 

the Extended State Observer because he regards uncertainty as an extended state. One of its 

advantages is that it offers comparatively better performance and is easier to execute regardless of 

the plant's mathematical model. This study presents the LESO, NLESO, and FESO strategies. 

A. Linear Extended State Observer (LESO) 

It is the simplest type of ESO, multiplying the error by the gain. Expresses the LESO equations 

 𝑧̇̂1 = 𝑧̂2 + 𝛽1(𝑒)

𝑧̇̂2 = 𝑧̂3 + 𝛽2(𝑒)
⋮

𝑧̇̂𝑛 = 𝑧̂𝑛+1 + 𝛽𝑛(𝑒) + 𝑏𝑜𝑢

𝑧̇̂𝑛+1 = 𝛽𝑛+1(𝑒)

 (24) 

where 𝜖 is a small valve the observer states (𝑧1, ..., 𝑧𝑛) function to estimate the actual states of the 

system (𝑥1, ..., 𝑥𝑛), whereas the state of observer 𝑧𝑛+1 is tasked with estimating the aggregated 

uncertainty h(x). The parameters [ 𝛽1, . . . . , 𝛽𝑛+1] are positive constants. 

 𝑒 = 𝑦 − 𝑧̂1 (25) 

To verify that the polynomial( 𝑠𝑛+1 + 𝛽1 𝑠
𝑛. . . . . +𝛽𝑛+1 )is Hurwitz. The following goal from 

the designed observer 𝑧1 ⟶ 𝑥1,…. , 𝑧𝑛+1 ⟶ ℎ(𝑥) as 𝑡 ⟶ ∞.  

B. Nonlinear Extended State Observer (NESO) 

In the second version of ESO, this type is considered more complex than the first version 

because it contains more variables. This type can be expressed using the following equations: 

 𝑧̇̂1 = 𝑧̂2 + 𝛽1𝑔1(𝑒)

𝑧̇̂2 = 𝑧̂3 + 𝛽2𝑔2(𝑒)
⋮

𝑧̇̂𝑛 = 𝑧̂𝑛+1 + 𝛽𝑛𝑔𝑛(𝑒) + 𝑏𝑜𝑢

𝑧̇̂𝑛+1 = 𝛽𝑛+1𝑔𝑛+1(𝑒)

 (26) 

𝑔𝑖(.)are a set of appropriately constructed nonlinear gain functions satisfying  𝑒 ⋅ 𝑔𝑖(𝑒) > 0, for 

all  𝑒≠0and  𝑔𝑖(0) = 0. With a suitable choice of nonlinear functions 𝑔𝑖(.) and their associated 

parameters, it is expected that the estimated state variables 𝑧𝑖 will converge to the actual system states  

𝑧𝑖, i.e.,  𝑧𝑖 → 𝑧𝑖; for  𝑖 = 1,2, … , 𝑛 + 1. An essential part of ESO design is selecting the nonlinear 

function. Based on the results of experiments, the general formulation of these functions was chosen 

empirically [63]-[64].  

 
𝑔𝑖(𝑒, 𝛼𝑖 , 𝛿) = {

|𝑒|𝛼𝑖sign(𝑒),     |𝑒| > 𝛿
𝑒

𝛿1−𝛼𝑖
,     |𝑒| ≤ 𝛿

    𝑖 = 1,2,… , 𝑛 + 1 (27) 
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where δ is greater than zero. It is evident that 𝑔𝑖(.) is a nonlinear function that exhibits a linear 

behavior in the vicinity of the origin. This function leverages nonlinear feedback properties for large 

signals while mitigating chattering, which is commonly observed in sliding mode observers, by 

avoiding proximity to the origin. A key characteristic of these functions is that, for 0<𝛼𝑖<1, 𝑔𝑖(.) 
generates a low gain when the error is large and a relatively higher gain when the error is small. The 

benefit is limited by the constant 𝛿𝑖, which is a tiny value. In the vicinity of the origin and establishes 

the error range that corresponds to high gain. The observer gain is parameterized as 𝛽1 = 3wn; 𝛽2 =
3wn

2; 𝛽3 = wn
3. 

C. Fractional Extended State Observer (FESO) 

The latest version of ESO, show in Fig. 4, Fractional-Order Extended State Observers (FOESO), 

has shown promising results in various control applications. They offer improved performance and 

higher estimation accuracy compared to full-order observers [65]-[66].  

 

Fig. 4. Block diagram of Fractional-order ESO structure 

An extension of the integration and differentiation methods to an operator that is not an integer 

is the fraction calculation (27): 

 

𝐷𝛼 =

{
 
 

 
 
𝑑𝛼

𝑑𝑡
𝛼      for 𝛼 ≻ 0

1     for 𝛼 = 0

∫  
𝑡

𝑎

(𝑑𝑡)−𝛼      for 𝛼 ≺ 0

 (28) 

where (α) represents the fractional order, which ranges from 0 to 1, and a and t represent the 

operation's limitations. The fractional-order derivative can be applied to all estimated states of the 

observer. Therefore, it is possible to utilize the fractional-order derivative for all estimated states of 

the observer, represented as 𝑧̂ = [𝑧̂1, 𝑧̂2, …… , 𝑧̂𝑛, 𝑧̂𝑛+1]. Expresses equations of this type. 

 𝐷𝛼𝑓 𝑧̂𝑛 = 𝑧̂𝑛+1 + 𝑏𝑢 + 𝛽𝑛(𝑥1 − 𝑧̂1)

𝐷𝛼𝑓 𝑧̂𝑛+1 = 𝛽𝑛+1(𝑥1 − 𝑧̂1)

𝑦̂1 = 𝑐𝑧̂1

 (29) 

The parameters α and observers gains [𝛽1,…. 𝛽𝑛+1,] are positive constants chosen by using trial 

and error. The extended observer's characteristic polynomial satisfies: 

 s3𝛼 + 𝛽1 s2𝛼 + 𝛽2 s𝛼 + 𝛽3 = (s
𝛼 +wo)

3 (30) 
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Thus, the observer gain is parameterized as 𝛽1 = 3wo; 𝛽2 = 3wo
2; 𝛽3 = wo

3. The fractional 

order extended state observer's parameter adjustment procedure is made simple by the fact that the 

to be adjusted parameters are clearly linked to the bandwidth wo. 

D. Nonlinear state error feedback (NLSEF) 

Fig. 3 illustrates the design of the ADRC. Based on Fig. 3, ADRC contains a set of three units: 

Tracking Differentiator, ESO, and Nonlinear state error feedback. The control law is defined as. 

 𝑢(𝑡) = 𝑢0(𝑡) − 𝑧3(𝑡)/𝑏0 (31) 

This simplifies the plant into a double integrator, which is then managed by the nonlinear PD 

controller. 

 𝑢0(𝑡) = 𝑘𝑃𝑓1(𝑒1) + 𝑘𝐷𝑓2(𝑒̇1) (32) 

𝑘𝑃 and 𝑘𝐷 are the gains of the PD controller, and𝑓1 (.) and 𝑓2 () are appropriate nonlinear 

functions, such as the one in (27). where 𝑒1=𝑣1 − 𝑥1 and 𝑒̇1is the derivative of error, are position 

error and velocity error, respectively. The values of the variables can be obtained by: trial and error 

or use optimization methods in this paper using trial and error.  

3.2. PID Controller 

Proportional-Integral-Derivative (PID) controller is the most commonplace control method 

utilized in industry and has been universally regular in industrial applications. The popularity of PID 

controllers can be attributed partly to their strong performance in an extensive variety of working 

situations and in part to their functional simplicity, which permits engineers to operate them in an 

easy, truthful way. The general structure of the PID controller is shown in Fig. 5. 

 

Fig. 5. Block diagram of PID controller 

The control law is defined as [67]-[68]:  

 
𝑢(𝑡) = 𝐾p𝑒(𝑡) + 𝐾i∫  

𝑡

0

𝑒(𝜏)d𝜏 + 𝐾d
d𝑒(𝑡)

d𝑡
 (33) 

where 𝐾p, 𝐾i, and 𝐾d, denote the gains for the proportional, integral, and derivative terms 

respectively. Gain values can be obtained using any adjustment methods such, Ziegler-Nichols, Trial 

and error, and Cohen-Coon. 
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4. Simulation Results  

The effectiveness of the proposed controller and extended condition observer to control the roll 

motion of the UAV was verified using simulation results using MATLAB (R2020a). The parameters 

of the system are listed in Table 1. This section is divided into two parts. The first part focuses on 

using three ESO types with the aim of finding out which has the lowest estimation error. The 

comparison criterion will be the root mean square error (RMSE). In the second part, the observer 

with the best performance is selected and the ADRC method is applied to it. This method is then 

compared with the traditional PID method. The best approach is determined using the verification 

method that results in the fewest tracking errors. In addition, a criterion, in particular the RMSE is 

used for the evaluation. The parameters of each TD, LESO, NESO, FOESO, NPD and PID are given 

in (Table 2, Table 3, Table 4, Table 5, Table 6, and Table 7). These values were obtained using the 

trial-and-error method. 

Table 1. Parameters value of system 

Parameter Value 

𝐽𝑥 

𝐶𝑙 
𝑑 

0.0144 kg.𝑚2 

0.36 

0.2 m 

Table 2. Parameter value of tracking differentiator 

Parameter Value 

𝑣(𝑡) 
R 

𝑏1 

𝑏2 

n 

𝑎 

10𝑠𝑡𝑒𝑝(𝑡 − 1) 
8 

3 

0.01 

1 

2 

Table 3. Parameter value of LESO 

Parameter Value 

wl 
𝛽1 

𝛽2 

𝛽3 

977.93 

3wl 
3wl

2 

wl
3 

Table 4. Parameter value of NESO 

Parameter Value 

wo 

𝛽1 

𝛽2 

𝛽3 

[𝛼1, 𝛼2, 𝛼3] 

986 

3wo 

3wo
2 

wo
3 

[0.9930,0.9980,0.999] 

4.1. Estimation Error 

In this part, the examination of the three types of ESO and choose the best one is given. The 

selection of the best ESO is determined based on the RMES which is given in equation (34) [69]-

[70]. 

 

𝑅𝑀𝑆𝐸 = √∑ 

𝑛

𝑖=1

(𝑥𝑖 − 𝑥𝑖)
2

𝑛
 (34) 

In this step, the system is operates without controller (open loop), the input (𝑣0) and reference 

signal (𝑣1) from Tracking Differentiator (TD) show Fig. 6. The system with LESO is shown Fig. 7 



1288 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 2, 2025, pp. 1278-1296 

 

 

Hakam Marwan (Active Disturbance Rejection Control for Unmanned Aerial Vehicle) 

 

(a, b, c), The system with NESO is shown in Fig. 8 (a, b, c), The system with FOESO is shown in 

Fig. 9 (a, b, c). 

Table 5. Parameter value of FOESO 

Parameter Value 

wn 

𝛽1 

𝛽2 

𝛽3 

𝛿 

[𝛼1, 𝛼2, 𝛼3] 

892 

3wn 

3wn
2 

wn
3 

0.01 

[0.7,0.8,0.9] 

Table 6. Parameter value of NPD Controller 

Parameter Value 

𝑘𝑃  
𝑘𝑑  

𝛼1, 𝛼2 

𝛿 

270 

100 

1 

0000001 

Table 7. Parameter value of PID Controller 

Parameter Value 

𝑘𝑃 

𝑘𝑖 
𝑘𝑑 

600 

1 

4 

 

 

Fig. 6. Output from TD (𝑣1) 

 

Fig. 7. LESO 
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Fig. 8. NESO 

 

Fig. 9. FOESO 

It can be seen from (Fig. 6, Fig. 7 and Fig. 8) that all types of observers work properly. However, 

the best ones using the RMSE benchmark function as shown in the Table 8. 

Table 8. RMSE of estimation error of observers (LESO, NESO and FOESO) 

Estimation error LESO NESO FOESO 

𝑥1 − 𝑥̂1 7.2736e-10    6.3450e-08 1.5890e-08 

𝑥2 − 𝑥̂2 1.6652e-05 1.7032e-04 0.0903 

𝐷(𝑡) − 𝑥̂3 0.0305 0.1529 0.0706 

 

From the above table, the best estimator for this system is LESO, which will be applied with 

NPD to form ADRC. 

4.2. Tracking Error 

In this part, ADRC and PID controllers are augmented to the system for two cases: with 

disturbance and without disturbance. Then, the performance of the two controllers were evaluated 

using RMSE criterion for the desired reference (𝑣1) as in Fig. 6. 

4.2.1. Without Disturbance 

It can be seen from Fig. 10 that both controllers were capable to follow the desired input. 

However, the ADRC controller's control signal, as depicted in Fig. 11, is better that the control signal 

of the PID controller. The control signal of the PID controller was higher and greater oscillatory. 

This suggests that ADRC plays better in this situation. Furthermore, based on the RMSE values, 

ADRC has lower RMSE as proven in Table 9. 

Table 9. RMSE of estimation error of controller (PID and ADRC) 

Controller RMSE (tracking error) 
PID 0.01707 

ADRC 0.003226 

4.2.2. With Disturbance 

The disturbance signal, as defined in Eq. (35) and illustrated in Fig. 12. is applied to both the 

PID controller and ADRC.  
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 D(t) = (sin(2𝜋 × 0.02t) + sin(2𝜋 × 0.05t) + sin(2𝜋 × 0.09t)) (35) 

 
Fig. 10. Roll angle (dag) in (a using ADRC) and (b using PID) 

 

Fig. 11. Control law in (a) ADRC and (b) PID 

 

Fig. 12. Disturbance signal 

It can be seen from Fig. 13 that the ADRC response is superior, with a decrease overshoot in 

comparison to the PID controller. Moreover, Fig. 14 a demonstrates that the control motion for 

ADRC is significantly lower than that for PID, as further highlighted in Fig. 14 b. Additionally, the 

RMSE value for the ADRC is less than the PID controller as presented in the Table 10. The 

aforementioned simulation results demonstrate that the ADRC with LESO is capable of effectively 

controlling the UAV in a better manner than that of the PID controller. 
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Fig. 13. Roll angle (dag) for ADRC and PID with disturbance 

 

Fig. 14. Control law in (a) ADRC and (b) PID with disturbance 

Table 10. RMSE of estimation error of controller (PID and ADRC) 

Controller RMSE (tracking error) 
PID 0.01709 

ADRC 0.003228 

5. Conclusion 

This paper presented a comparative study of different observer types within an Active 

Disturbance Rejection Control (ADRC) framework for improving roll motion control of a VTOL-

UAV. The first part of the results focused on estimating the system states and lumped disturbances 

using LESO, NESO, and FOESO, with LESO demonstrating the lowest estimation error based on 

the RMSE criterion. Building upon this, the second part of the study is evaluated two control 

strategies—ADRC (incorporating LESO and an NPD controller) and a conventional PID 

controller—under both disturbance-free and disturbed conditions. The simulation outcomes revealed 

that ADRC not only provided faster response and lower overshoot but also achieved lower RMSE 

values in tracking the desired roll angle. These findings underscore the robustness of ADRC in 

handling uncertainties and external disturbances, making it a compelling choice for advanced UAV 

applications. Future work may explore integrating optimization-based tuning methods or extending 

the proposed framework to multi-rotor systems and other flight maneuvers, thereby further enhancing 

the adaptability and resilience of UAV control strategies. 
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