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Abstract. In the evolving field of aerial robotics, the precise control and stabilization of 

Unmanned Aerial Vehicles (UAVs), particularly quadrotors, stand as critical challenges due to 

their inherent nonlinear dynamics and susceptibility to external disturbances. This study embarks 

on addressing these challenges by first establishing a comprehensive mathematical model of a 

quadrotor's dynamics utilizing the Newton-Euler formulation. This foundational model serves as 

the basis for implementing a Proportional-Integral-Derivative (PID) control strategy, aimed at 

maintaining the UAV's desired flight trajectory and enhancing its stability against environmental 

perturbations. The effectiveness of the PID control approach is meticulously evaluated through 

a series of simulation tests conducted within the MATLAB/Simulink environment, focusing on 

the quadrotor's pitch, roll, and yaw control channels. The outcomes of these simulations provide 

convincing evidence of the PID scheme's ability to ensure rapid response times and precise 

attitude regulation, underpinning its viability for robust quadrotor UAV operations across diverse 
operational scenarios. Moreover, this research not only establishes a critical step towards the 

autonomous operation of UAVs but also accentuates the significance of sophisticated control 

mechanisms in the advancement of aerial robotics technology. 
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1.  Introduction 

With the progress of science and technology, quadcopter drones have become an indispensable tool in 
many fields, including aerial photography, emergency rescue, agriculture, express transport, etc., and 
the application of drones is becoming more and more widespread. However, a powerful and reliable 
control system is essential to achieve precise control and highly automated flight. In this regard, the PID 
controller, with its simple and effective features, plays a central role in the flight control of quadrotor 
UAVs and has been the focus of many scholars' research. For example, reference [1] and [2] adopts its 
serial PID control algorithm to design the flight control system and verifies that the control system has 
strong stability and anti-interference ability through simulation flight experiments. Reference [3] offers 

a comprehensive survey covering various control strategies, encompassing not only classic PID 
controllers but also delving into sophisticated approaches like adaptive control, robust control, and 
intelligent control mechanisms, including neural networks and fuzzy logic. Additionally, it discusses the 
prevailing challenges and anticipates future directions in the field, emphasizing the importance of 
reliable communication and navigation in scenarios where access to the global positioning system (GPS) 
may be compromised. 
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However, existing research still faces the challenge of optimizing PID parameters to cope with 
complex flight environments. This study aims to improve the flight stability and efficiency of a 
quadrotor UAV by developing a new PID control strategy. Its feasibility will be verified through detailed 
experimental analysis and simulation using MATLAB and Simulink. 

2.  Modeling and result analysis 

2.1.  Modeling 

2.1.1.  Force analysis 

Several simplifying assumptions are necessary to establish a model for the quadcopter aircraft [4].  
Firstly, this paper assume that the quadcopter is a uniformly symmetric rigid body, which means that its 
physical properties are evenly distributed, leading to consistent behavior during flight. Additionally, this 
paper assumes that both the mass and moment of inertia of the quadcopter remain constant throughout 
its operation. This assumption simplifies the dynamics involved by eliminating the need to account for 

changes in these properties over time. Furthermore, the geometric center of the quadcopter is assumed 
to coincide with its center of gravity. This alignment is crucial for maintaining stability and control, as 
it ensures that the quadcopter will not exhibit unexpected tilting or turning behaviors. The quadcopter is 
subject to two forces: gravity, which pulls it downwards, and the tension generated by the propellers, 
which enables it to lift and maneuver. Regarding the orientation and operation of the propellers, it is 
specified that propellers numbered 1 and 3 rotate in a counterclockwise direction, while propellers 2 and 
4 rotate clockwise [5]. This configuration is essential for balancing the rotational forces and achieving 

stable flight. These assumptions are foundational for the development of a theoretical model that 
accurately represents the flight dynamics of a quadcopter. 

Among them, the lift 𝐹𝑖  generated by each rotor is related to the motor speed 𝑤𝑖, and proportional 

to 𝑤𝑖
2, 𝐹𝑖 = 𝐾𝐹𝑤𝑖

2 (i=1, 2, 3, 4), where 𝐾𝐹 is the lift coefficient. The force analysis of a quadrotor 
UAV is shown in figure 1. 

 

Figure 1. Force analysis of a quadrotor UAV [5] 

In a balanced state, the quadrotor employs a specific rotation strategy for its rotors to maintain 

stability and control. Rotors 1 and 3 rotate in a counterclockwise direction, whereas rotors 2 and 4 rotate 
clockwise. This arrangement is critical for counteracting the gyroscopic and aerodynamic torque effects 
produced by the motors at high speeds, which, if unmanaged, would cause the vehicle to spin 
uncontrollably [6]. The quadrotor can move in six degrees of freedom within space, encompassing both 
translational and rotational movements along three axes. However, for the purposes of this analysis, the 
focus will be on the control of pitch, roll, and yaw movements. 

Control over the pitch of the UAV is achieved by varying the rotational speeds of rotors 1 and 3 

while keeping the speeds of rotors 2 and 4 constant. This adjustment generates a torque that influences 
the UAV to pitch forward or backward. Conversely, to initiate a roll motion, the rotational speeds of 
rotors 2 and 4 are altered while maintaining constant speeds for rotors 1 and 3. This change in speed 
induces a torque that causes the UAV to roll to the side. Lastly, to control yaw movement, the rotational 
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speeds of both pair of rotors (1 and 3 or 2 and 4) are varied simultaneously while ensuring the total lift 
force counterbalances the force of gravity. This manipulation of speeds creates an anti-torque effect, 
allowing the UAV to rotate around its vertical axis without altering its position in space. 

These methods of manipulating the rotational speeds of the rotors to control pitch, roll, and yaw 

movements are fundamental to the quadrotor's ability to navigate and maneuver through its environment. 
By carefully adjusting these speeds, the UAV can achieve precise movements and maintain stability 
during flight. 

It follows that the rotational moments for which these three motions can be realized are shown in 
formula 1. 

 [
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] = [
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] =
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2)]
 
 
 
 

             (1) 

Where 𝐹 means Lift for vertical motion of the vehicle, and 𝑀𝑥 ,𝑀𝑦, 𝑀𝑧  represent the rotational 

moments for quadrotor pitch, roll and yaw motions. 𝑘𝐹 represents lift coefficient, and 𝑘𝑀 is rotational 
moment coefficient. 

2.1.2.  Dynamic model 

To accurately represent the vehicle's attitude and movement, the establishment of vector coordinate 
systems is essential. These include the Earth coordinate system, denoted as e (x, y, z), and the vehicle's 
body coordinate system, labeled b (x, y, z). The Earth coordinate system's origin is situated at the Earth's 
center, while the body coordinate system's origin aligns with the vehicle's center. For computational 
convenience, aligning the origins of these coordinate systems is required. This alignment involves 

rotating the Earth coordinate system about the x, y, and z axes, following the sequence z, y, x, to derive 
the rotation matrix that transitions from the Earth to the body coordinate system [7]. 

𝑅 = [
𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓 −  𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓 + 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜓 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓 + 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜓 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓 −  𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜓
−𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃

]       (2) 

The rotation matrix is a vital component of quadrotor dynamics as it transforms vectors from the 

body coordinate system to the earth coordinate system. This transformation is necessary to accurately 
represent the quadrotor's position and speed within the Earth's coordinate framework. It significantly 
aids the flight controller in determining the vehicle's precise location and velocity. Representing the 
tensile forces and moments acting on the quadrotor, as well as sensor measurements, is more intuitive 
when done in the airframe coordinate system. The rotation matrix simplifies the complexity of 
navigating and controlling the quadrotor in three-dimensional space, enabling more effective and 
intuitive flight management. This representation duality improves the understanding and control of the 

quadrotor's flight dynamics, enhancing its stability and performance in the air [3]. 

In the Earth coordinate system, linear positions are represented by𝜉 = [𝑥, 𝑦, 𝑧]𝑇 , linear velocities are 

represented by 𝑉𝑒 = [�̇�, �̇�, �̇�]𝑇, angular positions are represented by 𝜂 = [𝜃,𝜓, 𝜙]𝑇   with pitch angle 

𝜃, roll angle 𝜙, yaw angle 𝜓. And angular speed is defined by �̇� = [�̇�, �̇�, �̇�]𝑇. 

In body coordinate system, linear velocities are defined as 𝑉𝑏 = [𝑢, 𝑣,𝜔]𝑇 , and angular velocities is 

defined as 𝜗 = [𝑝, 𝑞, 𝑟]𝑇.  But since angular velocity is a vector pointing towards the axis of rotation 

and �̇� is just the time derivative of 𝜂, the equation is needed: 

 𝜗 = 𝑅𝑟�̇�   which means �̇� =  𝑅𝑟
−1𝜗                   (3) 

Where𝑅𝑟  transformation matrix is given as: 
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 𝑅𝑟 = [
1 0 −𝑠𝑖𝑛𝜃
0 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃
0 −𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃

]                        (4) 

Since the pitch and roll angles are small due to neglecting air resistance, we approximate the sin𝜃 ≈
 sin𝜙  ≈ 0, cos 𝜃 ≈ cos𝜙 ≈ 1. 

the relationship between 𝜗 and �̇� can be reduced to: 

 [𝑝, 𝑞, 𝑟]𝑇= [�̇�, ψ̇, �̇�]𝑇                         (5) 

Since in body coordination system 𝐹𝑏 = [0 0 𝑢1]
𝑇, 𝐺𝑒 = [0 0 𝑚𝑔]𝑇, then get: 

 

 Fe =  RFb = u1 [

sin𝜙sin𝜓 + cos𝜙cos𝜓sin𝜃
−cos𝜓sin𝜙 + cos𝜙sin𝜓sin𝜃

cos𝜙cos𝜃
]                  (6) 

From Newton's second law: 

 �̈� =
sin𝜙sin𝜓+cos𝜙cos𝜓sin𝜃

m
u1 (7) 

 �̈� =
−cos𝜓sin𝜙+cos𝜙sin𝜓sin𝜃

m
u1 (8) 

 �̈� =  
cos𝜙cos𝜃

m
− g (9) 

Newton's Euler equations are known as: 

 𝐼�̇�  +  𝜗 × (𝐼𝜗)  =  𝜏 (10) 

Where 𝜗 = [𝑝, 𝑞, 𝑟]𝑇 , 𝜏 = [𝑢2, 𝑢3 , 𝑢4]
𝑇 , 𝐼 =  [

𝐼𝑥𝑥 0 0
0 𝐼𝑦𝑦 0

0 0 𝐼𝑧𝑧

] 

Due to smaller angular velocity vectors during low-speed flights, 𝜗 × (𝐼𝜗) can be consider as 0 [8]. 
Then get: 

 [

𝐼𝑥𝑥 0 0
0 𝐼𝑦𝑦 0

0 0 𝐼𝑧𝑧

] [
�̇�
�̇�
�̇�

] = [

𝑢2

𝑢3

𝑢4

] (11) 

 [
�̇�
�̇�
�̇�

]  =  [

�̈�

�̈�
�̈�

] = [

𝑢2/𝐼𝑥𝑥

𝑢3/𝐼𝑦𝑦

𝑢4/𝐼𝑧𝑧

]  (12) 

Finally, nonlinear dynamical model is as in formula 13 [9]. 

 𝑑 =

[
 
 
 
 
 
�̈�
�̈�
�̈�
�̈�

�̈�
�̈�]

 
 
 
 
 

=

[
 
 
 
 
 
 
 

sin𝜙sin𝜓+cos𝜙cos𝜓sin𝜃

m
u1

−cos𝜓sin𝜙+cos𝜙sin𝜓sin𝜃

m
u1

cos𝜙cos𝜃

m
− g

𝑢2/𝐼𝑥𝑥

𝑢3/𝐼𝑦𝑦

𝑢4/𝐼𝑧𝑧 ]
 
 
 
 
 
 
 

 (13) 

2.2.  Simulation 
Parameters of the quadrotor model were obtained from the literature is shown in table 1 [10].  
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Table 1. Parameters of the quadrotor model 

Parameters Values 

Ixx 2.353 × 10−3 kg ∙ m2 

Iyy 2.353 × 10−3 kg ∙ m2 

Izz 3.262 × 10−3 kg ∙ m2 

M 1.2kg 

G 9.8 m/s2 

L 0.2m 

 
The model was solved using the LPV method, assume that the system state equation is shown in 

formula 14 [11]. 

{Ẋ = AX + BU
Y = CX + DU

         (14) 

Where A is coefficient matrix, 𝑋 = (�̇�, �̇�, �̇�, 𝑥, 𝑦, 𝑧, �̇�, �̇�, �̇�, 𝜙, 𝜃,𝜓, 𝑔)𝑇 , B is input matrix, 𝑈 =
(𝑈1, 𝑈2, 𝑈3 , 𝑈4)

𝑇 , 𝑌 = (𝑧, 𝜙, 𝜃,𝜓)𝑇, C is output matrix, and D is direct transfer matrix. The Laplace 
transform of the above equation yields the transfer function: 

Gs =
Y(s)

U(s)
= C(SI − A)−1B + D       (15) 

Then get: 

 G1(s) =

[
 
 
 
 
 
0.8333

s2
0 0 0

0
424.9894

s2
0 0

0 0
424.9894

s2
0

0 0 0
306.5604

s2 ]
 
 
 
 
 

      (16) 

The final linear model of the system needs to consider the first-order inertia model when ultimately 
used with a DC motor with a motor governor that generates lift in relation to the screw [12]. 

G(s) =
d

0.1s+1
          (17) 

This experiment is obtained by taking d to be 1 since d has a small effect, then get: 

G2(s) =

[
 
 
 
 
 

1

0.1s+1
0 0 0

0
1

0.1s+1
0 0

0 0
1

0.1s+1
0

0 0 0
1

0.1s+1]
 
 
 
 
 

      (18) 

The final transfer function: 

G(s) = G2(s) G1(s) =  

[
 
 
 
 
 

0.8333

0.1s3+s2
0 0 0

0
424.9894

0.1s3+s2
0 0

0 0
424.9894

0.1s3+s2
0

0 0 0
306.5604

0.1s3+s2]
 
 
 
 
 

   (19) 

So, the transfer functions for pitch, roll and yaw can be obtained as: 

G𝜃 =
0.8333

0.1s3+s2
         (20) 

G𝜙 =
424.9894

0.1s3+s2
         (21) 
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G𝜓 =
306.5604

0.1s3+s2
         (22) 

2.3.  Results analysis 
PID algorithms are based on a feedback law designed to control deviation and do not rely on the specific 

mathematical model of the controlled object. They have demonstrated good performance in many 
process control scenarios. Despite the emergence of various new control algorithms, the dominant 
position of PID control algorithms in industrial control has not been challenged. Figure 2 shows the PID 
controller designed in this study for the quadrotor to receive commands during flight. 

 

Figure 2. Simulation structure diagram (Photo/Picture credit: Original) 

Build the simulation model of each control channel in MATLAB to get its disturbance curve shown 
as figure 3-5. 

 

Figure 3. Pitch (Photo/Picture credit: Original) 
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Figure 4. Roll (Photo/Picture credit: Original) 

 

Figure 5. Yaw (Photo/Picture credit: Original) 

Figures 3-5 demonstrate that all channels exhibit excellent control performance. The system responds 
quickly, reaching a steady state in approximately 1.0s, with minimal overshoot and no steady-state error. 
This indicates that the PID control system is effective in controlling the quadrotor, allowing the vehicle 
to follow the designated trajectory even in the presence of disturbances. This demonstrates that the 
designed PID controller possesses anti-interference capabilities, ensuring the robustness and reliability 
of the control system in practical applications. 
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3.  Application scenarios 

In Walid, Missouri’s paper, it presents a comprehensive approach to modelling and controlling a 
quadrotor UAV, with emphasis on the vehicle's dynamics and control strategies [13]. The Lagrange 
formalism is used to develop a mathematical model. A significant portion of the document is dedicated 

to the control strategy, with particular focus on a Proportional-Derivative (PD) control approach. The 
aim of this strategy is to stabilize the quadrotor's position and attitude by adjusting the PD controller 
gains and analyzing their effects on system responses. The control system is divided into two subsystems 
for managing positions and angles. Specific equations are provided for vertical and horizontal position 
control, as well as attitude control. Additionally, the document explains the implementation of a 
converter block that calculates appropriate angular speeds from controller outputs, enabling the 
quadrotor to maintain stability and maneuverability. This has been validated through simulations using 
MATLAB/Simulink. 

Li Zhang establishes a mathematical model for the quadrotor UAV based on physics and mechanics 
theory and designs the hardware circuit part of the control system, which provides hardware support for 
the implementation of the quadrotor UAV control algorithm [14]. Then, the flight control system of the 
quadrotor UAV is designed based on the serial PID control algorithm, and the control system is verified 
to have strong stability and anti-interference ability through simulation flight experiments. 

Najm analyses the stability conditions of the system by constructing a mathematical model of the 
system and uses these conditions to design a nonlinear PID controller [15]. The objective of the 

controller design is to ensure the stability and controllability of the UAV under various flight conditions, 
considering the nonlinear characteristics and possible external disturbances in the system. The stability 
conditions mentioned in the paper are given through the Hurwitz stability criterion and these conditions 
ensure the closed-loop stability of the system. To validate the effectiveness of the designed controller, 
the paper presents a series of simulation results and case studies. These simulations consider different 
flight missions and external disturbances and demonstrate the effectiveness and robustness of the 
quadrotor UAV under the action of the PID controller under different flight conditions. 

Haijun He’s thesis is devoted to the research of attitude stabilization and trajectory tracking control 
problem of quadrotor vehicle, and a novel attitude trajectory tracking control method is proposed [16]. 
The thesis firstly establishes the dynamics model of the quadrotor vehicle based on Newton's second 
law and Euler's equation. On this basis, a control system with a double-closed-loop structure is designed, 
in which the outer-loop position controller is designed by a novel inversion method, which is simple in 
structure and easy to be implemented in engineering; and the inner-loop attitude controller adopts a new 
type of self-resistant controller constructed by hyperbolic tangent function. This controller can 
accurately compensate the internal and external perturbations of the system estimated by the state 

observer by redesigning the nonlinear state error feedback control rate, effectively overcoming the 
serious coupling problem between the outer-loop position and the inner-loop attitude, and thus enabling 
the system state to converge globally and rapidly. The simulation results show that the control system 
can quickly track the desired attitude and trajectory with fast response, high stability accuracy, good 
stability and small overshooting amount, which realizes the effective flight of the quadrotor. 

4.  Conclusion 

In conclusion, this study successfully verifies the effectiveness of the PID control strategy in improving 
the stability and control performance of a quadrotor UAV by establishing a quadrotor UAV model based 
on PID control and performing detailed simulation analysis. The flight performance of the UAV is 
improved by adjusting the PID parameters. By adjusting the PID parameters, the flight performance of 
the UAV was optimized, including the improvement of its response speed, stability and trajectory 
tracking accuracy. The successful implementation of this study provides an important theoretical 

foundation and practical guidance for the control system design and performance optimization of future 
quadrotor UAVs. 

However, the widespread adoption of quadcopter UAVs introduces challenges such as ensuring flight 
safety to prevent airborne collisions, protecting personal privacy, and overcoming technological 
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limitations related to load capacity, flight velocity, and stability. Additionally, increasing concerns over 
electronic jamming and cyber-attacks necessitate enhanced anti-jamming capabilities and cybersecurity 
measures. 

Looking ahead, the integration of cutting-edge technologies like artificial intelligence, machine 

learning, computer vision, and sensing technologies promises to make quadcopter UAVs more 
intelligent, capable of autonomous navigation, obstacle avoidance, and decision-making. Advancements 
in energy utilization, including solar and fuel cell technologies, aim to significantly extend UAV 
endurance. Furthermore, progress in communication technologies, particularly 5G and the forthcoming 
6G, will enable longer-distance and more reliable connections, facilitating real-time data exchange and 
remote control. As quadcopter drones find broader applications in fields such as agriculture, rescue 
operations, logistics, and distribution, the development of sophisticated management systems will be 
crucial to ensure their safe and efficient operation. 
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