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ABSTRACT/SYNPOSIS

Aiming at the nonlinear, strongly coupled and uncertain interference quadrotor
UAV model, an improved particle swarm optimization-radial basis function (PSO-
RBF) neural network adaptive sliding mode controller is proposed. On the basis of
improving the control quantity smoothing of the RBF neural network adaptive
sliding mode controller, the improved PSO algorithm with global optimization
ability is used to adjust the fitting parameters of the RBF neural network, so as to
further improve the fitting ability of the network. According to the model
parameters of the actual quadrotor, the dynamic model of the quadrotor is built,
and the stability of the system is verified by Lyapunov theory. The simulation
results show that compared with the RBF neural network adaptive sliding mode
controller and the double closed-loop PID controller, the improved PSO-RBF
neural network adaptive sliding mode controller can find the appropriate control
qguantity within one control cycle, and its adjustment time is increased by about
50% and 75% respectively; the improved PSO-RBF neural network adaptive
sliding mode controller has the characteristics of fast and accurate trajectory
tracking, strong anti-interference ability and good robustness.

Keywords: Quadrotor Drone; Particle Swarm Algorithm; Radial Basis Function
Neural Network; Adaptive Sliding Mode Control; Trajectory Tracking; Anti-

Interference
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CHAPTER 1

1.1 Introduction

As an emerging aircraft platform, quadcopter drones have received extensive
attention and application in recent years due to their simple structure, strong
maneuverability and excellent performance in complex terrain. Compared with
traditional fixed-wing drones, quadcopter drones can achieve vertical take-off and
landing and fixed-point hovering, and have greater flexibility and operability.
Therefore, they have been widely used in many fields such as military
reconnaissance, environmental monitoring, agricultural spraying, and aerial
photography. In addition, with the continuous advancement of artificial intelligence
and automation technology, the development prospects of quadcopter drones in
the direction of intelligence and autonomy are broader. However, the control
problem of quadcopter drones has always been a challenge, mainly reflected in the
fact that their dynamic models have highly nonlinear and strongly coupled
characteristics, and are easily disturbed by the uncertainty of the external
environment. These factors make it a difficult task to accurately control the attitude
and trajectory of quadcopter drones in complex environments, and traditional linear
control methods, such as PID control, often seem to be unable to cope with these

complexities and are difficult to meet the needs of stable operation of drones.

Given the wide application of quadcopter drones in many fields and their huge
potential value, it is of great significance to improve the performance of their
control systems, especially in dealing with nonlinear, strongly coupled and
uncertain interference. Under the current technological background, intelligent
control methods, such as the combination of neural networks and optimization
algorithms, provide new possibilities for solving these complex control problems.
Therefore, this study chose to develop an adaptive sliding mode controller based
on an improved PSO-RBF neural network, aiming to utilize the global optimization
capability of the particle swarm optimization algorithm and the nonlinear
approximation capability of the RBF neural network to improve the control
performance of quadrotor drones, especially in complex environments. Through

this research, not only can the development of quadrotor drone technology be
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promoted, but also new ideas and solutions can be provided for the control theory
research of unmanned systems, which has important contributions and application

prospects in related fields.

1.2 Research Problem Statement

The core problems faced by the control system of quadcopters are mainly
concentrated on their complex dynamic characteristics. Due to its unique
quadcopter structure, the rotation speed of each rotor directly affects the attitude
and position control of the aircraft, resulting in high nonlinearity and strong
coupling of the entire system. This means that in the control process, any change
in any input variable will affect multiple output variables, and these effects are
often nonlinear and interdependent. In addition, quadcopters also need to deal
with various uncertain interferences in actual flight, such as wind speed changes,
load changes, and sensor noise, which further increase the difficulty of control.
Traditional control methods, such as PID control, show obvious deficiencies in the
face of these complex nonlinear problems due to their assumptions based on
linear systems. Although PID control can achieve good results in some simple
scenarios through simple proportional, integral and differential control, in a multi-
input multi-output (MIMO) system such as a quadcopter, its regulation effect often
cannot meet the high-precision control requirements, especially in the case of
strong external interference, showing problems of slow response and low

precision.

Existing research has recognized these challenges and tried to improve the
control effect by introducing intelligent control methods. For example, fuzzy control
is a common nonlinear control method that uses fuzzy logic rules to deal with
system uncertainty and nonlinear problems. However, the design of fuzzy control
often relies on expert experience, and the formulation and adjustment of rules are
subjective and difficult to generalize to different application scenarios. In addition,
neural network control methods have been widely used in the control of quadrotor
drones due to their powerful nonlinear approximation capabilities. Neural networks
can automatically adjust control parameters by learning the historical data of the

system, thereby improving the control accuracy and adaptability of the system.
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However, neural networks require a large amount of data support during the
training process, and when facing new and unseen environments, they may have
problems of overfitting or underfitting, resulting in insufficient robustness of the
system. For control methods based on optimization algorithms, such as particle
swarm optimization (PSO) algorithms, although they perform well in global
optimization capabilities, their computational complexity is high, especially when
dealing with multidimensional optimization problems, they are prone to fall into
local optimal solutions, affecting the final control effect. The limitations of these
existing methods indicate that in the control of quadrotor drones, there is still a
need to continuously explore and develop more efficient and robust control

algorithms.

To cope with these complexities, the challenges faced by research are
multifaceted. First, in terms of improving the control accuracy of quadrotor drones,
research needs to develop control algorithms that can effectively deal with
nonlinear and coupling effects. This requires not only that the controller can
accurately handle the complex relationship between input and output, but also that
it can maintain stable performance under various flight conditions. Secondly,
enhancing the anti-interference ability of the system is also one of the important
research goals. In practical applications, quadrotor drones often need to operate in
various complex and changeable environments. Therefore, designing a highly
robust controller that can maintain stable and accurate flight under external
interference is an important research direction. In addition, as the complexity of
the control algorithm increases, how to maintain the real-time and efficiency of the
calculation while ensuring system performance is also a major challenge.
Especially in the flight control of drones, real-time response is the key to ensuring
flight safety and mission success. Therefore, research needs to find a balance
between efficient algorithm design and optimal configuration of computing
resources. In the face of these challenges, research not only requires theoretical
innovation, but also requires extensive testing and verification in practical
applications to ensure that the proposed method can be truly applied to complex

and changeable actual flight environments.

1.3 Aim
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The overall goal of the research is to develop an adaptive sliding mode controller
based on an improved PSO-RBF neural network to significantly improve the
control performance of quadcopter UAVs. This goal specifically includes achieving
high-precision control of UAV attitude and trajectory in complex flight
environments, enhancing the system'’s anti-interference ability, and ensuring that
the system can still maintain stability and efficiency under changing external
conditions. run. Through the design and optimization of the controller, the research
aims to provide an advanced solution with more robustness and real-time

performance for the UAV control system.

1.4 Objectives

In order to achieve the overall goal of improving the control performance of
quadrotor drones, this study will be carried out in stages, covering all aspects from
model building to controller design, simulation verification and performance
analysis. Through the gradual realization of each sub-goal, the study aims to
develop a control system with high precision, strong robustness and real-time
response capabilities, providing theoretical support and technical guarantee for the

application of quadrotor drones in complex environments.

1.4.1 Develop A Dynamic Model For A Quadrotor Drone

Establish an accurate dynamic model to describe the nonlinear and strongly
coupled characteristics of a quadrotor drone. This model will provide a basis for

the design and simulation of subsequent controllers.

1.4.2 Design And Optimize An Improved PSO-RBF Neural Network Adaptive
Sliding Mode Controller

Based on the dynamic model of a quadrotor drone, design an adaptive sliding
mode controller that combines an improved PSO algorithm and an RBF neural
network. Optimize the parameters of the RBF neural network through the PSO
algorithm to improve the response speed and accuracy of the controller.
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1.4.3 Verify The Performance Of The Controller Through Simulation
Experiments And Compare It With Other Control Methods

Implement the designed controller on the simulation platform and compare its
performance with that of the traditional RBF sliding mode controller and PID
controller. The main evaluation indicators include control accuracy, response time,

trajectory tracking capability, etc.

1.4.4 Analyze The Performance Of The Controller In Terms Of Anti-

Interference Ability And Robustness

Design a series of simulation scenarios to test the anti-interference ability and
system robustness of the designed controller under different interference
conditions. Analyze the stability and control accuracy of the controller under strong

interference environment.

1.4.5 Evaluate The Computational Complexity And Real-Time Performance
Of The Controller

Analyze the computational complexity of the designed controller and evaluate its
feasibility in real-time applications. Ensure the real-time performance and
effectiveness of the controller in practical applications by optimizing the algorithm

and structural design.

1.5 Structure Of The Project

The project is systematically structured to address the specific research objectives
through a detailed progression of chapters, with each chapter contributing to a
coherent and thorough exploration of the quadrotor UAV control challenges. This
structure ensures that the development of the PSO-RBF neural network adaptive
sliding mode controller is grounded in both theoretical foundations and practical

applications, leading to a robust and well-validated solution.
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CHAPTER 2 - RESEARCH & REVIEW OF LITERATURE

2.1 Introduction

Due to the limitation of sensor and microcomputer technology in the last century,
the flight control technology of quadrotor UAV has experienced a slow period. With
the continuous progress of cross technology and the rapid expansion of market
demand, the related research of quadrotor flight control technology has gradually
become hot. Research on the flight control of quadrotor UAV has always been one
of the hot topics at home and abroad. At present, the flight control methods widely
used at home and abroad include PID control [1], sliding mode control [2], active
disturbance rejection control [3], neural network control [4], adaptive control [5],

etc.

2.2 PID Control

PID control is composed of proportional, integral and differential links, and its main
idea is to eliminate deviation by using deviation [6]. PID control has the
characteristics of simple structure, no dependence on accurate mathematical
model, convenient parameter adjustment and easy implementation in engineering,
so it is widely used in industrial control. However, when the plant contains
nonlinear terms, time-varying uncertainties or strong disturbances, the control
performance of PID control is often not satisfactory, so PID control can not meet
the high performance requirements of complex systems. Aiming at the attitude
control problem of quadrotor UAV, literature [7]-[8] combines PID with fuzzy
control, and uses fuzzy control to tune the parameters of PID control, so as to
enhance the robustness of the attitude system of quadrotor UAV. Literature [9]
introduces the self-coupling PID control algorithm into the attitude control of
guadrotor UAV, and achieves the purpose of collaborative control by coupling the
proportional, integral and differential links, so as to better meet the control
requirements of the attitude system of quadrotor UAV. In literature [10], the
particle swarm optimization algorithm is used to tune the parameters of PID

controller and improve the attitude tracking performance of quadrotor UAV. Aiming

6
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at the trajectory tracking problem of quadrotor UAV, a nonlinear PID control
algorithm is proposed in literature [11]-[12], which can ensure the effective
realization of trajectory tracking of quadrotor UAV. Literature [13] designed an
adaptive fuzzy fractional order PID control algorithm. Compared with the traditional
PID control algorithm, this algorithm can effectively improve the trajectory tracking
accuracy of the quadrotor UAV. Aiming at the fault-tolerant control problem of the
quadrotor UAV, literature [14] uses the multi-model fault diagnosis method to
estimate the actuator fault of the quadrotor UAV, and uses the interpolation
algorithm to optimize the parameters of the PID controller to realize the active

fault-tolerant control of the quadrotor UAV.

2.3 Sliding-Mode Control

As a variable structure control, sliding mode control can drive the system state to
move according to the state trajectory of the specified sliding mode. Since the
design of sliding mode is independent of system parameters and disturbances,
sliding mode control has the advantages of fast response, simple implementation
and robustness [15]. Therefore, sliding mode control is widely used in the control
system design of quadrotor UAV. Aiming at the attitude control problem of
quadrotor UAV, the Super Twisting sliding mode disturbance observer was
adopted in literature [16] to estimate the composite disturbance of the quadrotor
UAV attitude system online, and an approach law with second-order sliding mode
characteristics was proposed to accelerate the convergence speed of the state. In
reference [17], based on the estimated output of the disturbance observer, a non-
singular terminal sliding mode surface and a controller were designed to make the
attitude Angle converge to 0 in a finite time and suppress the impact of
mismatched interference on the quadrotor UAV. In literature [18], the wind shear
model and Dryden turbulence model were superimposed into the attitude system
of the quadrotor UAV. The extended state observer was used to estimate and
compensate the wind disturbance in real time, and the double power sliding mode
attitude controller was used to accelerate the convergence speed of the system
and reduce the impact of chattering on the system. Aiming at the trajectory

tracking problem of quadrotor UAV, a composite fast non-singular terminal sliding
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mode trajectory tracking algorithm was proposed in reference [19]. The extended
state observer was used to estimate the state coupling term and interference
between each attitude system, and a fast non-singular terminal sliding mode
controller was designed based on the observed values, which significantly
improved the response speed and anti-interference ability of the system. In
reference [20], the second-order sliding mode controller was applied to the altitude
tracking of quad-rotor UAV, and the control performance was compared with the
classical first-order sliding mode controller and Super Twisting sliding mode
controller in outdoor environment. The experimental results show that, The
second-order sliding mode height tracking control algorithm proposed in this
literature not only ensures the strong robustness of the quadrotor UAV system, but
also reduces the chattering phenomenon. Aiming at the fault-tolerant control
problem of quadrotor UAV, literature [21] used the extended state observer to
estimate the single blade damage fault and external disturbance of the quadrotor
UAV, and used the integral sliding mode controller to compensate the total
disturbance. Literature [22] combines an adaptive observer with fast convergence
and a sliding mode observer with strong robustness to detect and estimate

unknown actuator faults of a quadrotor UAV.

2.4 Active Disturbance Rejection Control

ADRC, evolved from PID control, is a nonlinear control method that does not
depend on the exact system model. It mainly consists of three parts: tracking
differentiator (TD), extended state Observer (ESO), and nonlinear state error
feedback controller (NSEFC) [23]. The role of the tracking differentiator is to
extract reasonable control signals to solve the influence between the response
speed and the overshoot. The role of the extended state observer is to deal with
the internal uncertainty of the model and the influence of external disturbances on
the system. Aiming at the attitude control problem of quadrotor UAV, literature [24]
combines PID control and ADRC control, and designs a double closed loop
attitude control algorithm of quadrotor UAV. The outer loop adopts PD control, and
the inner loop adopts ADRC control. In the inner loop, an appropriate extended
state observer is designed to estimate the external disturbance, and the

corresponding nonlinear state error feedback controller is designed to compensate

8
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the external disturbance. The simulation results show that the control algorithm
proposed in this paper effectively suppresses the influence of external disturbance
on the flight attitude of the UAV. Literature [25] proposed an attitude control
algorithm of quadrotor UAV based on cascaded linear active disturbance rejection
control. The control performance of the proposed control algorithm is compared
with that of the traditional PID control algorithm in the case of wind disturbance.
The simulation results show that the control performance of the proposed control
algorithm is better than that of the traditional control algorithm, and the parameter
tuning is simpler. Aiming at the trajectory tracking problem of quadrotor UAV, a
finite-time convergent extended state observer was designed in literature [26] to
improve the trajectory tracking performance of ADRC. In literature [27], adaptive
sliding mode control and active disturbance rejection control are combined to
realize the trajectory tracking of variable load quadrotor UAV. Aiming at the fault-
tolerant control problem of quadrotor UAV, literature [28] constructs a new galn
gain function considering the low observation accuracy of the extended state
observer using the traditional fal gain function when the sensor of the quadrotor
UAV is corrupted by noise. The galn gain function is smoother and has better
convergence than the traditional fal function, which greatly improves the
observation accuracy of the extended state observer. In literature [29], actuator
fault, gust disturbance and measurement noise of quadrotor UAV were regarded
as total disturbance, and the improved extended state observer and nonlinear
error feedback controller were used to estimate and compensate the total
disturbance respectively. The simulation results show that the literature achieves
fault-tolerant control and reduces the impact of environmental factors on the
quadrotor UAV.

2.5 Neural Network Control

Since the 1990s, neural network control has made a big difference in the field of
automatic control. As an advanced intelligent control algorithm, neural network
control has a strong learning ability, which can learn complex uncertain models
online and deal with highly nonlinear control problems [30]. Aiming at the attitude
control problem of quadrotor UAV, considering that it is difficult to establish an

accurate system model of quadrotor UAV, literature [31] defined the uncertain part

9
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of quadrotor UAV model and external disturbance as the total disturbance, and
proposed an adaptive sliding mode attitude control algorithm based on RBF neural
network. The RBF neural network was used to approximate and compensate the
total disturbance, and the non-singular terminal sliding mode control was used to
improve the system response speed and suppress the influence of disturbance on
the quadrotor UAV. In literature [32], considering that the backstepping sliding
mode control has a large fluctuation range with disturbance, the adaptive control
of RBF neural network is combined with the backstepping sliding mode control to
enhance the anti-disturbance ability of the attitude system of the quadrotor UAV.
In literature [33], single hidden layer Neural Network (SHLNN) was used to
estimate the state of the attitude system of the quadrotor UAV based on the sliding
mode observer. Simulation results show that the proposed observer is insensitive
to measurement noise and can ensure the stability of the global system. Aiming at
the trajectory tracking problem of quadrotor UAV, literature [34] uses Recursive
fuzzy Wavelet Neural Network (RFWNN) to learn the mass change and wind
disturbance of logistics UAV online, so as to achieve the purpose of trajectory
tracking. Aiming at the fault-tolerant control problem of quadrotor UAV, literature
[35] used the trained recurrent neural network to effectively estimate the actuator
fault degree, and combined with adaptive sliding mode control, constructed an

active fault-tolerant control method.

2.6 Self-Adaptation Control

The idea of adaptive control is that for an imperfect controlled system model, the
control system continuously optimizes the model parameters according to the
transformation of the system state in the operation process, so as to optimize the
controlled system model and obtain the optimal control effect [36]. Aiming at the
attitude control problem of the quadrotor UAV, literature [37] proposed a double
closed-loop adaptive control algorithm for the quadrotor UAV with limited state and
unknown disturbance. Nonlinear transformation was used to convert the limited
state into a new state, and the bounded problem was considered. In addition, the
adaptive control was used to estimate the unknown external disturbance. Aiming
at the trajectory tracking problem of quadrotor UAV, literature [38] proposed a

trajectory tracking algorithm of quadrotor UAV based on adaptive integral

10
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backstepping control. The literature divided the position system and attitude
system into inner and outer loops, and introduced adaptive parameters and
command tracking error integral term into the attitude loop, which improved the
system trajectory tracking accuracy and ensured the stability of the system. In
reference [39], for a quadrotor UAV with serious unknown system parameters, a
parameter adaptive law was designed to estimate the dynamic parameters that
are difficult to measure accurately and unknown external disturbances, and an
adaptive sliding mode control method was proposed. The simulation results show
that the proposed method is robust and can ensure the trajectory tracking of the
quadrotor UAV. Literature [40] proposed a new 1L adaptive control algorithm
based on nonlinear feedforward compensation for a quadrotor UAV with time-
varying aerodynamic effects and bounded disturbances. Its augmented L-adaptive
controller achieves asymptotic tracking of an arbitrary bounded reference
trajectory. Aiming at the fault-tolerant control problem of quadrotor UAV, literature
[41] proposed an adaptive predetermined performance control scheme, which
used adaptive parameters to estimate the actuator fault parameters, so that the

transient performance of the system met the preset requirements.

2.7 RBF Neural Network

Within the scope of neurocomputational science, the function of feedforward
neural networks is to represent nonlinear mappings. The motion mechanism of
neural information in the nervous system is a computational mechanism, and the
process from stimulus to response in the nervous system is a process of
mathematical mapping. The expression of nonlinear mapping is essentially a
problem of function approximation, and interpolation calculation is an important
way to realize function approximation. Radial basis function method is a traditional
multivariate interpolation method. Therefore, the RB interpolation calculation can
be formalized as a neural structure, and the radial basis function network, namely
RBF neural network model, is produced. Hardy et al. proposed radial basis theory
as early as 1971 [42], while Broomhead et al. first used RBF in neural network
design in 1988 [43], and initially discussed the difference between RBF application
in neural network design and traditional interpolation field, and then proposed a

RBF neural network model with three-layer structure. Moody et al. published an

11
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article in 1989, which extracted the receptive field characteristics of human brain
to external stimuli based on the research results of human brain. That is, under the
same external stimulus, the response intensity of brain cells in different parts is
different, and the scope of each neuron has its local scope. Therefore, only when
the stimulus belongs to a certain range, the neuron will respond. Otherwise it does
not respond or the response is small [44]. According to this characteristic, a neural
network with local response characteristic is proposed. This network coincides
with the RBF network proposed by Broomhead et al. Moody et al. also proposed a
parameter training algorithm for RBF neural networks [45]. RBF neural network
has good generalization ability, strong nonlinear mapping ability, fast operation
speed, and strong approximation performance. It can approximate a nonlinear
function with arbitrary accuracy. RBF neural network has attracted the attention
and research of many scholars [46]-[47], and has carried out in-depth research on
RBF neural network parameter optimization. Different optimization algorithms
have been applied to RBF neural network parameter optimization [48]-[49], such
as gradient algorithm: Gradient descent algorithm, Newton algorithm,
LM(Levenberg-Marquardt) algorithm, etc. Among them, gradient descent algorithm
is the most widely used gradient optimization algorithm [50]. However, the gradient
descent algorithm has shortcomings such as long convergence time and poor
global search ability. Therefore, Scholars have proposed Recursive Least Squares
(RLS) Algorithm [51], Continuous Forward Algorithm (CFA) algorithm [52],
Improved Second Order (ISO) algorithm [53], to improve the search speed and
accuracy of the algorithm. However, different from gradient algorithms,
evolutionary algorithms have strong robustness and belong to global search
algorithms, which are widely used in parameter optimization of RBF neural
networks [54]-[55]. However, the evolutionary algorithm also has the shortcomings
of over-fitting and high computational complexity, and the convergence cannot be
guaranteed [56]-[57]. Therefore, the application of evolutionary algorithm in RBF
neural network still has a lot of optimization space. However, with the increasing
complexity of practical problems, it is difficult to meet the requirements of practical
applications only by optimizing parameters, and it is necessary to dynamically

adjust the network structure to adapt to complex environmental changes.

12
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2.8 Particle Swarm Optimization

Particle swarm optimization (PSO) is a random search algorithm based on
population, which originates from the study of bird foraging behavior. Although the
flight behavior of birds seems to be irregular, researchers have found that there is
always a synergistic relationship between the overall flight path of the birds
through long-term observation, not only the overall movement is smooth, but also
the individual is extremely coordinated, it seems that the birds are constrained by
some rules. Craig Reynols first proposed the Boid model [58] by studying the flight
phenomenon of birds, and Heppner, a biologist, further analyzed the attraction of
habitat to birds and proposed a bird flock aggregation model based on biological
group behavior [59]. In 1995, Dr. Kennedy of social psychology and Dr. Eberhart
of electrical engineering in the United States proposed particle swarm optimization
algorithm based on the bird swarm aggregation model [60]-[61]. The PSO
algorithm abstracted birds as "particles” without mass and volume, designed the
mutual cooperation and information sharing mechanism between particles by
simulating the cooperative behavior of birds in the flight process, and memorized
the historical motion information of itself and the group to assist the current motion
behavior of particles, so as to better search for optimization in complex space.
Since the PSO algorithm was proposed, many scholars have carried out
theoretical analysis and experiments on it, and made many variations and
improvements on it, which promotes the development of PSO algorithm. The IEEE
International Symposium on Swarm Intelligence held every year has attracted a
large number of scholars and greatly promoted the research of particle swarm
optimization. In the past two decades, the research on PSO algorithm has been
divergent and extended, including the research on algorithm parameters,
algorithm topology, algorithm convergence, algorithm improvement, algorithm

application and so on.
2.9 Improved PSO-RBF Neural Network Adaptive Sliding Mode Controller
The approximation ability of radial basis function neural network to nonlinear

system has attracted the attention of many scholars at home and abroad [62]. Sun

Ruihua et al. [63] adopted RBF neural network to optimize the three control
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parameters of PID and improved the rapid adjustment ability of the control system.
However, the PID control part of the controller is a linear control method, which
has certain limitations in controlling the nonlinear quadrotor model. As a nonlinear
control method, sliding mode control (SMC) has strong robustness. Han Yezhuang
[64] and Lin [65] et al. adopted the adaptive sliding mode control method of RBF
neural network to approximate the inaccurate quadrotor model by using the
universal approximation characteristics of RBF neural network. This method has
faster adjustment time, better anti-interference ability and stronger robustness
than the RBF-PID control method. However, the selection of the center value,
width and connection weight of the hidden layer neurons of RBF neural network is
mostly optimized by gradient algorithm, which is prone to over-fitting learning,
unable to ensure constant convergence, and lacking reliability [66]. particle swarm
optimization (PSO), as an optimization algorithm for global optimization, is often
applied to the path planning of quadrotor [67], but rarely applied to the stability and
anti-disturbance control of quadrotor. Some scholars have confirmed in the
experiment process of single control rate of photovoltaic system that this method
can further improve the approximation ability of RBF neural network [66], but the
designed controller has the chattering problem, which will lead to frequent
switching of voltage regulation and seriously shorten the service life of the motor
when applied to the quadrotor. Based on this, an improved PSO-RBF neural
network adaptive sliding mode controller for quadrotor is proposed in this project.
The global optimization ability of the improved PSO algorithm was applied to find
the center value, width and connection weight of RBF neural network neurons,
which further improved the approximation speed of RBF neural network to the
guadrotor model and approached the uncertain state of the quadrotor model in the

sliding mode controller faster.
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CHAPTER 3 - RESEARCH METHODOLOGY

3.1 INTRODUCTION

This chapter aims to elaborate on the research methods used in this study and
emphasize its core role in the entire project. The research methods not only
provide a solid foundation for the theoretical construction of the project, but also
ensure the systematicness of the entire research process and the effectiveness of
the results. Through rigorous research design, the project was able to explore new
solutions in the complex field of quadcopter control, and supported by scientific
methodology to ensure that the proposed control strategy is verifiable and has

application value.

As the project progresses, the research design continues to evolve and improve.
This dynamic adjustment reflects the adaptive adjustment of the research direction
and methods by researchers after a deep understanding of the quadcopter control
problem. The initial design may be based on existing theories and assumptions,
but with a deeper understanding of the nature of the problem, the research
methods and strategies are also optimized accordingly. For example, in the
preliminary literature review, it was found that traditional PID control has limitations
in dealing with the nonlinear and strongly coupled characteristics of drones, so the
research direction gradually shifted to more complex and flexible control strategies,
such as hybrid control methods based on neural networks and optimization
algorithms. The adjustment of this method is not only based on the results of
theoretical derivation, but also a direct reflection of the experimental data and
simulation results feedback, thus ensuring the practical feasibility of the research

design.

This chapter will first introduce the research philosophy followed by this study,
which will provide theoretical guidance for the overall direction of the project. The
research philosophy determines how researchers view the process of knowledge
generation and verification, and directly affects the selection and application of
research methods. Secondly, this chapter will discuss in detail the research

methodology adopted, including how the combination of qualitative and
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guantitative methods can help researchers to deeply understand the complex
problems in quadrotor control. This part will show how researchers gradually reveal
the essence of the problem and seek effective solutions through a variety of
methods such as systematic literature review, theoretical modeling, simulation

analysis and experimental verification.

Finally, this chapter will also explain in detail the data collection and analysis
techniques. The selection and application of these techniques are directly related
to the accuracy and reliability of the research results. In the study of quadrotor
control, data collection and analysis include not only traditional experimental data,
but also simulation data processing and algorithm performance evaluation.
Through rigorous technical means, researchers can ensure that the data obtained
truly reflects the performance of the control strategy and provide a solid basis for

subsequent improvements and applications.

In summary, this chapter will lay the theoretical and methodological foundation for
the detailed discussion of the design and implementation process in the
subsequent chapters, and ensure the scientificity, systematicness and operability
of the entire project through a clear explanation of the research method. This
structured research method will run through all stages of the entire project, from
theoretical discussion to experimental verification, and then to the final application
and evaluation, forming a complete research chain, contributing new perspectives

and methods to the research in the field of quadrotor drone control.

3.2 RESEARCH OVERVIEW

This section provides an overarching view of the research process employed in
this project, highlighting the systematic approach used to address the complex
challenge of developing an effective control strategy for quadrotor UAVS. The
research was designed to be both comprehensive and iterative, ensuring that
each phase built upon the previous one while allowing for adjustments based on
emerging insights and data. The project began with a thorough literature review to

identify gaps in current UAV control strategies, followed by the design and
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implementation of a novel PSO-RBF neural network adaptive sliding mode
controller. The research process was structured to include both theoretical
modeling and empirical validation, with a strong emphasis on simulation-based

testing to ensure the controller's robustness and effectiveness.

The approach adopted in this research is rooted in a combination of qualitative
and quantitative methodologies. The qualitative aspect was primarily focused on
the literature review, which provided the necessary background and theoretical
framework. This helped to identify the limitations of existing control methods and
informed the development of the proposed controller. Quantitative methods were
then employed to rigorously test the controller's performance through simulations.
By integrating these methodologies, the research was able to comprehensively
address the research problem, ensuring that the results were both theoretically

sound and practically applicable.

3.2.1 RESEARCH PROCESS

The research process was meticulously planned and executed in a series of well-
defined stages, each contributing to the overall success of the project. The
process began with an extensive literature review, which served as the foundation
for identifying the specific challenges and gaps in existing quadrotor UAV control
systems. This review was critical in shaping the research questions and guiding

the development of the PSO-RBF neural network adaptive sliding mode controller.

Following the literature review, the next stage involved the development of a
dynamic model of the quadrotor UAV. This model was essential for accurately
simulating the UAV's behavior under various conditions and provided the basis for
testing the control strategies. The dynamic modeling phase was followed by the
design and optimization of the control system. Here, the PSO algorithm was
applied to optimize the parameters of the RBF neural network, ensuring that the

controller could effectively handle the nonlinear dynamics of the UAV.

The final stage of the research process involved rigorous simulation testing. The

controller was subjected to a variety of test scenarios to evaluate its performance
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in terms of stability, accuracy, and robustness. These simulations were critical for
validating the effectiveness of the proposed control strategy and ensuring that it
could meet the demands of real-world UAV operations. Throughout the research
process, data were systematically collected and analyzed, providing the empirical
evidence needed to support the project's conclusions. Each stage of the research
was designed to build upon the previous one, ensuring a coherent and integrated

approach to solving the research problem.

3.2.2 RESEARCH PHILOSOPHY

The research philosophy underlying this project is grounded in post-positivism, a
philosophical stance that emphasizes objectivity, empirical analysis, and critical
reflection in scientific inquiry. Post-positivism builds upon the foundations of
traditional positivism, acknowledging the pursuit of objectivity in research while
also recognizing the inherent limitations in achieving complete objectivity. This
philosophy advocates for a reflective and critical approach to research, wherein
researchers continuously scrutinize their assumptions and conclusions throughout

the research process.

At the core of post-positivism is the belief that while scientific inquiry can
approximate truth through observation and experimentation, various factors, such
as the limitations of research tools, researchers' prior assumptions, and the
complexity of the environment, can influence research outcomes. Therefore, post-
positivism encourages the use of repeated experiments, data triangulation, and
cross-validation of methods to enhance the reliability of research findings. In the

context of this project, which involves the control of a quadrotor UAV—a system
characterized by high nonlinearity and complexity—relying solely on theoretical

models would be insufficient to accurately describe the system's behavior. As
such, the research necessitates an empirical approach, using simulations and
real-world testing to validate and refine control strategies. This empirical method
aligns closely with the principles of post-positivism, which rejects the reliance on
theoretical deduction alone and instead promotes a robust connection between
theory and empirical evidence.
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The decision to adopt post-positivism as the guiding research philosophy for this
project is informed by several key considerations. First, the control system for a
quadrotor UAV is inherently complex, involving multiple interacting factors such as
aerodynamic effects, environmental disturbances, and nonlinear dynamics. These
complexities make it challenging to capture the system's full behavior using
theoretical models alone. Post-positivism supports a research approach that
allows for the iterative refinement of control strategies based on empirical data,
making it well-suited to the needs of this project. Second, post-positivism places
significant emphasis on the credibility of empirical data, which is crucial for the
development of the PSO-RBF neural network adaptive sliding mode controller in
this study. The design of the control strategy relies not only on theoretical
derivation but also on the validation of its effectiveness and robustness through
extensive simulation data and experimental results. Post-positivism provides the
philosophical foundation for this data-driven approach, ensuring that research

outcomes are both reliable and scientifically grounded.

The adoption of post-positivism has had a profound impact on the project. It has
enhanced the scientific rigor of the research by promoting stringent empirical
analysis and data validation, thereby ensuring the reliability of the research
process and the credibility of its findings. Furthermore, post-positivism encourages
a critical and reflective stance at every stage of the research, prompting ongoing
optimization of the control strategy throughout its development. This iterative
process has been crucial in ensuring that the controller performs effectively under
a wide range of complex conditions. Additionally, the focus on practical
applicability inherent in post-positivism has driven the project to prioritize not only
theoretical innovation but also the real-world effectiveness of the controller,
thereby increasing the practical value and potential impact of the research

outcomes.

In summary, post-positivism as the research philosophy for this project has
provided a solid theoretical foundation for the design and execution of the
research. It has ensured the scientific integrity of the research methods and the

reliability of the findings. Through this philosophical approach, the project has
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been able to develop a high-performance control system for quadrotor UAVS,
offering significant contributions to both theoretical research and practical

applications in the field.

3.2.3 RESEARCH METHODOLOGIES

The research methodologies employed in this project are meticulously designed to
address the complexities of controlling quadrotor UAVs. By integrating both
qualitative and quantitative approaches, the research aims to provide a
comprehensive evaluation of current control strategies and the development of an
advanced control system. The methodologies are selected not only to explore the
theoretical underpinnings of UAV control but also to rigorously test and validate
the proposed solutions through empirical analysis.

The project begins with a qualitative analysis that is deeply rooted in an extensive
literature review. This step is crucial for understanding the existing landscape of
quadrotor UAV control systems. The literature review systematically examines a
wide range of sources, including peer-reviewed journal articles, conference papers,
and technical reports, focusing on the strengths and limitations of various control
strategies such as PID control, LQR, and advanced methods like fuzzy logic and
neural networks. Through this review, the research identifies key gaps in current
methodologies, such as the challenges of dealing with nonlinearity, multi-variable
coupling, and external disturbances in UAV systems. This qualitative analysis not
only provides a theoretical framework for the project but also highlights the specific
areas where the proposed PSO-RBF neural network adaptive sliding mode

controller can offer significant improvements.

Following the qualitative analysis, the research employs rigorous quantitative
methods to evaluate the performance of the proposed control strategy. The
primary tool for this evaluation is simulation, which is conducted using high-fidelity
models of quadrotor UAV dynamics. These models are constructed based on the
Newton-Euler equations, which capture the nonlinear, coupled behavior of the
UAV system. The simulations are designed to test the controller under a variety of

conditions, including different flight trajectories, varying payloads, and the
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presence of environmental disturbances such as wind gusts. Key performance
metrics, such as response time, trajectory tracking accuracy, and robustness
against disturbances, are quantitatively measured. The quantitative analysis also
involves a comparative study where the performance of the PSO-RBF controller is
benchmarked against traditional control methods, including PID and LQR
controllers. Statistical tools, such as variance analysis and hypothesis testing, are
used to ensure that the observed improvements are statistically significant and not

due to random variations.

To ensure that the research findings are robust and comprehensive, a mixed-
methods approach is employed, integrating the insights gained from the qualitative
literature review with the empirical data obtained from quantitative simulations.
The mixed-methods approach allows the research to address the problem from
multiple angles. The qualitative analysis provides a deep contextual understanding
of the challenges in UAV control, particularly the limitations of existing methods in
handling complex, real-world scenarios. This understanding informs the design of
the PSO-RBF controller, ensuring that it addresses the specific weaknesses
identified in the literature. The quantitative simulations then provide empirical
evidence that the proposed controller not only meets theoretical expectations but
also outperforms existing strategies in practical, simulated environments. This
combination of qualitative and quantitative methodologies ensures that the
research conclusions are well-founded, addressing both the theoretical and

practical aspects of UAV control.

The use of a mixed-methods approach in this project also facilitates a more
nuanced interpretation of the results. For instance, if the quantitative simulations
reveal unexpected behaviors or suboptimal performance in certain scenarios, the
qualitative insights from the literature review can help explain these findings,
potentially leading to further refinement of the control strategy. Conversely, the
empirical data from the simulations can validate or challenge the theoretical
assumptions identified in the qualitative analysis, leading to a more iterative and
dynamic research process. This iterative feedback loop between qualitative and
guantitative methods is a hallmark of the research methodology, ensuring that the

final control strategy is both theoretically sound and empirically validated.
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In conclusion, the research methodologies employed in this project are carefully
chosen to provide a rigorous and comprehensive approach to developing and
validating an advanced control system for quadrotor UAVs. The qualitative
analysis establishes a strong theoretical foundation, while the quantitative
methods provide detailed empirical validation. The integration of these approaches
through a mixed-methods strategy ensures that the research is both deeply
informed by existing knowledge and rigorously tested in simulated environments,

leading to robust and reliable conclusions.

3.2.4 PHILOSOPHIES

In this research, the philosophical stance of post-positivism is deeply integrated
into both the experimental design and the data analysis processes. Post-
positivism, as a continuation and refinement of traditional positivism,
acknowledges the complexity of observing and understanding phenomena in a
fully objective manner. It recognizes that while scientific inquiry strives for
objectivity, complete elimination of bias is unattainable. Therefore, post-positivism
emphasizes the importance of critical reflection, rigorous empirical testing, and

iterative refinement of hypotheses and theories.

The post-positivist philosophy significantly influences the experimental design of
this research. Given the complex, nonlinear dynamics of quadrotor UAVSs, the
design of experiments under this philosophical stance involves the systematic
testing of hypotheses through controlled simulations and empirical observations.
For instance, when developing the PSO-RBF neural network adaptive sliding
mode controller, the research does not assume that the theoretical design will
perform optimally in all conditions. Instead, it is subjected to extensive testing
across a range of scenarios, including varying environmental conditions and
different UAV operational modes. This approach allows the research to move
beyond theoretical assumptions and focus on how the controller performs under

realistic and potentially challenging conditions.

Moreover, the experimental design under post-positivism incorporates iterative

testing and feedback loops. This means that initial experimental results are
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critically analyzed, and based on these findings, the controller design is refined
and improved. This iterative process is a hallmark of post-positivism, as it
acknowledges the provisional nature of knowledge and the necessity of continual
refinement through empirical testing. The use of high-fidelity simulations and
controlled experiments ensures that the research systematically tests the
performance of the controller, while also allowing for the discovery of unexpected

behaviors or limitations that can inform further iterations of the design.

Maintaining objectivity and scientific rigor is central to the post-positivist approach,
particularly in the data analysis phase of the research. To uphold these principles,
the research employs a variety of strategies designed to minimize bias and ensure
that the conclusions drawn are robust and reliable. For example, all simulation
results are subjected to statistical analysis, where variance, confidence intervals,
and significance testing are used to assess the reliability of the observed
outcomes. These methods are crucial for determining whether the improvements
offered by the PSO-RBF controller are statistically significant compared to
traditional controllers or if they could be attributed to random variations.

Furthermore, the data analysis process incorporates cross-validation techniques,
where the results from different simulation runs or different experimental setups
are compared to identify consistent patterns or discrepancies. This method helps
to ensure that the findings are not an artifact of a specific experimental condition
but are representative of the controller's general performance. Additionally, the
research employs sensitivity analysis to examine how changes in model
parameters or environmental conditions affect the controller's performance. This
approach is aligned with the post-positivist philosophy, which advocates for a
comprehensive understanding of how various factors influence research outcomes,

thus contributing to the overall objectivity and reliability of the study.

In the context of post-positivism, objectivity is also maintained by recognizing and
addressing the potential sources of bias. This includes being transparent about the
limitations of the simulation models used, the assumptions made during the
experimental design, and the possible influence of these factors on the results. By

acknowledging these limitations, the research remains open to critical scrutiny and
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further refinement, which is a key aspect of maintaining scientific rigor within the

post-positivist framework.

In summary, the application of post-positivism in this research is evident in the
careful design of experiments and the meticulous approach to data analysis. The
iterative testing and refinement process, along with rigorous statistical and cross-
validation techniques, ensures that the research outcomes are both objective and
scientifically valid. This philosophical stance allows the research to produce
findings that are not only theoretically sound but also empirically robust,
contributing to a deeper and more reliable understanding of quadrotor UAV control

systems.

3.2.5 APPROACH

The research approach adopted in this project is a carefully considered
combination of methodologies designed to comprehensively address the
complexities of quadrotor UAV control. This approach integrates both single-
method and multi-method strategies to leverage the strengths of each, ensuring

that the research is both theoretically rigorous and empirically validated.

A significant component of this research is the use of a single-method approach
centered around simulation-based research. Given the inherent complexities and
risks associated with real-world quadrotor UAV testing, particularly in the initial
stages of controller development, high-fidelity simulations are employed as a
primary tool for evaluating control strategies. The use of simulations allows for a
controlled environment where various scenarios, including extreme conditions and
potential system failures, can be safely tested without the associated risks of
physical experiments. This approach is crucial for understanding how the
proposed PSO-RBF neural network adaptive sliding mode controller behaves
under different operational conditions, providing a platform for extensive testing

and refinement before any real-world application.

The decision to focus on simulation-based research is driven by several factors.
First, simulations offer the flexibility to model a wide range of conditions that would

be difficult, dangerous, or costly to replicate in real life. This includes testing the
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UAV's response to sudden gusts of wind, sensor failures, or rapid changes in
payload. Second, simulations provide a repeatable and consistent testing
environment, which is essential for systematically evaluating the performance of
the control strategies and making objective comparisons with existing methods like
PID control. By using simulations, the research ensures that the development of
the controller is grounded in a thorough understanding of the UAV's dynamic

behavior, leading to a more robust and reliable design.

In addition to the single-method simulation approach, this research also employs a
multi-method strategy that combines theoretical analysis with empirical validation.
The theoretical analysis component involves the development of mathematical
models that describe the dynamics of the quadrotor UAV and the design principles
behind the PSO-RBF controller. This includes deriving the equations of motion
using Newton-Euler formalism, developing the structure of the RBF neural network,
and optimizing the controller parameters using the PSO algorithm. These models
form the theoretical foundation of the research, providing critical insights into the
expected behavior of the UAV and the controller's operation.

The theoretical analysis is complemented by empirical validation, primarily through
simulation experiments. After developing the theoretical models, these models are
implemented in a simulation environment to evaluate their real-world applicability.
This multi-method approach ensures that the research is not purely theoretical but
is grounded in empirical data that verifies the effectiveness of the proposed
solutions. The combination of these methods allows for a comprehensive
assessment of the controller's performance, ensuring that the final design is both

theoretically sound and practically viable.

The choice to employ both single-method and multi-method approaches is

strategic and aligns with the project’'s specific goals. The simulation-based single-

method approach provides a controlled environment for rigorous testing and
refinement of the control strategy, which is critical during the early development
stages. The integration of theoretical analysis and empirical validation through a

multi-method approach further strengthens the research by ensuring that the
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theoretical foundations are backed by empirical evidence. This dual approach
allows the research to achieve its objectives of developing a robust, high-
performance controller for quadrotor UAVs that can be confidently transitioned

from the simulation phase to real-world applications.

In conclusion, the research approach in this project is a carefully crafted
combination of single-method and multi-method strategies. The simulation-based
research provides a safe and controlled testing ground, while the integration of
theoretical analysis with empirical validation ensures that the proposed solutions
are both theoretically rigorous and practically effective. This comprehensive
approach is essential for addressing the complex challenges associated with

quadrotor UAV control and for achieving the project’s goal of developing an

advanced control system that is both innovative and reliable.

3.2.6 STRATEGIES

To achieve the objectives of this project, a set of carefully devised strategies has
been implemented. These strategies are tailored to systematically address the
research challenges and ensure that the development of the improved PSO-RBF
neural network adaptive sliding mode controller is both innovative and effective.
The key strategies include conducting a comprehensive literature review to identify
research gaps, employing an improved PSO-RBF algorithm to optimize the
controller design, and using advanced simulation techniques to validate the

controller's performance.

The first strategic step involves conducting an exhaustive literature review to
establish a solid foundation for the project. This review systematically examines a
wide range of academic sources, including peer-reviewed journal articles,
conference proceedings, and technical reports, focusing on the current state of
research in quadrotor UAV control systems. By critically analyzing existing control
strategies such as PID, LQR, and neural networks, the review identifies their
limitations in handling the nonlinear dynamics and external disturbances typical of
quadrotor UAVs. Furthermore, the review highlights areas where traditional

methods fall short, particularly in terms of adaptability and robustness. This
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analysis identifies the specific gaps that the improved PSO-RBF controller is
designed to address, providing clear justification for the development of a more

advanced control approach.

The second strategy focuses on developing and applying the improved PSO-RBF
algorithm for optimizing the controller's performance. This hybrid approach
integrates Particle Swarm Optimization (PSO) with a Radial Basis Function (RBF)
neural network to create an adaptive control system that can dynamically respond
to the complex, nonlinear behavior of quadrotor UAVs. The improved PSO-RBF
algorithm incorporates enhancements in both the PSO and RBF components. For
instance, the PSO algorithm is adapted to better explore the solution space, while
the RBF network is optimized to enhance its ability to approximate nonlinear
functions with high accuracy. The PSO-RBF algorithm is specifically designed to
fine-tune the parameters of the RBF neural network, such as the centers, widths,
and output weights, ensuring that the controller can achieve optimal performance
under various operational conditions. This strategy is crucial for enhancing the
controller's adaptability and robustness, which are essential for effective quadrotor

UAV control in dynamic environments.

The third strategy involves the rigorous validation of the improved PSO-RBF
controller through simulation. High-fidelity simulations are employed to replicate
the real-world conditions under which the quadrotor UAV operates, including the
presence of external disturbances such as wind gusts and sensor noise. These
simulations are designed to evaluate the controller's performance across a range
of metrics, including stability, response time, and robustness. By simulating
various flight scenarios, the research ensures that the controller is thoroughly
tested and capable of maintaining optimal performance in different environments.
This simulation-based validation is a critical step in confirming the effectiveness of
the improved PSO-RBF algorithm and provides valuable insights for any

necessary refinements before potential real-world implementation.

In the development and application of the improved PSO-RBF algorithm,
extensive testing is conducted to fine-tune both the PSO and RBF components.

The optimization process involves multiple iterations and sensitivity analyses to
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ensure that the algorithm achieves the desired balance between exploration and
exploitation, leading to an optimal configuration of the RBF neural network. This
process is carefully monitored to avoid common pitfalls such as premature
convergence or overfitting, ensuring that the final controller design is robust and
generalizable.

3.2.7 CHOICES

In the course of this research, several critical decisions were made, each playing a
significant role in shaping the direction and outcomes of the study. These choices
were carefully considered based on the specific challenges posed by quadrotor
UAV control and the overarching goals of the project. Among these decisions, the
selection of the PSO-RBF neural network as the core control strategy stands out
as one of the most impactful.

The decision to employ a PSO-RBF neural network adaptive sliding mode
controller was driven by the complex and nonlinear nature of quadrotor UAV
dynamics. Traditional control methods, such as PID and LQR controllers, while
effective in certain linear and less complex systems, often fall short when applied
to systems like quadrotors, which exhibit strong coupling effects, high degrees of
freedom, and susceptibility to external disturbances. The PSO-RBF neural

network was chosen specifically for its ability to address these challenges.

The Radial Basis Function (RBF) neural network is known for its strong capability
in approximating nonlinear functions, making it an ideal choice for capturing the
intricate dynamics of a quadrotor UAV. However, RBF networks require careful
tuning of parameters such as center vectors, widths, and output weights to
perform optimally. This is where the integration of Particle Swarm Optimization
(PSO) becomes critical. PSO is an optimization algorithm inspired by the social
behavior of birds flocking or fish schooling, and it excels at searching large,
complex spaces for optimal solutions. By integrating PSO with the RBF neural
network, the research leverages PSO's ability to efficiently optimize the
parameters of the RBF network, thus enhancing the controller's adaptability and

performance.
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The choice of a PSO-RBF neural network was informed by several key
considerations. Firstly, the need for a control system that could adapt to varying
conditions and uncertainties in real-time was paramount. Quadrotor UAVs operate
in dynamic environments where factors such as wind speed, payload variations,
and sensor noise can significantly impact performance. The adaptive nature of the
PSO-RBF neural network allows the controller to adjust its parameters in response

to these changes, ensuring stable and reliable operation under diverse conditions.

Secondly, the decision was influenced by the limitations observed in other control
methods during the literature review phase. While methods like fuzzy logic
controllers and conventional neural networks offer some level of adaptability, they
often require extensive manual tuning or lack the ability to efficiently handle high-
dimensional optimization problems. The PSO-RBF approach addresses these
limitations by automating the optimization process and providing a more robust

solution that can be applied to a wider range of scenarios.

The choice to use the PSO-RBF neural network as the control strategy had
significant implications for the research outcomes. This decision directly influenced
the design of the experiments, the nature of the simulations conducted, and the
overall direction of the project. By focusing on a control strategy that combines the
strengths of RBF neural networks and PSO, the research was able to develop a

controller that is both theoretically robust and practically effective.

The integration of PSO with the RBF network led to notable improvements in the
controller's performance, particularly in terms of its ability to maintain stability and
accuracy in the presence of disturbances. This adaptability was evidenced in the
simulation results, where the PSO-RBF controller consistently outperformed
traditional control methods in scenarios involving sudden changes in
environmental conditions or system parameters. The success of this control
strategy not only validated the initial choice but also highlighted the potential for
further developments and applications in more complex UAV systems or other

areas requiring adaptive control.
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Furthermore, the choice of the PSO-RBF neural network facilitated the
achievement of the project's goals by providing a scalable solution that could be
adjusted and improved as new challenges or requirements emerged. This
flexibility ensured that the research remained relevant and capable of addressing
future developments in UAV technology.

In conclusion, the choice of the PSO-RBF neural network as the central control
strategy was a critical decision that shaped the entire research process. This
decision was grounded in a thorough understanding of the challenges posed by
quadrotor UAV control and the limitations of existing methods. The successful
implementation of this strategy not only contributed to the project's immediate
goals but also set the stage for future advancements in adaptive control systems.
The impact of this choice on the research outcomes underscores the importance
of carefully considering the theoretical and practical implications of each decision

made during the research process.

3.2.8 TIME HORIZONS

The time framework of this research was meticulously planned to ensure a
systematic and thorough investigation of the proposed PSO-RBF neural network
adaptive sliding mode controller. The research was structured into several key
phases, each with specific objectives and milestones, allowing for a gradual and
comprehensive exploration of the control system's design, implementation, and

validation.

The research was divided into sequential phases, each focusing on different
aspects of the controller's development and testing. Initially, the project began with
an extensive literature review and theoretical groundwork, which provided the
necessary foundation for the subsequent stages. Following this, the project moved
into the design and development phase, where the PSO-RBF controller was

formulated and initial parameter settings were established.

After the design phase, the research entered a critical simulation phase, where the
controller was subjected to a series of tests under various simulated conditions.

This phase was carefully timed to allow for iterative development, where the
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results from early simulations informed refinements to the controller's design. By
breaking the simulation phase into multiple stages, the research could
progressively introduce more complex scenarios, starting with basic stability tests
and moving towards more challenging conditions, such as high turbulence or rapid
payload changes. This approach ensured that the controller's performance was

thoroughly evaluated at each stage before advancing to more complex scenarios.

Data collection and analysis were strategically aligned with the phased approach
of the research. At each stage of the simulation and testing process, data were
collected systematically to provide insights into the controller's performance. For
instance, during the initial simulation runs, data were focused on basic metrics
such as response time, stability margins, and control accuracy. These early results
were used to adjust the PSO algorithm and RBF neural network parameters,

optimizing the controller's performance before moving to more complex tests.

As the simulations progressed, the scope of data collection expanded to include
more detailed metrics, such as the controller's robustness to external disturbances,
adaptability to varying flight conditions, and overall efficiency. At each key
milestone, comprehensive data analysis was conducted to assess the controller's
performance against the project's objectives. This analysis involved both
guantitative methods, such as statistical testing and variance analysis, and
qualitative assessments based on observed behaviors in the simulations. The
iterative process of data collection and analysis ensured that each stage of the
research built upon the findings of the previous stages, leading to a robust and
well-validated final controller design.

To further ensure the reliability of the research results, data from different time
points were cross-validated. For example, the results from early-stage stability
tests were compared with later-stage robustness tests to verify consistency in the
controller's performance. Any discrepancies identified through this cross-validation
process were thoroughly investigated, leading to further refinements in the

controller design or adjustments in the simulation models.
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The timing of data collection and analysis played a crucial role in ensuring the
reliability of the research outcomes. By structuring the research into distinct
phases with clear objectives, the study maintained a focus on systematic
validation at each step. This approach minimized the risk of overlooked errors or
untested assumptions, as each phase provided an opportunity to refine and

validate the controller's design.

Moreover, the use of iterative testing allowed for continuous improvement of the
controller throughout the research process. Each round of simulation provided
new data that contributed to a deeper understanding of the controller's strengths
and weaknesses, leading to a more refined and reliable final product. The phased
approach also facilitated the identification of potential issues early in the process,
allowing for timely adjustments and ensuring that the research stayed on track to

meet its objectives.

In conclusion, the time framework of this research was designed to support a
structured and iterative development process, with careful attention given to the
timing of data collection and analysis. By aligning these activities with the phased
progression of the research, the study was able to ensure the reliability and
robustness of the final PSO-RBF neural network adaptive sliding mode controller,
providing confidence in the research outcomes and their potential real-world

applicability.

3.2.9 TECHNIQUES AND PROCEDURES

This section details the specific techniques and procedures utilized in this
research to develop, optimize, and validate the PSO-RBF neural network adaptive
sliding mode controller for quadrotor UAVs. The research was structured around a
series of methodical steps, each of which was critical to ensuring that the
proposed control strategy was both effective and reliable in a variety of operational

conditions.

The first and foundational step in this research was the development of a

comprehensive dynamic model of the quadrotor UAV. This model was essential
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for accurately simulating the UAV's behavior under a wide range of conditions and

served as the basis for the design and testing of the controller. The dynamic
model was derived using the Newton-Euler formalism, which is well-suited for

capturing the complex, nonlinear dynamics inherent to quadrotor systems.

In constructing the model, the UAV was treated as a rigid body, subject to forces
and moments generated by the four rotors. The equations of motion were derived
in terms of the UAV's translational and rotational dynamics. The translational
dynamics describe the movement of the UAV in three-dimensional space,
considering forces such as gravity, thrust, and aerodynamic drag. The rotational
dynamics, on the other hand, govern the UAV's orientation or attitude, described
by pitch, roll, and yaw angles, and include the effects of gyroscopic moments and
aerodynamic torques. The model also incorporated rotor dynamics, accounting for
the rotor thrust coefficients, drag coefficients, and the aerodynamic efficiency

losses that occur at different rotor speeds.

To ensure accuracy, the model included various external disturbances such as
wind gusts, modeled as a combination of stochastic and deterministic components.
The wind effects were represented using a Dryden turbulence model, which
simulates atmospheric turbulence over time, providing a realistic and time-varying
disturbance input. The comprehensive nature of this model allowed for precise

simulation of the UAV's behavior under diverse and challenging operational

conditions, laying the groundwork for the subsequent controller design.

Once the dynamic model was established, the next step involved the design and
optimization of the PSO-RBF neural network adaptive sliding mode controller. The
controller design was based on an RBF neural network structure due to its strong
ability to approximate nonlinear functions and handle the UAV's complex
dynamics. The RBF network was structured with three layers: an input layer, a
hidden layer composed of radial basis functions, and an output layer that provided

the control signals to the UAV actuators.

33



Final Year Projects.

The hidden layer consisted of neurons with Gaussian activation functions, where
each neuron's output was determined by the distance between the input vector
and a center vector, modulated by a width parameter. The output of the network
was a weighted sum of the activations of these neurons, with the weights being

adjustable parameters that determine the network’'s output. The adaptive sliding

mode control (SMC) framework was integrated into this neural network to enhance
the robustness of the controller, particularly in the presence of model uncertainties
and external disturbances. The SMC component ensured that the UAV's state
trajectory would converge to a desired sliding surface, thereby achieving stable

and accurate control despite variations in the system dynamics.

Optimization of the RBF network parameters—specifically, the center vectors,
widths, and output weights—was conducted using an enhanced Particle Swarm

Optimization (PSO) algorithm. The PSO algorithm was chosen for its efficiency in
searching high-dimensional, complex parameter spaces and its ability to avoid
local minima. To further improve the PSO algorithm's performance, several
modifications were introduced. An adaptive inertia weight strategy was
implemented, where the inertia weight was adjusted dynamically based on the
swarm's convergence behavior, allowing the algorithm to balance exploration and
exploitation more effectively. Additionally, a velocity clamping mechanism was
employed to prevent particles from overshooting optimal solutions, and a
constriction factor was introduced to enhance convergence stability. The
optimization process involved multiple iterations, with each iteration consisting of a
full run of the simulation to evaluate the performance of the current set of RBF
network parameters. The objective function for the PSO optimization was defined
as a weighted sum of various performance metrics, including the mean squared
error (MSE) of the trajectory tracking, the control effort (to minimize energy
consumption), and the robustness to disturbances (measured by the system's
response to simulated wind gusts). By iteratively adjusting the parameters and
refining the network, the PSO algorithm successfully optimized the RBF neural
network, resulting in a controller that was both robust and highly responsive to the
guadrotor UAV's dynamic environment.
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Following the design and optimization of the controller, extensive simulation
testing was conducted to evaluate its performance under realistic operating
conditions. The simulations were implemented in MATLAB/Simulink, a powerful
platform for modeling, simulating, and analyzing dynamic systems. The quadrotor
UAV model, along with the optimized PSO-RBF controller, was integrated into the

simulation environment, where various flight scenarios were tested.

Key parameters for the simulations were meticulously set to reflect real-world
conditions. For example, the UAV’ s mass, moments of inertia, rotor thrust and

drag coefficients, and other physical properties were based on realistic values
commonly found in commercial quadrotor platforms. The simulation environment
was configured to simulate a variety of conditions, including standard flight
operations (takeoff, hovering, trajectory tracking, and landing) as well as more
challenging scenarios involving external disturbances (e.g., wind gusts generated
by the Dryden turbulence model), sudden payload changes, and sensor noise

modeled as Gaussian white noise.

Each flight scenario was simulated multiple times to ensure consistency and
reliability of the results. The time step of the simulation was chosen to be 0.001

seconds, which provided sufficient resolution to capture the UAV '’ s rapid

dynamics while maintaining computational efficiency. The total simulation time
varied depending on the scenario, with longer durations for more complex
maneuvers like trajectory tracking over extended distances or complex obstacle

avoidance tasks.

Throughout the simulation process, data were systematically collected to assess
the performance of the PSO-RBF controller. Key performance metrics included
position and attitude errors, control input signals, system response times, energy
consumption, and robustness against disturbances. Data were logged at each

simulation time step, enabling detailed post-simulation analysis.

The collected data were analyzed using both time-domain and frequency-domain

techniques. In the time domain, metrics such as rise time, settling time, and
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overshoot were calculated to assess the system’ s responsiveness and stability.

Additionally, the Root Mean Square Error (RMSE) was used to quantify the
accuracy of the UAV's trajectory tracking. In the frequency domain, Bode and
Nyquist plots were generated to evaluate the controller’ s stability margins and its

ability to reject disturbances at different frequencies. These analyses provided a
comprehensive understanding of how the controller performed across a broad

range of conditions.

To further ensure the robustness of the controller, sensitivity analyses were
conducted to examine how variations in the RBF network parameters (such as
center positions and widths) and PSO algorithm settings (such as swarm size and
inertia weight) affected overall system performance. This allowed the identification
of critical parameters that had the most significant impact on control outcomes,

guiding further refinements of the controller design.

In summary, the techniques and procedures employed in this research were
meticulously designed to ensure the successful development, optimization, and
validation of the PSO-RBF neural network adaptive sliding mode controller. From
the detailed dynamic modeling of the quadrotor UAV to the sophisticated
optimization process using an enhanced PSO algorithm, and from the rigorous
simulation testing to the comprehensive data analysis, each step was executed
with precision. This rigorous approach ensured that the final controller design was
not only theoretically robust but also practically viable, providing a reliable solution

for the complex task of guadrotor UAV control.
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3.3 CONCLUSION

The choice of the PSO-RBF neural network as the core control strategy was
central to the project, driven by the need for a controller capable of managing the
nonlinear and dynamic nature of quadrotor UAV systems. The methodological
approach involved a detailed dynamic modeling of the UAV, followed by the
design and optimization of the controller using an enhanced Particle Swarm
Optimization algorithm. The integration of these techniques ensured that the

controller was not only theoretically sound but also practically viable.

Throughout the project, rigorous simulation testing and data analysis were
conducted to validate the effectiveness of the proposed control strategy. By
systematically testing the controller under various conditions and scenarios, the
research ensured that the final design was robust, reliable, and capable of

handling the diverse challenges encountered in real-world UAV operations.

In summary, this project employed a methodologically rigorous approach that
combined advanced control theory with practical simulation techniques. The
strategic choices made, such as the adoption of the PSO-RBF neural network and
the use of iterative, empirical testing, were critical to the success of the project.
These methodologies not only facilitated the development of a highly effective
control system for quadrotor UAVs but also contributed valuable insights to the
broader field of UAV control and adaptive systems.

CHAPTER 4 - DESIGN & IMPLEMENTATION

4.1 INTRODUCTION

This chapter focuses on the design and optimization of the control systems for
guadrotor UAVs, with a particular emphasis on the PSO-RBF neural network
adaptive sliding mode controller. The chapter begins by providing an overview of
traditional PID control systems, discussing their design and the process of tuning
parameters to achieve optimal performance. This foundation is necessary to
establish a baseline for comparison with more advanced control strategies.
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Following this, the chapter introduces more sophisticated methods, such as the
Radial Basis Function (RBF) neural network, and explores their application in
controlling nonlinear systems. The integration of Particle Swarm Optimization
(PSO) with the RBF neural network is then presented, demonstrating how this
hybrid approach can be used to enhance the controller's adaptability and
robustness. The chapter concludes with a comprehensive design process for the
PSO-RBF neural network adaptive sliding mode controller, highlighting the
technical innovations that enable significant improvements in quadrotor UAV

control performance.

4.2 PROBLEM FORMULATION

The problem formulation for this research begins with a clear identification of the
challenges associated with controlling quadrotor UAVs, which are inherently
nonlinear, strongly coupled, and sensitive to external disturbances. Traditional
control methods, such as PID controllers, often struggle to maintain stability and
accuracy under these conditions, particularly when the UAV is subject to rapidly
changing environments or unexpected disturbances. This inadequacy

necessitates the development of a more robust and adaptive control strategy.

In this context, the proposed solution involves the design of a hybrid control
system that integrates a Radial Basis Function (RBF) neural network with an
adaptive sliding mode control (SMC) framework. The RBF neural network is
selected for its strong capability to approximate nonlinear functions, which is
essential for capturing the complex dynamics of the quadrotor UAV. However, to
optimize the performance of the RBF network, its parameters—such as the
centers, widths, and output weights—need to be finely tuned. This tuning process
is achieved through the application of Particle Swarm Optimization (PSO), an

algorithm well-suited for navigating high-dimensional optimization problems.

The resulting PSO-RBF neural network adaptive sliding mode controller aims to
address the specific challenges identified, providing a control strategy that is both
adaptive and robust. The formulation of this problem thus sets the stage for the

subsequent design and optimization process, which will involve detailed
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simulations to validate the controller's effectiveness across a range of operational

scenarios.

4.3 DESIGN
4.3.1 DYNAMIC MODELING OF QUADROTOR UAV

The coordinate systems required for quadrotor modeling can be described as two
coordinate systems shown in Figure 1: the airframe coordinate system (0,Xxyz)

with the origin fixed on the quadrotor fuselage and the geodetic coordinate system

(0.XYZ) with the origin fixed on the ground. For the top view of the quad rotor

shown in Figure 1, the forward direction of the quad rotor is selected as the
forward direction of the X-axis of the body coordinate system, the

counterclockwise 90° direction of the quad rotor is selected as the forward

direction of the Y-axis, and the Z-axis is selected as the positive direction
according to the right-hand rule. Similarly, the geodetic coordinate system
determines the positive directions of the X, Y, and Z axes respectively according

to the East, north, and sky.

Fig. 1 Coordinate system and quadrotor model

The attitude angle of the quadrotor is defined in the geodetic coordinate system to
describe the attitude of the quadrotor. Wherein, the roll angle ¢ is defined as the

angle between the projection of the Y axis on the ¥0_.Z plane and the Y-axis; The

elevation angle 6 is defined as the angle between the projection of the Z axis on
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the X0,z plane and the Z axis; The yaw angle y is defined as the angle between
the projection of the X axis on the X0.¥ plane and the X-axis. In order to facilitate

dynamic modeling, the following assumptions are made in this design:

1) In order to simplify the calculation of the moment of inertia in the model, it is
assumed that the quadrotor aircraft is a strictly symmetrical rigid body structure,
and its center of gravity is consistent with the center and located at the geometric
center of the body.

2) The quadrotor flies at low altitude, low speed and small angle. The gravity is

constant, and its attitude angle changes very little (usually less than 57), which can

simplify the Euler equation.

3) Because the adjacent motors of the four rotors are reversed to each other, the
influence of the gyroscopic effect of the motor can be offset. The gyroscopic
moment of the four rotors is very small and can be ignored. At the same time, all

kinds of internal friction and energy loss are ignored.

4) According to the blade element momentum theory and aerodynamic
experiments, the lift and anti torgue moment generated by each rotor of the four

rotors are proportional to the square of the rotor speed.

5) Relevant literature shows that the external resistance of the quadrotor is

proportional to the linear velocity.

u,,u,,U;,U, is defined as four independent control quantities of quadrotor UAV,
w; (i = 1,2,3,4) is the speed of four motors, then

U, = Kywi + K,03 + K0l + K 0w}
U, = —K,w} + K 0! + K,w] — K, (1)
U, = —K,0] —K,w] +K,w] + K 0}

Uy, = —K,wj + Kyw; — Kyw; + Ky

In this equation: K, is the lift coefficient; K, is the anti-torque coefficient.
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The dynamic model of the quadrotor drone established by the Newton-Euler

method can be expressed as

(coe ¢ein Bcoe Ytein gein @)U,

X = - +d,

5= (cos ¢sin fsin P —sin goos YU, +d,

P (cos ¢::s gy, ?i g+d,

c,:b' _ Ev.b'ifl-l-f-fzz U, 1 +d, (2)
hex

é = _éz'b':"rzz_fxx:"l'”s: + ds

Ty

]1-{-; _ @8 (Lyy—lypy )+, +d,

IZZ
In this equation: mis the mass of the quadrotor; I,.,,1,..1.. are the moments of
inertia of each axis of the quadrotor; d.(i = 1,2,3,4,5,6) is the external interference

force on the quadrotor; g is the acceleration of gravity; 1 is the length of the torque

arm.

Formula (2) can be organized into the form of state equation:

{;?1:;{: ®)
Xy=flx) +g(x)u+d

In this equation, X, = [x, v,z ¢,8,¢]T, X, = [+.7.2, ¢.8,¥]7,

w=[11U,U, U, U]" d=[d,d,dy —g.d,dsd.]",

, , ; T
flx) = [n,u,n, "‘r}'}':"’-”-’ 0% Ugr—lyy)dd  Uewlyy Hﬁﬂ] _

XX Iy Izz

4.3.2 RBF NEURAL NETWORK ADAPTIVE SLIDING MODE CONTROLLER

The quadrotor is an under-actuated, strongly coupled system with 4 inputs and 6
outputs. It is necessary to design a controller to converge the position/attitude
tracking error of the quadrotor to zero in a finite time. The control system of this
project adopts the commonly used inner and outer loop control structure. A

controller is established as shown in Figure 2. The outer loop is the position
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controller of the quadrotor, and the inner loop is the attitude controller of the
quadrotor. Through this dual-loop controller, decoupling control of 6 channels can

be achieved, improving the robustness of the system.

Improved
PSO
Algorithm
Adaptive |¢
Weights
RBF .
Neural
Network
h 4 The
Desired > Position > C():L?grii{il 1
Position y»| Sliding Y i Y » Dynamic
»| Versus Mode " Model of
Yaw > Controller > Atfitude N cc;g"'t?]"eted Quadrotor
Angle .| Sliding > UAV 4—)®7
A > Mode N Motor %
3| Controller Speed > +
A

Fig. 2 Control system structure

RBF neural network is a classic three-layer feedforward neural network.
Reasonable determination of neuron parameters can approximate any nonlinear
function relationship.

The output of the RBF neural network is

y() = Tty Wiky(§) “)
In this equation: y({) is the output of the RBF neural network; n is the number of
neurons in the hidden layer; W, is the connection weight between the i-th neuron in

the hidden layer and the neurons in the output layer; k,(C) is the activation function

of the neurons in the hidden layer.

The activation function usually uses a Gaussian function. The closer the input is to
the center of the RBF, the larger the output value. In this paper, the Gaussian

function is defined as
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—hg—pipil*®
hi[qj =e 7 An = [_1’1] (5)
H:'H' = Fil-_le.“qu]T

In this equation, C is the input matrix, u is the center vector of the hidden layer

neuron; g; is the width of the i-th hidden layer neuron; |[[Z— p_;l is the Euclidean

distance between the input matrix and the radial basis center.

The position control of the quadrotor can be divided into horizontal position control
and height position control. From formula (2), we can see that the height z is
controlled by u7,. The control rate of this channel is designed below.

The state space expression for a known height z is

zZ=z

{E = g3(x)U; — g + d4 (6)
The tracking error is defined as the planned height — the actual height, which is e,
=Z,—Z

Select the following sliding mode control

S = €3+ cgeg,andecy =0 @
Setting 5,=0, the sliding mode control rate can be designed to be equivalent control rate +

switching control rate, that is,
1

gﬂg':-r:'

u, =

(24 + g + c383 + k3sgn(s;)) (8)
In this equation, g;(x) is the approximation result of the RBF neural network to g (x).

Define the input of the neural network as I, = (e;.é5)/ T, can get

&

{ﬁg ($3) = Wy hy, (33) (9)

g:(¢3) = qu;'llgg({zj T g,

In this equation, W;; is the ideal weight of the network for approximating g, (x);

£, is the approximation error of the network.
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The weights in RBF neural networks are usually calculated by gradient descent
method, which is prone to local optimal solutions and cannot guarantee the global
stability of the closed-loop system. In this project, the Lyapunov method is used to

design the adaptive W

The Lyapunov function of a closed-loop system is defined as

1 5 1 o wo—
Ly= s34+, Wil (10)

Then,

Ly= ‘@; (s3hg (GU + }’ggﬁ'}ggj — 53(5,, Uy + kgsgn(ss) + dy), ‘@; - Wgs - Wﬂs(ll)

The adaptive rate is designed as

. 1

ng = _Esshgs (x)U, (12)
In this case, the Lyapunov function becomes: L, = —s;(s, U, + d;) — k;ls5], the
approximation error is a very small positive real number, make k; = |5, U, +d;],

can keep L, = 0.

In order to reduce the estimation error of RBF neural network, I/, is used to

deduce U, and U,.. Considering the state equation (2) of the quadrotor, it can be

obtained
=24 g
! (13)

s ., m,
}:I' = _L + dﬂ
m =

Using a similar derivation from Equations (6) to (8), the sliding mode control rates

U, and U, in the x and y directions can be obtained as

U, =2 (g +c,8, + Ky, SON(s,))
m o : .
U, = 7-(Fa+ c26; + ky, SAN(s3))

It can be obtained from the state equation (2) of the quadrotor that,
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[U ] [ sin v cos w][ sin ¢
—cos i sin P

sin sin ¢
”f] - ¢” (15)
—cos i sin cos ¢sin 5‘

As can be seen from Figure 2, given the reference Angle ¢, ¢, can be obtained

cos dsin B

from the formula in the first line of formula (15), and &; can be obtained by

substituting the result into the formula in the second line and performing a simple
triangular transformation.

¢4 = arcsin (U,sin 3 — U, cos )
U,.—sin hgcos r,bd) (16)

cos ggoos Py

83 = arcsin (

It is easy to know from equation (2) that attitude control is relatively independent of

position control. Taking the roll Angle ¢ as an example, the adaptive sliding mode

control rate of RBF neural network is designed. According to formula (2), the state

equation of the roll Angle ¢ can be obtained as

{“? —¢ (17)
¢ = fulx) + g4 (x)U, +d,

According to the previous derivation process, the sliding mode control rate of RBF

neural network can be obtained as

U, =——(— f4[x]+gbd+c4e4—|—k sgn(s,)) (18)

=4, 'x]'

The input to the network of righteousness scriptures is {, = (e, é,)7, then

a(4s) = W;;hh ({s)

ﬂ(fﬂ = @Z'IIQ (<)

9:(44) = W&h& (Ca) + €4
() = Vihy (G + 5,

(19)

Substituting Equation (19) into the derivative formula of the sliding mode surface
function, can obtain

$5= (Vihy, (G2 = &) + (Wyihy, (62) — £, )Uz =

20
kysgn(s,)—d (20)

In this equation, f}((ﬂ = ﬁ}((ﬂ —filds) = T’j:r’zhf“ (Ca) — Ef4;ﬁ4[c4) WT h (§4] — &g,
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Similarly, the Lyapunov method is used to design the adaptive ff’m and W Y’ and

the Lyapunov function of the closed-loop system is defined as

1 2,1 =T 1 - T
Le= 358+ ViV + 3% WoWo, . ¥, = 0,7, >0 (21)
Taking the derivative of Equation (21), can obtain

f"" = f}fz[s‘}hf.;(q‘}j + };f.d.f;}.d-] + I‘T{ng [541154 (Q)U: + F§4 %4] + s[_Ef-; - £§4U: -
kysgn(sy) —d,]

(22)

According to Equation (22), the weight adaptive law of RBF neural network can be
designed as

2. 1

Ve = — a 54'&,‘4((4)

(23)

. 1

1’1';4 = _a%hm (C4)U,
At this point L becomes: L,=—s,[s; +5, U, +d,]—kss| , when
ke= e, +2, U, +d,| theni, = 0.
Similarly, the control rates U, and U, of 8 and y can be obtained as

1 & 5 .
Us = Gali2) (—fs(§s) + B4 + czég + kgsgn(sg)) (24)
1 & - .

U, = G0 (—fe(€e) + g + cee + kesgn(s,))
The corresponding weight adaptation rate can be designed as

. 1

.Lffl: = _}I._f_sih'f[ [:qi:]

) N i=056 (25)

W, = _rnsihg[((fjui—:

The control rate equations (18) and (24) need to obtain the first and second

derivatives of the desired roll Angle ¢, and the desired yaw Angle ,, which are
difficult to obtain by conventional methods, and can be realized by the following

finite-time convergent third-order differentiator

X, = g (26)
g2k, = —2%/5 X 4[x) — v(t) + (ex,)* ] — 4(e7x5)%®
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v(t) is the input signal to be differentiated; in this project, ¢ = 0.1; x, is the
tracking value of the input signal; x, is the estimate of the first derivative of the
signal; x5 is the estimate of the second derivative of the signal. The initial value of
the differentiator is [x,(0),x,(0),x3(0)] = [0,0,0].

Aiming at the chattering problem caused by the sgn() function in the traditional
sliding mode control rate, the san() function is used to replace the sgn() function
by the boundary layer method, then

1 s; =0
san (s;) = %Sg |s;|l =& (27)
-1 5 <-4

In this project, the controller is e = 0.1, and the san() function is used to reduce the

chattering phenomenon of the control rate and significantly improve the control

quality.

4.3.3 IMPROVED PSO-RBF NEURAL NETWORK ADAPTIVE SLIDING MODE
CONTROLLER

When utilizing RBF neural networks for predicting control rate parameters, it has
been observed that the selection of the network's centre value u, width o;, and

connection weights w; significantly influences the prediction performance of the

network. A judicious selection leads to favorable prediction accuracy, enabling
rapid tracking of desired trajectories by quadrotors. Conversely, deviating too far
from reasonable values results in a sharp decline in prediction accuracy and an
inability for the network to effectively track desired trajectories. Furthermore, the
coupling relationship between RBF neural networks used for adjusting attitude

control and position control can impact the predictive outcomes.

Given these challenges, taking into account the optimization capabilities of PSO

algorithm, it has been decided to apply it to aid in selecting parameters for RBF
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neural networks. This is aimed at reducing manual tuning time while further

enhancing system response speed.

The general PSO algorithm has poor global search ability, low search precision,
weak coordination ability, and is easy to fall into local optimal solution. The
introduction of inertia weight can effectively improve the problem of local optimal
solution, the common random method and linear method can only change the
local problem, through the analysis of RBF neural network, it is found that the
premature convergence of particle swarm will lack diversity, make the neuron
perception range becomes smaller, the system adjustment time becomes longer.
Therefore, combined with RBF neural network, the improved PSO algorithm is

selected in this project.

Define the position of the JTH particle of the PSO as

b; = [b;1. b5, b, p ] (28)
The velocity of the JTH particle is

v; = [V, V0 V] (29)

In this equation, j is the number of all particles; D is the dimension of the particle,
represents the centre value p, width o;, and connection weight W; of the neural

network.

The JTH particle is iterates for t times (in order to improve the calculation speed
and ensure a certain accuracy, the local optimal solution after multiple
experiments is set as the number of iterations (100 times), that is, the individual

extreme value is
Pinest(t) = [Py (£). P ()., Pip(t)] (30)

The optimal position searched by the whole particle swarm after t iterations is the

global optimal solution, that is, the global extremum is
Gpese(t) = [G1(t), G2 (t), -, Gp (1)] (31)

On the premise that the two optimal solutions are found, the velocity and position
of the particle are updated according to equation (32):
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vi(t+1) = H(t) + Aym [Proest () — b;(£)] +
4273 [Gest(t) — b; (£)] (32)
b;(t +1) = by(t) + v;(t+1)

In this equation, A, and 4, are acceleration constants between [0,2], usually i,=4,;
r, and r, are random constants between [0,1]. H(t) is the inertia weight of the

particle velocity, which represents the ability of the particle to maintain its original

velocity.

The individual and global optimal values of the particles updated by the fitness

function are

Poect(t f(b(t+1))= estlt
Pipest(t +1) = {bj}(br _;_[1]j Fo 3:3:}19::[ st () (33)

Gpest(t+ 1) = mf”[f(%‘best(r +1))]
In this project, g,(x) or f (x) of the corresponding control quantity is chosen as the

fitness function f_(x) of the particle to represent the goodness of the resuilt.

Another focus of improving particle swarm optimization is the particle velocity
inertia weight H(t). In this project, the particle velocity update weight is defined as

H(t) = {a: _|_th93»(|:;|;.}{]@—? rand - L}[:I‘]} (34)

(E-Fi3)]
In this equation, £ is the initialization constant, and 2 =1.00009; In this project,
a=2 is taken as a predefined constant to improve the global search ability of
particles. L(t) = {ﬁ_r-rand-v}-(r]} is used to describe the nonlinearity of the

strategy, define the diversity of the swarm, and represent the degree of
convergence and divergence of particles, which can further balance the global

search and local search ability of particles.

According to the basic structure of RBF neural network, the main factors that
affect the prediction results of the network are the center value, width and
connection weight of the neural network. Therefore, combined with the

characteristics of the PSO algorithm itself, the position of the patrticle is set as
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b= [py, 00, Wy, po, 00, Wy, oo, g, 0y, Wi ] (35)

The spatial dimension of the particle is given by
D=(2+n)k (36)

In this equation, n is the number of central value variables; k is the input vector

dimension.

In order to further use the improved PSO algorithm to minimize the error function
of the network, the relative error function between the actual output of the sample

and the output of the network is used as the fitness function f,(x) of the particle

swarm:

[
|1

fos(0) = [FZ]o) (Na(®) = N(®))’ (37)
In this equation, N(t) is the expected result; N(t) is the actual output of the

network; T is the number of samples.

In summary, the flow of the adaptive sliding mode control algorithm of the

improved PSO-RBF neural network can be obtained, as shown in Figure 3.
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Fig. 3 Flow chart of improved PSO-RBF neural network adaptive sliding mode controller

4.4 EXPERIMENTAL DESIGN
4.4.1 COMPARATIVE EXPERIMENT OF TRAJECTORY TRACKING

Set the desired tracking trajectory in the X, Y, and Z axes &5 = 0.5t

t 0=<t="10
¥, = 0.5t 2, =

10 t=10 And the desired yaw Angle ¥a = 30" used to
simulate the tracking and fixed altitude flight process of the quadrotor. The three
controllers are simulated respectively, and the position and attitude change
comparison diagrams are drawn from O to 15s. The trajectory tracking
performance of the quadrotor was observed under the improved PSO-RBF neural
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network adaptive sliding mode controller, RBF neural network adaptive sliding
mode controller and the traditional double closed-loop PID controller.

4.4.2 ANTI-JAMMING PERFORMANCE COMPARISON EXPERIMENT

At t=6s, an impulse disturbance with an amplitude of 0.9 N-m and a period of 0.5
Hz was introduced to the roll axis and pitch axis of the quadrotor, and an impulse
disturbance with an amplitude of 0.09 N-m and a period of 0.5 Hz was introduced
to the yaw axis. At t=10s, Random white noise was introduced to the x, y and z
axes of the quadrotor to simulate the interference such as wind disturbance during
the flight of the quadrotor, and the three controllers were simulated respectively,

and the attitude changes of 6 ~ 15s were compared.

4.4.3 ROBUSTNESS COMPARISON EXPERIMENTS

At t=6s, the mass of the quadrotor is reduced by 30% to simulate the unloading
process of the quadrotor. The three controllers are simulated respectively, and the
comparison of the height change in the Z-axis direction before and after 6s and
the comparison of the change of the control quantity Ul before and after 6s is

drawn.

4.5 CONCLUSION

This chapter provided a detailed account of the design, optimization, and
validation processes involved in developing the PSO-RBF neural network adaptive
sliding mode controller for quadrotor UAVs. The work began with an exploration of
traditional control strategies, such as PID controllers, and highlighted their
limitations when applied to the complex, nonlinear dynamics of quadrotor UAV
systems. This set the stage for the introduction of more advanced methods,
particularly the integration of Radial Basis Function (RBF) neural networks with an
adaptive sliding mode control (SMC) framework, optimized through Particle

Swarm Optimization (PSO).
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The chapter then described the meticulous process of designing the PSO-RBF
controller, including the careful tuning of the RBF network's parameters using the
PSO algorithm. This approach proved effective in addressing the identified
challenges, resulting in a control system capable of maintaining stability and
accuracy even in the face of significant external disturbances and dynamic

changes in the UAV's operating environment.

Simulation testing played a crucial role in validating the performance of the
developed controller. The results demonstrated that the PSO-RBF neural network
adaptive sliding mode controller outperformed traditional control methods across a
range of test scenarios, particularly in terms of robustness and adaptability. The
simulations confirmed the controller's ability to manage the complexities of
quadrotor UAV control, providing a strong foundation for potential real-world

applications.

In conclusion, the chapter showcased the successful development of an advanced
control strategy that effectively addresses the limitations of existing methods. The
PSO-RBF controller not only enhances the control performance of quadrotor
UAVs but also provides a scalable and adaptable solution that can be refined
further in future research. This work represents a significant step forward in UAV
control technology, with promising implications for both academic research and

practical applications.
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CHAPTER 5 - TESTING AND EVALUATION

5.1 TRAJECTORY TRACKING COMPARISON

The control system described in the previous section is simulated using Simulink
components in MATLAB software, and the actual dynamic parameters of the

quadrotor UAV in the experiment are shown in Table 1.

Table 1 Dynamic parameters of quadrotor

PARAMETERS UNIT VALUES
Coefficient of lift K /(N-s% -rad™?) 9.138 x 107°
Inverse torque K,/(N-m-5°-rad™?) 1.368 x 1077
coefficient
The moment of inertia I./(kg-m?) 1.762 x 1072

along the x axis

The moment of inertia I../(kg-m?) 1.769 x 1072
along the Y-axis

The moment of inertia I./(kg-m) 2.805x 107

along the z axis
Quadrotor mass m/kg 1.31

Length of arm d/m 0.24

In this project, the PSO algorithm is loaded on the height control and attitude
control of the quadrotor, and the PSO algorithm is not added to the position control
of the X and Y axes, according to Figure 4. The control effect of the two (improved
PSO-RBF neural network adaptive sliding mode controller and RBF neural
network adaptive sliding mode controller) is similar to that of the traditional double
closed-loop PID controller.
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Fig. 4 Comparison of horizontal position trajectory tracking

According to Figure 5 that the control effect of RBF neural network adaptive sliding
mode controller and double closed-loop PID controller on the height (Z) is worse
than that of the improved PSO-RBF neural network adaptive sliding mode
controller. In a very short time, the quadrotor with adaptive sliding mode controller
based on improved PSO-RBF neural network can track the upper desired z-
direction trajectory almost without error. In the process of 10 s fixed height, the
adjustment amount of the quadrotor under the improved PSO-RBF neural network
adaptive sliding mode controller is less, and the adjustment time is significantly
faster than the other two controllers. It can be expected that the quadrotor
controlled by the controller designed in this project will have better results when it
is applied to occasions requiring higher tracking accuracy (such as crossing in a

narrow area, search and rescue).
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Fig. 5 Comparison of height position trajectory tracking

Table 2 shows the adjustment time of the initial trajectory tracking and the
adjustment time of the constant altitude flight of 10s for the three controllers, so
that the trajectory tracking performance of the three controllers can be compared

more intuitively.

Table 2 Settling time of three kinds of controllers

CONTROLLER INITIAL TRAJECTORY CONSTANT HEIGHT
ADJUSTMENT TIME ADJUSTMENT TIME
Improved PSO-RBF 0.08 0.1

Neural Network Adaptive
Sliding Mode Controller
Adaptive Sliding Mode 0.18 0.2
Controller Based on RBF
Neural Network
Double Closed-Loop PID 0.38 0.4
Controller
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Figure 6 shows the effect comparison of the three controllers on attitude Angle
tracking. It can be analyzed that the improved PSO-RBF neural network adaptive
sliding mode controller has faster adjustment time than the RBF neural network
adaptive sliding mode controller, while the double closed-loop PID controller has
obvious overshoot and a certain adjustment process, which is not the required

process.
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PSO-RBF — RBF —PID = Angle of Expectation

Fig. 6 Comparison of attitude control of three kinds of controllers

In summary, it can be concluded that the controller designed in this project has a

good control effect.

5.2 COMPARISON OF ANTI-JAMMING PERFORMANCE

According to the Figure 7 that the three controllers have certain anti-jamming

ability in the case of interference, but the changes of roll, pitch and yaw angles of

the quadrotor controlled by the improved PSO-RBF neural network adaptive
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sliding mode controller are smaller than those of the quadrotor controlled by the

other two controllers when responding to interference.
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Fig. 7 Comparison of attitude control of three kinds of controllers when interference is

introduced

In order to verify the anti-lamming ability of the PSO algorithm, the attitude
tracking error comparison of the quadrotor controlled by the improved PSO-RBF
neural network adaptive sliding mode controller and the RBF neural network
adaptive sliding mode controller is plotted, as shown in Figure 8, to observe the
performance of the improved PSO algorithm in the anti-jamming performance of
the quadrotor. According to the Figure 8 that the quadrotor controlled by the
improved PSO-RBF neural network adaptive sliding mode controller has better
attitude Angle tracking ability than the quadrotor controlled by the RBF neural
network adaptive sliding mode controller, which can maintain a certain tracking
accuracy in the case of strong disturbance and ensure the stability of the

guadrotor in trajectory tracking. Therefore, it can be considered that the improved
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PSO-RBF neural network adaptive sliding mode controller has better anti-
interference ability, and ensures the stability of the quadrotor flight according to
the predetermined trajectory in the case of strong interference, which has certain

practical value in agriculture and military reconnaissance.
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Fig. 8 Comparison of influence of improved PSO algorithm on attitude angle tracking

error

5.3 COMPARISON OF ROBUSTNESS

As shown in Figure 9, observe the robustness of the improved PSO-RBF neural
network adaptive sliding mode controller, RBF neural network adaptive sliding
mode controller, and double closed-loop PID controller. Through the comparison
of the Z-axis (height) direction, it can be seen that the improved PSO <s:1> RBF
neural network adaptive sliding mode controller can quickly find out the best
neural network fitting parameters because of its global optimization ability, and can
quickly reduce the lift generated by the four rotors in the case of a sudden
reduction in the mass of the quadrotor. Stabilize the height of the quadrotor.
Through the comparison of control quantity U1, it can also be found that the
improved PSO-RBF neural network adaptive sliding mode controller can find the
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appropriate control quantity faster than the other two controllers and reduce the

height fluctuation of the quadrotor.

64
N6.2
6.0 g~ " ) . L
6.0 6.1 6.2 6.3 6.4 6.5
t/s
(a) Z-axis Trajectory Tracking
Before and After 6s
16
14+
SI12+
10 ¢
g L L L L L
6.0 6.1 6.2 6.3 6.4 6.5

t/s
(b)The Control Quantity Changes Before and After 6s
PSO-RBF —RBF —PID = Desired Trajectory

Fig. 9 Control of Z-axis by three kinds of controllers and generated control quantity

CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

Compared with RBF neural network adaptive sliding mode control and double
closed-loop PID controller, the improved PSO-RBF neural network sliding mode
adaptive controller can find the appropriate control quantity in a control cycle (0.01
s in this paper). The corresponding adjustment time is about 50%and 75%higher
than that of RBF neural network adaptive sliding mode control and double closed-
loop PID controller, respectively. The simulation results also show that the
improved PSO-RBF neural network sliding mode adaptive control method has the
advantages of short adjustment time, small tracking error, strong anti-interference
performance and good robustness. This characteristic makes the improved PSO-
RBF neural network adaptive sliding mode controller have the prospect of
application on the quadrotor with large disturbance and narrow space. However,
the controller still has the problem of large amount of calculation. In the next step,
we will continue to explore the optimization problem of neural network structure

and PSO algorithm, and try to deploy the controller to the actual quadrotor UAV.
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6.2 CONCLUSION

The primary aim of this project was to develop and validate a PSO-RBF neural
network adaptive sliding mode controller for quadrotor UAVsS, addressing the
complex, nonlinear dynamics and external disturbances that characterize such
systems. Despite significant technical challenges, including hardware failures that
affected the scope of the project, the research successfully met its core objectives,
providing valuable insights and a robust control solution.

The research began with a comprehensive literature review, which identified
significant gaps in existing control strategies for quadrotor UAVs. Traditional
methods such as PID and LQR controllers, while effective in certain scenarios,
were found to be inadequate in handling the high degrees of nonlinearity and
dynamic coupling inherent in UAV systems. Advanced methods, including neural
networks and adaptive control strategies, offered improvements but still fell short
in robustness and adaptability. This gap in the existing literature justified the need
for a hybrid approach, leading to the development of the PSO-RBF neural network

adaptive sliding mode controller.

The project employed a structured methodology, combining both qualitative and
guantitative approaches. The dynamic modeling of the quadrotor UAV provided a
detailed and accurate representation of the system's behavior, which was critical
for the subsequent design and testing phases. The PSO-RBF controller was
developed using MATLAB/Simulink, with the PSO algorithm employed to optimize
the parameters of the RBF neural network. This combination proved effective, as
evidenced by the simulation results, which demonstrated the controller's ability to
maintain stability, accuracy, and robustness across a variety of challenging

scenarios.

Simulation testing was a key component of this research, providing a controlled
environment to rigorously evaluate the controller's performance. The PSO-RBF
controller consistently outperformed traditional methods, particularly in scenarios

involving significant external disturbances and system uncertainties. However, the
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reliance on simulations also highlighted a limitation: the absence of real-world
validation. While the simulations were comprehensive and high-fidelity, real-world
testing is essential for fully validating the controller's performance and ensuring its

applicability in practical UAV operations.

One of the most significant challenges encountered during the project was a
hardware failure involving the HP Omen 9 series laptop, which suffered from
manufacturing defects that led to critical failures in the motherboard and hard drive.
This issue severely impacted the project timeline and scope, preventing the
completion of additional real-time tests and demonstrations that would have
further validated the controller’'s performance. Despite these setbacks, key data
and results were preserved, allowing the project to be completed and reported,

albeit with some limitations.

6.3 RECOMMENDATIONS FOR FURTHER RESEARCH

Given the outcomes of this research, several recommendations can be made for
future work. First, real-world testing of the PSO-RBF controller is essential to
validate its effectiveness beyond simulations. This testing should include flight
experiments under varying environmental conditions to assess the controller's
adaptability and robustness in practice. Additionally, further refinement of the PSO
algorithm could enhance the optimization process, potentially improving the
controller's performance in even more complex scenarios. Exploring alternative
optimization techniques or hybrid algorithms that combine the strengths of multiple
approaches could also be beneficial.

Another recommendation is to explore the integration of additional sensors or
advanced feedback mechanisms that could enhance the controller's ability to
respond to real-time changes in the UAV's environment. This could include the
incorporation of machine learning techniques for real-time adaptation, further

improving the system's resilience to unforeseen disturbances.
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PROJECT MANAGEMENT

The methodology employed in this project was grounded in a structured and
methodical approach designed to effectively manage the complexities associated
with the development and testing of the PSO-RBF neural network adaptive sliding
mode controller for quadrotor UAVs. The research was systematically divided into
clearly defined phases: beginning with an extensive literature review, followed by
dynamic modeling, controller design, optimization, and culminating in validation
through simulation. Each phase was meticulously planned and executed, ensuring
that the project progressed logically and efficiently, with each step building on the

foundations laid by the previous one.

The methods utilized throughout the project combined both qualitative and
guantitative approaches. The qualitative aspect was primarily centered on a
comprehensive literature review, which identified significant gaps in existing
control strategies and provided a foundation for the design of the new controller.
On the quantitative side, high-fidelity simulations played a crucial role in rigorously
testing the controller under various conditions to ensure it met the required
performance criteria. The integration of Particle Swarm Optimization (PSO) for
fine-tuning the Radial Basis Function (RBF) network parameters was a critical
component of the quantitative methods, allowing for precise adjustments that

optimized the controller's performance in dynamic environments.

The project leveraged several advanced tools and techniques, which were pivotal
to its success. MATLAB/Simulink served as the primary software platform for
dynamic modeling, simulation, and analysis. The implementation and testing of the
RBF neural network and PSO algorithms within this environment provided a robust
framework for the development and validation of the controller. Additionally,
statistical analysis tools were employed to assess the performance data, ensuring
that the results were both reliable and meaningful, thus enhancing the overall rigor

of the research.
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Upon reviewing the tools and techniques employed, it is clear that their selection
was largely effective, enabling a comprehensive exploration of the research
problem. MATLAB/Simulink proved to be an invaluable tool, offering the flexibility
and computational power necessary to model complex UAV dynamics and
simulate the controller's performance across various scenarios. The combination
of PSO and RBF techniques was particularly successful, providing a powerful
mechanism for optimizing the controller. However, the reliance on simulation tools,
while effective for theoretical validation, limited the scope for real-world validation,
highlighting an area for potential future improvement.

Reflecting on the project’'s execution, the methodology and tools selected were
appropriate and aligned with the research objectives. The phased approach
facilitated structured progress, and the use of advanced techniques like PSO for
optimization was instrumental in achieving robust results. Nevertheless, the
project was not without its challenges. Significant technical difficulties arose due to
hardware issues with my HP Omen 9 series laptop, which suffered from a
manufacturing defect leading to critical failures in both the motherboard and hard
drive. These hardware malfunctions introduced substantial delays and impeded

the ability to fully demonstrate the project as initially planned.

Despite these setbacks, | was able to salvage key data and results that were
critical to the completion of the project. By leveraging backup strategies and
focusing on the most essential aspects of the research, | managed to finalize the
report, albeit with some compromises. The inability to conduct additional real-time
tests and demonstrations due to the hardware issues did limit the project’s scope,
but the core objectives were still met, and the findings were documented
comprehensively. The experience underscored the importance of contingency
planning and resilience in project management, and the lessons learned from

these challenges will undoubtedly inform future research endeavors.

In conclusion, while the project encountered significant obstacles due to hardware
failures related to the HP Omen 9 series, which affected both the motherboard and
hard drive, the overall methodology and approach remained sound. The project’s

objectives were largely achieved through the robust methods, tools, and
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techniques employed, and the flexibility to adapt to unexpected challenges.

Although the scope of the project was constrained by these technical difficulties,

the final report effectively reflects the key findings and contributions of the

research, demonstrating

a successful completion under challenging circumstances.
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ETHICS FORM
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APPLICATION FOR ETHICAL APPROVAL+~

In order for research to result in benefit and minimise risk of harm, it must be conducted ethically.

The University follows the OECD Frascati manwal definiion of research activity: “creative work
undertaken on a systematic basis in order to increase the stock of knowledge, including knowledge of
man, culiure and society, and the wuse of this stock of knowledge to devise new applications”. As such this
covers activities undertaken by members of staff, postgraduate research students, and both taught
postgraduate and undergraduate students working on dissertations/projects.

The individual undertaking the research activity is kmown as the “principal researcher”.

This form must be completed and approved prior to undertaking any research activity.

SECTION A: About You (Principal Researcher)

1< | Full Name:+ Ftatel

24 | Student Mumber 2_3D-1-?1EI

3+ | Emiail addrass:+ 23047 18@student uwisd. ac.uks

4+ | Programme of Study:+ Software Engineering and Arificial Intelligances
5§+ | Director of Studies/Supervisor:<| Gareth Jones-

SECTION B: Internal and External Ethical Guidance Materials

Please list the core ethical guidance documents that hawve been referred to during the completion of
this form (including any discipline-specific codes of research ethics, location-specific dodes of
research ethics, and also any specific ethical guidance relating to the proposed methodology).
Please tick to confim that your research proposal adheres to these codes and guidelines. Wou may

add rows to this table if needed. <

14 | UWNT 5D Research Ethics & Integrity Code of Practice B
2 | UWTSD Research Data Management Policy+ B
34 o

SECTION C: Details of Research Activity

Indicative title:+]

Quadrotor Confrol Algorithm Based Oo Optimized PS0O-REF Meural Metwork
Adapfive Sliding Mode Control<

Proposed start

date:<

01.07.2024=

Proposed end

date & 28.08.2024

Introduction to the Research (maximum 300 words in each section}

Ensure that you write for a Non-Specialist Audience when outlining your response to the three

points below:

Furpoze of Rezearch Achivify
Froposed Research Guestion
Aimrs of Rezearch Activily
Ohjectives of Research Acfivity

Movember 2021

Ethical Approwal Form — Engineering Students Cnby
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Demonstrate, briefly. how Existing Research has informed the proposed activity and explain

= What the rezesrch acfivity will add to the body of knowledge
» How it addreszes an area of imporance.

Purpose of Research Activity

In this project, a medified PS0-REF neural netwark adaptive sliding mode controller for quadroter is proposed.
The global optimization ability of the improved P50 algorithm was applied to find the gegier, value, width and
connection weight of RBF newral network neurons, which further improved the approximation speed of REF
neural network to the quadrotor model and approached the uncertain state of the quadrotor model in the sliding
made controller faster.

Research GQuestion
particle swarm optimization (P50) algerithm, as a global optimization algerithm, 5 often applied o the path
planning of gquadrotor, but rarely applied to the stability and anti-disturbance control of quadrotor.

{this box should expand as you bype=

Aims of Research Activity
The approximation speed of the RBF newral netwark to the guadrotor model is improwved, and the uncertain
state of the quadrotor madel in the shding mede controller is approached faster.

Objectives of Research Activity
In preparation for the physical testing of the quadrator

Proposed data collection methods (maximum 600 words)

Provide a brief summary of all the methods that may be used in the research activity to collect data.
making it clear what specific technigues may be used. If methods other than those listed in this
section are deemed appropriate later, additicnal ethical spproval for those methods will be needad.
“Wou do not need to justify the methods here, but should instead describe how you intend to collect the
data necessary for you to complete your project <

This should describe how you intend to collect data_ It should not include a discussion of the
theoretical basis for your deta collection methods. Please note, that if you imtend to collect any
sudio/video recordings of interviews with participants then these will be are classified as Personal
Data under GOPR/DPAZO1E. If you intend to use these then note this in section H.

The input data are the designed simulated quantities, and the output data are derived from the

MATLAB calculation results. i

SECTION D: Scope of Research Activity

Will the research activity include:+ YES<| MNO
14 | Use of a questionnaire or similar research instrument?- O B
24 | Use of interviews?+ O B
3+ | Use of focus groups?< O -
44 | Use of participant diaries? < O =
54 | Use of video or audio recording 7+ O B
8+ | Use of computer-generated log files74 O B
Nowember 2021 2 Ethical Approwal Form — Engineering Students Cnby
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7+ | Parficipant observation with their knowledge?- (I [
2+ | Participant observation without their knowledge?+ = B
ga Access to personal or confidential information without the paricipants’ specific o ®-
consent?+
104 Administration of any guestions, test stimuli, presentation that may be o ®-
experienced as physically, mentally or emctionally harmful F offensive <
114 Performance of any acts which may cause embarrassment or affect self-esteem?+ o= [
124 | Investigation of participants involved in illegal activities?< = B
134 Use of procedures that invelve deception? 0o~ &
144 | Administration of any substance, agent or placebo?+ 0o~ -
15| Warking with live vertebrata animals?+ = B
16+ | Procedures that may have a negsative impact on the environment?+ 0o [
174 Other primary data collection metheds. Please indicate the type of data collection
methodis) below. <
Details of any other primary data collection method: ) )
{thiz box should axpand &g you bypaiE

If you have ticked MO to every guestion then the research activity is (ethically) low risk and you may skip
section E and continue to section F.

If¥ES to any guestion, then no research activity should be undertaken until full ethical approval has been
obtained.

SECTION E: Intended Participants

Who are the intended participants:~
YES<| MNOJ
14| Btudents or staff at the University 7 0o (m
24| Adults {over the age of 18 and competent to give consent)?+< o (m
34 | Vulnerable adult=7+ = [
.| Children and Young People under the age of 187 (Consent from Parent, Carer or 5 5
4 " y . . O 0
Guardian will be required}
5+ | Prisoners?+ = 0o~
8| Young offenders?< = [
.| Those wha could be considered to have a particularly dependent relationship with 5 5
T : - | O 0
the investinator or a gatekeeper?
8+ | People engaged in illegal activities 7+ o (m
Others. Please indicate the participants below, and specifically any group who
8+ | may be unable to give consent.
Details of any other participant groups: o~ o=
Complete this only if your participants cannot give consent. This includes animals
| l | Participant numbers and source
Nowember 2021 3 Ethical Approwal Form — Engineering Students Cnby
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Provide an estimate of the expected number of participants. How will you identify participants and
how will they be recruited? <
Ballpark figures are fine, but make sure that you explain how you
How many participants are will identify and contact your participants.+
10+ expected?
1941 Who will the participants be®
121 How will you identify the
paricipants 7+
Infoermation for participants:+ B
YES NO NIA
131 Will you describe the main research procedures to participants in O o o=
adwvance, so that they are informed about what to expect?
14+ Will you tell participants that their participation is voluntary?+< O [ (m
15+ Will you cbtain written consent for participation?< O [ (m
1841 Will you explain to paricipants that refusal to paricipate in the O o o=
research will not affect their treatment or education (if relevant)?+<
1741 If the research is -::hservatc-n_al. will you ask participants for their O o o=
consent to being observed?
| Wil you tell participants that they may withdraw from the research at - -
18 . ., ] - =
any time and for any reason?
| With questionnaires, will you give paricipants the option of omitting - -
18 ) h ] - =
gquestions they do not want fo answer?
501 Will you tell participants that their data will be treated with full O o o=
confidentislity and that, if published, it will not be identifiable as theirs?+
791 Will you debrief participants at the end of their participation, in a way O o o=
sppropriste o the type of research undertaken?™-
224 If NO to any of above guestions, please give an explanation <
Wou should be able to tick YES for all of these questions. If not. then explain why not in this box
Information for participants:+ YES MO MIA
24+ Will participants be paid?+ O [ (m
25+ |= specialist electrical or other equipment to be used with participants™ O [ (m
28] Are there any financial or other interaests to the investigator or O o o=
University arsing from this study?-
571 Will the research activity involve deliberately misleading participants in O o o=
any way, or the partial or full concealment of the specific study aims?+<
28+ F¥YES to any guesiion, please provide full details ~
Wou should be able to tick NO for mest of these guestions. For any cases that you have ticked YES
then provide details in this box. If you are using camerasivoice recorders to record interviews. then
please state that in this box.#
Nowember 2021 2 Ethical Approwal Form — Engineering Students Cnby
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SECTION F: Anticipated Risks

Cwtline any anticipated risks that may adversely affect any of the participants, the
researchers andior the University, and the steps that will be taken to address them.

Risks to participants
For example: sector-specific health & safety, emotional distress, financial disclosure, physical harm,

1 transfer of personal data, sensitive crganisational information. If you have identified in section D
that there are no participants then enter M/A and go skip to question 3.4
Risk to pgrﬁgipgn[g: Haw you Wi mithgale the risk i parmcipants
MY A MiA
(iads boux showkd expand 85 you fpep
this bax Showd expand 85 Jou fpe)
If research activity may include sensitive, embarrassing or upsetting topics (e.g. sexusal activity,
drug use) or issues likely to disclose information requiring further action (e.g. criminal activity), give
24 details of the procedures to deal with these issues, incleding any support’advice (e.g. helpline
numbers]) to be offered to parficipants. Mote that where applicable, consent procedures should
make it clear that if something potentially or actuslly illegal is discovered in the course of a project,
it may need fo be disclosed to the proper authorities-
[this i shoukd expand 85 you fype}
Risks to the investigator
34| For example: personal heslth & safety, physical harm, emotional distress, risk of accusation of
harmiimpropriety. conflict of interests
Risk to the iI'I"-I'EE-tiEStDE Haow jou wi mitlgale the sk io fhe nvastigalior:
There are ahways risks. Do not write NA Seek gaupseling. from a mentor
Emiotional disturbance, the time period to
complete the project is short and the completion L ) .
pres=ure iz high. (this box showid expand 85 you type}
(this box showkd expand 85 you e
44 i flinstitutional risks
For example: adverse publicity, financial loss, data protection
Risk to the University: Haow pou wil miigale the msk iv fhe Uniersify:
There are ahvays risks. Do not write NA
MA,
and a5 Jou typeld (Eh's Box Showd expand 835 you iype}
£ Environmental risks

For example: accidental spillage of pollutants, damage to local ecosystems+~

Risk to the environment: Haow oy wil mitigale the risk o environmend.
Wou may write NA if there are no research-
related environmentsal risks. Driving to the
university does not count as a risk.

MNA,

(g I SROUAT SXpand 85 0 IRe k=

SECTION G: Feedback, Consent and Confidentiality

If you have identified in section D that there are no participants then enter skip this section and continue to
section H.

1

Feedback
What de-briefing and feedback will be provided fo participants, how will this be done and when? <

You don't need to email your participants with your final report. A good slermnstive is to set up an
email address that they will be able to contact for further details or results .+
0 Shaukd exoan i B

[ERE Dos SROUAY SXNENT 35 04 |

Nowember 2021 i Ethical Approwal Form — Engineering Students Cnby
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24 | Informed consent:

Describe the arrangements to inform potential participants, before providing consent, of what is
invohved in participating. Describe the arrangements for paricipants to provide full consent before
data collection begins. If gaining consent in this way is inappropriate, explain how consent will be
obtained and recorded in accordance with prevailing dats protection legislation. <

If you are using a paper quesfionnaire then you should have the participants sign an appropriate
consent form. These forms will count as personal data and should be noted as such in section J.
If you are using an online questionnaire, then you should have a screen before the guestions start
that sacés a5 8 consent form, informing participants that by clicking on the NEXT button they are
providing consent.+

[this b 0 Shaukd expand a5 you el
3+ | Confidentiality / Anonymity

Set out how anonymity of parficipants and confidentiality will be ensured in any outputs. If
anonymity is not being offered, explain why this is the case. &

Do not collect names unless you really need them. Do not name participants or organisations in any

research publications (including the thesis) without their explicit permission.

SECTION H: Data Protection and Storage

Does the research activity involve personal data (as defined by the General

Data Protection Regulation 2018 "GDPR" and the Data Protection Act 2018 YES~ N+

“"DPA™?
"“Personal data™ means any information relsfing to an identified or
identifiable natural perzon ("dats zubject)]. An identifiable natural
perzon is one who can be identified, direcily or indirectly, in
particulsr by refarence fo an identifier such az a name, an

14 idenfifizafion number, lacation dafa, an online identifier or to one or (m X
mare factors specific fo the phy=ical, physiclogical, genetic, mental,
economic, culfural or social identity of that natural person. Any
video or audio recordings of participants iz considered fo he
perzonal dafa.

If¥ES, provide a description of the data and explain why this data needs to be collected:+

This includes audiofvideo data of participants, but can alse include IP addresses and usemames.
2. Mames, addresses and emails also count, as do consent forms. &

{this box showka expand 85 Jou type)
Does it involve special category data (as defined by the GDPR)?+ YES~ N+
“Special caregory dama”™ mesns sensifive personal dsfs consisting of
information a5 fo the dala subjects’ -+
{a) racial or ethnic ongin,«
(b} political omimions,
(&) religious beliefs or other beliefs of 3 simifar nature,
3 {d} membership of 5 trade unéon (within the meaning of the Trade
Union and Labour Relfations (Consolidation) Act 1932)# ¥ X
(e} physical or mental health or condition,
{1 sexusl e+
{g) genetics,#
(k) biomefric dats (55 used for ID purposes),
If¥ES, provide a description of the special category deta and explain why this data needs to be
collected:+
What counts as 'sensitive’ will differ bebween cultures. Any infermation on behaviour that is ot in
accordance with culbural norms would count as sensitive personal data #

(T DX SROUNT expand a5 you Ipek

Nowember 2021 i Ethical Approwal Form — Engineering Students Cnby
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. | Will data from the research activity (collected data, drafis of the thesis, or YE S5+ NGO+
materials for publication) be stored in any of the following ways?-
5+ | Manual files (i.e. in paper form)?+< - =
8+ | University computers? o= B
7+ | Private company computers?+< - =
8+ | Home or other personal computers?+ o= B
8+ | Laptop computers/ CDs/ Portable disk-drives! memory sticks? 2 o~
10+] “Cloud” storage or websites?+ o~ B
114 E_.Ither— specify: o =
For all stored data, explain the measures in placa to ensure the security of the data collected, data
124 confidentiality, including details of backup procedures, password protection, encryption,
ancnymisation and pseudonymisation:+
If possible, save your data on computers that are secure and regularly backed up. Many cloud
services only provide GOPR-compliant storage for business customers. An example of suitable texdt
5 given below.
All data will be kepd in password profected cloud sforage on the Universify Office 365 syafem which
;1 | will mot be shared. Audiadvisual dafa will be tranzscribed and would be shown fo participants fo
check accuracy of reporfing. Any USE =ticks uzed o store or fransfer data will be password
profected. AN participants will be given & unigue identifier fo ensure confidentiality and thiz liaf will
be kept securely in the password profected folder.
- Data Protection
2 | Will the research activity invochee any of the following activities YES- NO
13+] Electronic transfer of data in any form?+ (m E
| Sharing of data with others at the University outside of the immediate research .
14 S (W8 =
team ™
15+] Sharing of data with other crganisations 74 (m H
16+] Export of data outside the UK or importing of data from outside the UK?+ (m H
17+] Use of personal addresses, postcodes, faxes, emails or telephone numbers?+ (m H
18+] Publication of data that might allow identification of indviduals?+< (m E
104 If¥ES to any guestion, please provide full details, explaining how this will be conducted in
accordance with the GDPR and Data Protection Act (2018) (andior any international eguivalent):+
This incledes data such as drafts of your thesis as well as experimental or survey data. An example
of suitable text is given below.
All data will be encrypfed and kept in pazaword protected cloud sforsge on the Universify Office 365
system which will nof be shared. Any USE sficks u=ed fo sfore or transfer dats will be pazaword
1 | profected. AN data transfers will he encrypled and pazsword protected. All parficipants will be given
a umigue identifier fo ensure confidentiality and this izt will be kepd securely in the password
profected folder. The dafa will be stored until the completion of the project and then delefed. In
accordance with the DPA2018, participants will have the right to ask fo zee what data is held
refating to them, and this data will be deleted immediately if the parficipant requests this, in which
cage the dafa will nof be uzed in the project.
Movember 2021 T Ethical Approval Form — Engineering Students Cnily:

76



Final Year Projects.

ETHICS FORM — STEM MS5c STUDENTS ONLY

20+ List all who will have access to the data generated by the research activity:<
Mormally the principal researcher, possibly also the supervisor and, if the project has an industrial
parimer, 8 representative of that partner. Possibly also external examiner or second marker?+
71+ List who will have control of. and act as custodian(s) for, data generated by the research activity: <
Usually the prncipal researcher.
791 Give detsils of dats storage arrangements, including security measures in place fo protect the data,
where datas will be stored, how long for, and in what form. <
Al data will be encrypfed and kept in pazaword protected cloud sforage on the Universify Office 365
sy=tem which wi { be shared. Any USE =ticks used fo sfore or transfer data will be pazsword
profected, and will be reformatled at the end of the project in order fo destroy the dafa. The dafa will
be stored unfil the completion of the project and then defefed
| Confirm that you have read the UWTSD guidance on data management (see =
2z https:/fwww . uwisd. ac.ukflibrary/research-data-management’
| Confirm that you ara aware that you need to keep all data wntil after your B
234 research has completed or the end of your funding < =

SECTION I: Declaration

The information which | have provided is comect and complete to the best of my knowledge. | have
attempted to identify any risks and issues related to the research activity and acknowledge my
obligations and the rights of the participants.

In submitting this application | hereby confirm that | undertake fo ensure thet the above named
research activity will meet the University's Research Ethics and Integrity Code of Practice which is

published on the website: hitps:\www. uwtsd. sc. ukiresearchiresearch-ethics! <

Date:01.06.2024
Signature of applicant:+’ | 42 Tang~

Director of . Date:+
Studies/Supervisor:+

Signature:+

FOR INTERNAL USE ONLY:

Ethical approval given +
Date:
14| Signature of assessor:’
24| Name+
34 | Rolke:#
Nowember 2021 8 Ethical Approwal Form — Engineering Students Cnby
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LOGBOOK

Week 1 (Jul 01 - Jul 07):

This week was dedicated to finalizing the data collection and analysis phase of the
project. After conducting extensive simulations, | focused on compiling and
synthesizing the data, ensuring that the results were robust and consistent. The
statistical analysis was completed, providing clear insights into the performance of
the PSO-RBF neural network adaptive sliding mode controller. | also began
drafting the initial sections of the final report, particularly the analysis and

discussion segments.

Week 2 (Jul 08 - Jul 14):

The focus of this week was on continuing with the writing process. | worked on
expanding the results and discussion sections, drawing connections between the
simulation outcomes and the objectives set out at the beginning of the project. The
methodology and literature review sections were also refined, integrating the latest
insights and ensuring that all references were accurately cited. Feedback from

initial drafts was incorporated, improving the clarity and depth of the analysis.

Week 3 (Jul 15 - Jul 21):

During this week, | concentrated on polishing the report. | paid particular attention
to the discussion and conclusion sections, ensuring that the implications of the
research were clearly articulated. The report now reflects the full scope of the
research, from the initial problem formulation to the final outcomes. | also prepared
the final figures and tables, ensuring they effectively communicated the key
findings. The draft was reviewed to identify any gaps or areas requiring further

clarification.

Week 4 (Jul 22 - Jul 28):

This week presented significant challenges due to unexpected hardware failures
with my HP Omen 9 series laptop. The motherboard and hard drive issues
disrupted the final stages of the project, preventing me from conducting additional
real-time tests and demonstrations. Despite this setback, | focused on salvaging

as much data as possible. | made necessary adjustments to the report, ensuring
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that all essential analyses and conclusions could still be supported by the existing
data. The primary objective became completing the report with the available

resources.

Week 5 (Jul 29 - Aug 04):

Given the ongoing hardware issues, | dedicated this week to finalizing the report
under challenging conditions. Despite the limitations, | managed to complete the
writing, ensuring that all sections were coherent and well-integrated. The inability
to perform additional tests was noted in the report, with an explanation provided
for how the hardware failure impacted the project’s scope. The final draft was
reviewed for completeness and accuracy, with particular attention paid to ensuring

that the conclusions were well-supported by the data.

Week 6 (Aug 05 - Aug 11):

This week was spent preparing the final report for submission. | conducted a
thorough review of the entire document, focusing on consistency, accuracy, and
overall presentation. Given the constraints imposed by the hardware failure, |
ensured that the report clearly communicated the challenges faced and how they
were managed. Despite the inability to demonstrate the project as initially planned,
I highlighted the key findings and contributions of the research, ensuring that the
report still met academic standards.

Week 7 (Aug 12 - Aug 18):

The report was submitted this week. Following the submission, | reflected on the
overall project, particularly the unforeseen challenges posed by the hardware
issues. The experience underscored the importance of contingency planning and
resilience in research projects. | began drafting a set of recommendations for
future work, focusing on areas where further research and testing could enhance

the PSO-RBF controller’s performance and applicability.

Week 8 (Aug 19 - Aug 25):
This week was dedicated to finalizing the recommendations for future research. |
emphasized the need for real-world testing of the PSO-RBF controller to validate

its performance beyond simulations. Additionally, | suggested further optimization
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of the PSO algorithm and the exploration of alternative hybrid approaches. The
recommendations were designed to guide future research efforts, building on the

foundation established by this project.

Week 9 (Aug 26 - Aug 28):

In the final days of this period, I completed my reflections on the project and
compiled them into a comprehensive conclusion for the report. The focus was on
summarizing the key achievements, acknowledging the challenges, and outlining
the contributions made by the research. Despite the technical difficulties, |
concluded the project with a sense of accomplishment, having successfully

navigated the challenges to deliver a completed report.

GLOSSARY

Adaptive Sliding Mode Control (SMC):

A robust control technique designed to handle uncertainties and external
disturbances in dynamic systems. It forces the system states to converge to a
predefined sliding surface, ensuring stability and robustness.

Dynamic Modeling:

The process of creating a mathematical representation of a system’s behavior,
which, in this project, involves capturing the complex, nonlinear dynamics of a
quadrotor UAV using Newton-Euler equations.

Empirical Validation:

The process of verifying a model or hypothesis through observation and
experiment. In this project, it involves testing the PSO-RBF neural network
adaptive sliding mode controller through simulations to validate its performance.

Literature Review:

A comprehensive survey of existing research and studies in a particular field. For
this project, it involved analyzing existing control strategies for quadrotor UAVs to
identify gaps and inform the development of a new control approach.

MATLAB/Simulink:

A high-level programming platform used for mathematical modeling, simulation,
and analysis. It was used extensively in this project for developing and testing the
quadrotor UAV model and the PSO-RBF controller.

Particle Swarm Optimization (PSO):

A computational algorithm inspired by the social behavior of birds flocking or fish
schooling, used to optimize the parameters of complex systems. In this project, it
was applied to optimize the parameters of the RBF neural network.
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PSO-RBF Neural Network Adaptive Sliding Mode Controller:

A hybrid control strategy developed in this project, combining Particle Swarm
Optimization (PSO) with a Radial Basis Function (RBF) neural network within an
adaptive sliding mode control framework. It is designed to handle the nonlinear
and dynamic challenges of controlling quadrotor UAVS.

Quadrotor UAV:

A type of unmanned aerial vehicle (UAV) with four rotors, known for its agility and
ability to hover. The subject of this project, which focused on improving control
strategies for such vehicles.

Radial Basis Function (RBF) Neural Network:

A type of artificial neural network that uses radial basis functions as activation
functions. It is particularly effective for approximating nonlinear functions and was
a key component of the control strategy developed in this project.

Real-World Testing:

The process of validating a system or model under real operating conditions, as
opposed to simulations. Although constrained by hardware issues, real-world
testing is essential for confirming the practical applicability of the control strategy.

Robustness:

The ability of a control system to maintain performance in the presence of
uncertainties or disturbances. This project aimed to enhance the robustness of
quadrotor UAV control through the PSO-RBF controller.

Sensitivity Analysis:

A technique used to determine how different values of an independent variable
affect a particular dependent variable under a given set of assumptions. In this
project, it was used to assess the impact of various parameters on the
performance of the PSO-RBF controller.

Simulation Testing:

The use of a computer model to test the behavior of a system under various
conditions. This project utilized simulation testing to validate the effectiveness of
the PSO-RBF controller in managing the dynamic behavior of quadrotor UAVSs.

Stability Margins:

Quantitative measures of how close a system is to instability. In this project,
stability margins were assessed using tools like Bode and Nyquist plots to ensure
the UAV control system remains stable under different operating conditions.

Traditional PID Controller:

A classical control method that uses proportional, integral, and derivative terms to
control a system. It was used as a baseline in this project to compare with the
more advanced PSO-RBF neural network adaptive sliding mode controller.

Uncertainties:
In the context of control systems, these refer to unknown or unpredictable
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variations in the system’s dynamics or the environment. The PSO-RBF controller
was designed to manage such uncertainties effectively.

Wind Gusts:

Sudden increases in wind speed, which can significantly affect the stability and
control of a UAV. This project included testing the controller's robustness against
wind gusts in simulation environments.

Wireless Communication Delays:

Potential delays in signal transmission in UAV systems, which can impact control
performance. This project’s simulations included considerations of such delays to
ensure the controller’s effectiveness in practical scenarios.

Zero-Crossing Detector:

A component often used in control systems to detect the points at which a signal
changes sign (crosses zero). This concept is related to the sliding mode control
implemented in the project.
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