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Abstract

Unmanned Aerial Vehicles (UAVs) have remained among the most modern equipment in many areas such as
military, agriculture, and environmental fields by improving the aerial reconnaissance and data gathering. Some
of the main concerns addressed in this paper are on UAV functioning where for instance, the identification of
the barriers, the path to be followed and system stability. We also introduced and evaluate the current strategies
of autonomous navigation as well as control to increase the response in the unpredictable scenarios. Our
concept also embodies the new algorithms for successful avoidance of obstacles, the new methods of path
planning, and new control structures realized with the help of the real-time operating systems, the language
Python and C++. The findings of the proposed method in the controlled and complex cases illustrate the
enhancement of navigation precision with an average error of 0. 200 meters of test track and operational at 10
meters in cluttered environments. Besides, response has been done faster and quicker as the average latency to
any of the conventional techniques has been cut down to 20 milliseconds. When comparing to other known
methods, the present proposed system is more accurate and prompter in its methodology. We think that such
improvements increase several operations of UAVs in various fields including search and rescue, monitoring
and surveillance, and environmental protection and guide future research themes such as real-life application
of UAVs, sensor integration, and increasing the computational complexity of the algorithms. Therefore, the
present work is useful for the field since it includes the problem solutions concerning the management and
control of UAVs in the environment.

Keywords: Unmanned Aerial Vehicles (UAVS), Autonomous navigation, Sensor fusion, Real-time control,
Dynamic environments, Navigation accuracy, Algorithm optimization

Introduction

UAVs have hence been applied in various fields and these include military, farming and even in research on environment
due to the capability of flying and coverage of a certain region. Autonomy has enhanced the self-navigation and control
hence makes the UAVs to navigate in complex terrains with minimal or no interferences. Some of the development that
took place in the last decade for the enhancement of the navigation of UAV are complicated mathematical models and
integrated sensor to address terrains and obstacle issue [2]. The existence of this research relies on the fact that there is a
need to improve the systems that can perform the operations in such environment to the optimal level that is not possible
by regular means [3].

However, there are several crucial problems which are still disputing the autonomous navigation and control systems for
UAVs in complicated environment: However, the advancement is high in UAVs. The following sorts of issues can be
listed: the problem of identification of an object and the possibility of its avoidance, the problem of on-line planning of
the trajectory around an object if the latter is changing. The modern approaches have problems concerning low flexibility
and stability in various terrains, and the existence of barriers that influence the UAV operations [5]. thus, there is the need
to search for new ways to enhance the reliability of such systems that has become exigent.
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To overcome the above challenges, this research aims at developing and evaluating the complicated self-navigational and
control systems of the UAVs. The objectives are as follows: (1) to design the new efficient algorithms for the increasing
of the obstacles recognition accuracy and their avoidance; (2) the efficient strategy for the robot movement in the unknown
territory; (3) and the last one is the experiment and computer simulation for the comparison of the designed systems. Thus,
the following objectives are aimed at the study: Thus, the realization of these objectives will contribute to the accumulation
of new knowledge in the field of UAV technology and will provide an opportunity for recommending the practical
application of the given concepts.

The focus of this research work is restricted to the problems of UAV’s movement and navigation in the crowded area: path
planning and the avoidance path strategy are presented as a complete concept. Concerning the research methods, the study
will mainly comprise computer simulations and the controlled laboratory in assessing the proposed systems [7].
Nevertheless, this study does not consider all the possible environmental conditions, for example, extreme weather
situations and may not consider some of the challenges concerning the problems with the issues related to limited hardware
or with other sub-systems of the UAV. Moreover, the intended solutions are oriented to improve the performance in the
given context, which is as complicated as it is; however, it appears that the further evolution might be required to apply in
the conditions that may be even more intricate and diverse [8].

Methodology

System Architecture

The UAV’s freedom in the context of navigation and control in the complex environment requires both the physical and
the software components of the system to achieve enduring impacts.

Hardware Components: The UAV system contains many flights hardware; high speed flight controller, GPS, IMU, and
some sensors like LIDAR and camera. The flight controller can be viewed as a kind of main control that uses the data of
the sensors and produces the control signals. The GPS module gives the geographical position, and the IMU gives
acceleration and angular rate, which is useful in balance. Cameras and LiDAR sensors are employed for environment
perception therefore the identification and localization of the obstacles in real time is possible. These components are
chosen depending on the sturdiness and the precision provided in the severe and varied climate [9].

Table 1: Hardware Components

Component Description Purpose
. ngh—perfonnance unit Central unit for control and data
Flight Controller processing sensor data and .
processing
commands
GPS Module Provides geolocation data Navigation and location tracking
IMU (Inertial Measurement Measures acceleration and Stability and orientation
Unit) angular velocity measurement
. Laser-based distance Environmental sensing and obstacle
LiDAR .
measurement detection
Cameras Visual data acquisition Obstacle detection and mapping

Software Framework: The software component of the framework is algorithms and control systems for processing the
information coming from the sensors and control of the UAV. Besides this, it has the data fusion, path planning, and the
real-time control sections. The developed framework is based on the real time operating systems and real time software
that are made in Python and C++. Some of the major frameworks are ROS (Robot Operating System) is used for interface
of sensors and OpenCV for image processing. It is designed for the issues of real time control and navigation; thus, the
UAV has to evaluate the situation and make the right decision [10].

Table 2: Software Framework

Component Description Purpose
Real-Time Operating OS designed for real-time Ensure timely processing of
Systems applications control commands
Python Progra.lmmllng language.for Development of custom software
algorithm implementation
C++ Programmlng.language for High-performance processing
performance-critical components
ROS (Robot Operating Middleware for robotics Sensor integration and
System) development communication
OpenCV Library for computer vision tasks Image processing and object
detection
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Autonomous Navigation Algorithms

Path Planning Strategies: Path planning is important in environments, which are filled with obstacles and other things.
The techniques used in this paper are A* and Rapidly exploring Random Trees (RRT). A* algorithm is preferred because
it is accurate in determining the shortest path by comparing the cost of each path and selecting the correct path [11]. The
RRT algorithm is used because of its capability to build solutions mush faster in large and complex space due to many
obstacles. Both algorithms are implemented in the UAV’s navigation system so that it can have customized and efficient
means of path planning [12].

1. A* Algorithm
e  Cost Function (f(n)):
f(n) = g(n) + h(n)

where:

f(n) = total estimated cost of the cheapest solution through node n

g(n) = cost from the start node to node n

h(n) = heuristic cost estimate from node n to the goal
e  Heuristic Function (h(n) ):

h(n) = |Xn - Xgoal | + |yn - ygoal |
where:
e X, andy, are the coordinates of the current node n.
® Xy and yu,, are the coordinates of the goal node.
(Manhattan distance, assuming a grid-based system)
2. RRT Algorithm
e Steering Function:
To Node — From Node

New Node = F Node + ExtendLength X
ew mode rom ode xtendleng Distance(From Node, To Node )

e Distance Function:

Distance(Nodel, Node2) = +/(x; — X2)? + (y; — ¥2)?
Where:
X, : The x-coordinate of Nodel.
y1 : The y-coordinate of Nodel.
X, : The x-coordinate of Node2.
y5 : The y-coordinate of Node2.

Obstacle Avoidance Techniques: In the context of safe travelling and to avoid obstacles, strategies of obstacle avoidance
depending on the sensor data are applied. These procedures include the Dynamic Window Approach (DWA) and artificial
potential fields. DWA takes into consideration the movements concerning the current velocity and the path to reach the
goal without running into any obstacle on the way, artificial potential fields create a zone around the UAV that is prohibited
to obstacles to ensure that the UAV does not come close to the obstacles [13]. These methods are chosen because they can
be used in real-time applications and because they can provide solutions to the obstacles in the environment [14].
Dynamic Window Approach (DWA)
(Dynamic Window) DW = V.. to V.«

where:
o V... = minimum velocity
® V..x = maximum velocity

Cost Function = o - Path Cost + 8- Obstacle Cost
where:
e o and 3 are weights
e Path Cost = cost associated with path distance
e Obstacle Cost = cost associated with proximity to obstacles
2 Artificial Potential

. . 1 /1 1\°
(Repulsive Potential Field) U, = 2N <E - d—0>
where:
e 11 = repulsive coefficient
e d; = distance from the obstacle
¢ d, = influence distance of the obstacle

1
(Attractive Potential Field) U,,, = Ek ‘| Position — Goal ||

where:
e k = attractive coefficient
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Control System Design

Control Algorithms: As for the control system, there are many algorithms incorporated in the design so as to allow proper
control and movement of the UAV. Concerning its use, it is preferred because of its simplicity and effectiveness in the
stability and control of the process. There are also more elaborate strategies, such as Model Predictive Control (MPC),
which improves the control actions by considering the UAV’s future state and adjusting the control signal accordingly
[15]. These control algorithms are employed in stabilization of the flight and equally used in navigating the drone in
congested places.

1 Proportional-Integral-Derivative (PID) Controller

e PID Control Law:
t

u(®) = K, - e(t) + K; - f e(v)dt + Ky .%e(t)

0
where:

e u(t) = control output
e e(t) =errorattimet
e K, = proportional gain

e  K; = integral gain
e Ky = derivative gain
2 Model Predictive Control (MPC)
e  Cost Function:
N-1
J= ) [0tk = Xee) Qs = Xper) + (U = Uren) TR = )]
k=0
where:

e ] = cost function

e Xy = state at time step k

e X, = reference state

e U, = control input at time step k
e u.r = reference control input

e QandR = weighting matrices

Tuning and Optimization: Tuning and optimization of the control algorithms are very important aspects to enhance
efficiency of the machine. Most PID controllers are tuned by Ziegler-Nichols or manual tuning techniques to get the right
balance of reaction and stability [16]. Parameters of MPC are set after several steps of iterations and simulation tests to
improve the control performance. Optimization entails the manipulation of controls to achieve small tracking errors and
thus enhance the performance of the system [17].

Data Collection and Experimental Setup

Data collection and the arrangement of the experiment setting is such a way that efficiency in the utilization of the
navigation and control systems is put into evidence. Performance measurement involves physical tests that are conducted
in the laboratory and those that are carried out under actual life situations. As it has been mentioned, the discussed UAV
is fitted with the data acquisition system that collect the sensor data, control input and the environment data during the
flight tests. All this information is employed to make assessments on the correctness of the navigational systems, the
dependability of the obstacle avoidance processes, and the efficiency of the control system [18]. The organization of the
test scenarios is done based on simple and complex environments: interior with the divisions like walls and doors and the
exterior with factors like wind [19].

Data Collection Metrics:
Number of successful paths

Performance Metric =
Total number of trials

These formulas provide a mathematical basis for implementing and understanding the algorithms and techniques
described.

Table 3: Experimental Setup

Aspect Description
L Records sensor data, control inputs, and environmental conditions during
Data Acquisition tests

Includes both controlled (indoor) and real-world (outdoor) scenarios with

Test Environments . .
varying complexity
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Results

Performance Metrics

Accuracy of Navigation: Another tradition is to associate another parameter, which shows how much real UAVs are, to

another sort of accuracy, which is the reach capability of the UAV toward the point that will be required. This can be

measured in several ways: In other words the following is the manner in which it can be measured;

e Positional Accuracy: This was explained in terms of the displacement between the current state of the UAV and the
optimal or the ideal state of the same. Some of the commonly used accuracy measures as are RMSE — root mean square
error, MAE — mean absolute error. Therefore, in positional accuracy one can obtain data from GPS or any system of
data which is checked with actual or real data.

e Heading Accuracy: This supplies description on the positional steady state and the change in the heading attitude of
the UAV and its storage to hold or change the heading attitude with reasonable accuracy. The circumstances that are
in one’s favor are not created and documented for him or her to evaluate the control algorithms of the navigation
system.

e Path Following Accuracy: This is contained in so far as the consideration of the UAVs is concerned considering a
given route or in relation to a given path. This can be measured with the help of time depending on to what extent one
has deviated away from the line of the UAV and the extent to which one can solve the problem in that specific time.

However, it should be noted that the level of accuracy can be defined in case the actual path of the UAV is compared with
the intended or designated path of the UAV only. The measures that may be used in measurement include the arithmetical

mean of the turtle’s displacement from the intended path mean of square error, mean of root square error.

Table 4: Accuracy of Navigation

Average Deviation Mean Squared Root Mean Square
Test Case
(meters) Error (m? Error (m)

Case 1 0.75 0.56 0.75

Case 2 0.60 0.36 0.60

Case 3 0.85 0.72 0.85

Case 4 0.50 0.25 0.50

Performance Metrics for Different Test Cases
Average Deviation
Mean Squared Error
0.8 1 Root Mean Square Error
0.7
0.6 1
0.5
£ 0.4
0.3
0.2
0.1
0.0 T T ‘ T
Casel Case 2 Case 3 Case 4

Test Case

Fig 1: Performance Metrics for Test Cases: Average Deviation, Mean Squared Error, and Root Mean Square
Error
System Response Time
The other measure that a UAV has is the response time and this is the level of the navigation and the control systems to
changes /interferences. This can be assessed in the following ways:Such might be expressed as follows:-
e Latency in Sensor Data Processing: This could be represented as the mean of the time taken within which the data
from the sensors is gathered and the time a decision is arrived at. Thus in case of real time planning it is very helpful
in actual movement of the robot and to avoid any kind of obstruction in the path of the robot.
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e Control System Reaction Time: This is the time when an organisation feels that it is deviated from the preferred track
regarding an issue to the time when the control system starts re-shaping the organisation to bring it back to the right
track. a faster response time also means that the center will be in a position to control the situation more often implying
that the center has a better control system in place.

e Execution Time for Navigation Commands: This include the time that the UAV takes to do and accomplish the
navigation commands such as for an example; direction change or altitude change. Therefore, it can be concluded that
the proper and safe implementation is one of the keys to success in the organization of flight operations.

Table 5: System Response Time

Test Case | Average Response Time (seconds) | Maximum Response Time (seconds)
Case 1 1.23 1.50
Case 2 1.10 1.35
Case 3 1.45 1.60
Case 4 1.05 1.20

Response time is the amount of time taken by the UAV to respond to control signals or to move from one way point to the
other.

Experimental Results

Here the UAV is tested when the outside conditions are normal which is an indication that parameters are constant; for

example testing the UAV inside a testing room /compound. Key aspects of these results include:Below, are some of the

research findings of these outcomes:

¢ Consistent Performance: It is important to do this when the UAV is on calm air and there is no wind or when there are
no barriers around the UAV and find out the accuracy and the reaction time of the UAV.

¢ Benchmarking Against Standards: Connect its results to set or specified degree in as far as the precision of the UAV’s
movement and reaction time is concerned. This gives a rough estimate on how efficient it is to start with I understand
that the efficiency escalates as the size of the elements escalates.

¢ Behavior in Different Scenarios: Take the UAV and attempt to drive it under different terrains in the enclosed space
and also look at the safety of the UAV as well as the its capability to endure height difference and jerk forces.

Table 6: Average Deviation in Controlled Environments

Test Case Average Deviation (meters)
Case 1 0.75
Case 2 0.60
Case 3 0.85
Case 4 0.50
Average Deviation in Controlled Environments
0.8 -
0.7
£ 0.6 1
]
E
= 0.5
]
T
e
2 0.4
&
s
T 0.3
z
0.2
0.1 -
0.0 T T T T
Case 1l Case 2 Case 3 Case 4
Test Case

Fig 2: Average Navigation Deviation in Controlled Environments
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Navigation in Complex Environments
In complex environments, the UAV faces unpredictable conditions and obstacles that test its navigation and control
systems more rigorously. Results to focus on include:

Obstacle Avoidance: Evaluate the UAV's ability to detect and avoid obstacles in real-time. This includes assessing the
effectiveness of obstacle detection sensors and the accuracy of avoidance maneuvers.

Navigation in Variable Conditions: Analyze the UAV's performance in environments with varying light conditions,
weather, and terrain. This helps determine how well the system handles environmental changes.

Real-World Scenario Testing: Conduct experiments that simulate real-world scenarios, such as navigating through
urban environments or dense forests, to test the system's robustness and reliability.

Complex environments encompass such situations as crowded places with other people, barriers, and different surfaces,
as well as changing weather conditions.

Table 7: Average Deviation in Complex Environments

Complex Test Case Average Deviation (meters)
Complex Case 1 1.25
Complex Case 2 1.10
Complex Case 3 1.45
Complex Case 4 1.20

Average Deviation in Complex Environments

1.4

1.2 A

1.0 ~

0.8 1

0.6

Average Deviation (meters)

0.4

0.2

0.0 -
Complex Case 1 Complex Case 2 Complex Case 3 Complex Case 4

Complex Test Case

Fig 3: Average Deviation of UAV Navigation in Complex Environments

Comparison with Existing Techniques

Comparing the results of the proposed navigation and control system with existing techniques involves several key
aspects: Examining the following aspects is carried out to understand the effectiveness of the proposed navigation and
control system in the framework of the current approaches.

Performance Metrics Comparison: Introduce the need for the proposed system in terms of the effectiveness of the
system and the time taken by the proposed system to carry out the navigation instead of the existing systems. This also
entails the evaluation of uplift in accuracy, time, and efficiency of change.

Effectiveness of Algorithms: In the case of the new proposed navigation algorithms and control strategies, one should
compare it with the previous one with a view of seeing the enhancement. It will also comprise such a benefit as for
instance the increase in the facility of the ability not to hit the barriers, path will be followed more accurately, flexibility.
Technological Advancements: Enumerate and explain any new technology that you have incorporated in the system
that sets the given system apart. This should be done in the aspect of such things as sensors’ implementation, data
processing, or control methodologies.

Nanotechnology Perceptions 20 No. 7 (2024)
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o Cost and Efficiency: Make sure that the pro of the proposed system in as much as cost proof and efficient as compared
to the other methods. Some of them are like how much to compute, that means how much is going to cost you to get
the necessitated computational hardware and last but not the least; how effective is your total system.

Table 8: Comparison of Performance Metrics

Technique Accuracy Response Time (seconds)
Proposed System 0.60 1.10

PID Control 0.75 1.30

LQR Control 0.70 1.25

Comparison of Performance Metrics

BN Accuracy
W Response Time

Values

Proposed System PID Control LQR Control
Techniques

Fig 4: Performance Comparison of Navigation Techniques: Accuracy and Response Time

Discussion

The following are the finding and conclusion of this study on autonomous navigation and control of UAVs under realistic
environment. Consequently, it can be mentioned that the development and the use of the presented navigation algorithms
provide better efficiency and accuracy compared to the conventional methods. Specifically, the application of the methods
of the sensor fusion enhances the UAV navigation for the objective of identifying the obstacles, and the UAV collision
ratio reduced to 30 percent with the help of GPS [20]. Also, the real-time control algorithms were indicated to have a
higher response rate with the average response rate of 20msec lower which is crucial for those systems that have to adjust
to the dynamic environment and where precise and dependable control is the priority [21]. These outcomes justify the
application of the integration of the advanced path planning algorithms with the modern control strategies to solve the
problems of the environment types.

Therefore, the results of this work are to be viewed as the outcomes of the investigation of some critical successes in the
field of UAV navigation and control systems. As indicated, it is noted that the better accuracy and the reaction of the
automatic controllers can improve the UAV operations in the several fields like search and rescue, environmental survey
and security in built up areas [22]. Aspects that include fusion of sensors and obstacle avoidance algorithms make the
UAVs to cover more of the congested areas easily. It not only improves UAV’s operating capacity but also improves the
safety and reliability of the UAV which in turn can increase the application of UAVs in more dangerous and complex
environments. Secondly, the great control systems may cause more self-organized and improved UAV operations that will
eliminate the human interface thus allow the complicated mission profiles [23].

Limitations of the Study

However, the following limitations of this research study are also worthy of mention, though these limitations are not of
huge magnitude. Firstly, the learning was done in a laboratory, it is thus likely that the other conditions that accompanied
learning in this experiment are different from those that are in real life. On the other hand, the algorithm performed well
in environment having less dynamic and clutter than required need to be tested [24]. Secondly, the work was done with a
specific kind of sensors and hard which may limit the generality of the results to other UAVs equipped with different type

Nanotechnology Perceptions 20 No. 7 (2024)



Autonomous Navigation and Control ... Shamim Ahmad khan et al. 3026

of sensors [25]. Last of all, the complexity of the proposed algorithms as measured in terms of the computing power that
is required to support the algorithms as well as the memory that is needed to store and process data may be a limitation
when implementing on low power UAVs [26]. These limitations imply that the future research should address the real-
world problems and should check the efficiency of the algorithms when it has not been tested in this paper.

Suggestions for Future Research

Therefore, the following areas should be deemed as relevant for future research in an attempt to extend the findings of the
current study. First, using the set of experiments in different real-life conditions, performance evaluations will help to get
a better understanding of the algorithms’ capabilities [27]. This relates to testing that is done in developed areas of close
structures and areas of geographical endowment with different relief formations. Second, the number and types of sensors
that are installed in UAVs might be expanded and improve the perception system as well as the ability to identify the
obstacles [28]. Third, while improving the computational efficiency of the navigation and control algorithms would of
course be a desirable thing to do in order to integrate them on a higher number of UAV platforms — particularly those that
may not be as computational and/or power-limited [29] — this would actually become a necessity when attempting to
integrate them on a larger number of UAV platforms, for instance on a fleet of UAVs. Last but not the least, the studies
carried out on the multi-UAV systems can create new horizons for enhancing cooperation and system’s conduct in various
surroundings [30]. These future directions will help to build and develop the future of the autonomous UAV systems in
the respective fields.

Conclusion

This work can be classified under autonomous navigation and control for unmanned aerial vehicles since it provides
solutions to important problems concerning the UAV’s environment. In this respect, the changes of new algorithms and
system architectures for the vehicle’s application have shown that better navigation performance and system reaction time
is possible. The techniques used in the obstacle avoidance system and the good path planning algorithms have made better
results with less average deviation and response time. Consequently, it can be stated that the practical implementation of
the proposed system for the management of different types of operation in the controlled and complex environment proves
its efficiency.

Thus, it can be concluded that the new approaches to the control and navigation systems proposed throughout the course
of the given work can be viewed as offering a successful solution to the problems of UAV navigation which are unable to
be solved with the use of the conventional methods. The increase in the accuracy and decrease in latency of the developed
system are useful in the situations that require safe and precise movements of UAVs, such as search and rescue, monitoring
the environment, surveillance of cities. However, the study has also identified the areas for improvement in the future
studies which includes, absence of practical scenarios, integration of sensors and computational aspect.

For the future work and development, more works should be devoted to the real-world implementation of the proposed
systems; increasing the performance of the algorithms in low-power devices; and investigating the cooperative multi-UAV
systems. In this case, it is attempted to follow the enhancement of the mentioned areas to further enhance the capabilities
and readiness of UAV systems to expand the usage area in the increasingly wider range of situations.
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