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Abstract

This thesis presents the design, optimization, and comparative analysis of advanced con-
trol strategies for a two-axis (azimuth—elevation) antenna tracking system. The main
objective is to improve tracking accuracy, dynamic response, and robustness under
realistic operating conditions. To achieve this, several control approaches are investi-
gated, including classical Proportional-Integral-Derivative (PID) controllers, Sliding
Mode Control (SMC), and a hybrid SMC-PID scheme. In order to enhance controller
performance, metaheuristic optimization algorithms, namely Particle Swarm Optimiza-
tion (PSO), Grey Wolf Optimization (GWO), and Ant Colony Optimization (ACO), are
employed to tune the controller parameters. The performance evaluation is conducted
using the Integral of Time-weighted Absolute Error (ITAE) as the primary objective
function, ensuring both fast transient response and minimal steady-state error. The
simulation results demonstrate that classical tuning methods such as Ziegler—Nichols
provide limited performance due to oscillations and slower convergence. In contrast,
optimization-based PID controllers significantly improve system behavior, with ACO-
PID achieving the best performance among standalone PID approaches. Furthermore,
the integration of SMC with PID in a hybrid structure leads to superior results, com-
bining robustness against disturbances with smooth tracking performance. The pro-
posed ACO-SMC-PID controller exhibits the best overall performance, characterized
by reduced tracking error, fast convergence, improved stability, and efficient control
effort. The findings confirm that hybrid nonlinear control strategies optimized using
metaheuristic algorithms provide an effective and reliable solution for high-precision
antenna tracking applications.

Key words: Antenna tracking, PID control, Sliding Mode Control, Hybrid control, Ant
Colony Optimization, Grey Wolf Optimization, Particle Swarm Optimization, ITAE,
Metaheuristic optimization, Nonlinear control.
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Chapter 1

General introduction

1.1 Background

Deep space communication plays a critical role in modern space exploration, enabling
the transfer of scientific data, telemetry, and commands between spacecraft operating far
from Earth and mission control centers. Spacecraft exploring the Moon, Mars, asteroids, or
outer planets rely on reliable communication links to ensure mission success [1]. The dis-
tances involved in deep space missions are immense, often spanning millions or even billions
of kilometers, which causes transmitted signals to weaken dramatically due to free-space
path loss. Therefore, highly sensitive ground-based antennas and advanced communication
technologies are essential to maintain contact with spacecraft and retrieve valuable scientific
data [2].

JUNO SPACECRAFT

APITER

DEEP SPACE NETWORK

Figure 1.1: Deep space ground antenna used for long-distance communication with spacecraft

Deep space communication enables several critical functions for interplanetary mis-
sions. First, it allows mission controllers to monitor spacecraft health and operational status
by receiving telemetry data that includes power levels, thermal conditions, and instrument



readings. This information is crucial for diagnosing issues and performing corrective actions
during long-duration missions [2]. Second, deep space communication provides the primary
means of navigation and trajectory control, as precise Doppler and range measurements are
used to track spacecraft position and velocity, allowing accurate course corrections for plan-
etary flybys, orbital insertions, and rendezvous operations (NASA DSN, 2023) [3]. Finally,
communication links facilitate the return of scientific data, including high-resolution images,
atmospheric measurements, and instrument readings, which expand our knowledge of plane-
tary systems and the universe beyond Earth. Maintaining precise alignment between ground-
based antennas and distant spacecraft is one of the most significant challenges in deep space
communication. High-gain antennas are characterized by extremely narrow beamwidths,
which makes them highly sensitive to even small angular errors [3]. Mechanical disturbances,
such as friction, backlash, and wind, as well as dynamic changes in the spacecraft trajectory,
can introduce pointing errors that reduce signal strength and degrade communication quality.
Furthermore, the long distances involved result in signal propagation delays, which necessi-
tate predictive or feedforward tracking techniques to ensure the antenna remains accurately
aligned with the moving spacecraft. The Deep Space Network (DSN) antennas themselves
have evolved over decades to meet increasing mission demands [3]:

e 1958: The first DSN antenna, a 26-m L-band dish, began operation to support Pioneers
3 and 4. Initially equipped with a focal-point feed system, it was soon converted to a
Cassegrain configuration.

* 1962: The Echo antenna, originally 26 m in diameter, was erected at the Goldstone site
and later extended to 34 m in 1979. The Venus site also began operations as the DSN
research and development station.

* 1966: The first 64-m antenna was completed, scaled up from the 26-m design, and
initially operated at S-band (2.11-2.12 GHz transmit and 2.27-2.30 GHz receive).

* 1968: An X-band feed cone was installed to enable improved multifrequency operation.
Feed structures were modified to allow rapid switching between different feed cones
using an asymmetrically truncated subreflector.

* 1982: Introduction of the 34-m High-Efficiency (HEF) antenna with a common-aperture
feed horn and dual-shaped optics, optimizing gain-to-noise ratio (G/T).

* 1985: The original Pioneer antenna site was declared a U.S. National Historic Land-
mark.

* 1989: For NASA’s Voyager Neptune encounter, a 70-m antenna with dual-shaped op-
tics and high-precision panels was deployed to enhance performance.

* 1990s: Research demonstrated Ka-band operation on the 70-m antennas, improving
data rates and enabling advanced scientific measurements.



* 2000: X-band uplink capability (7.145-7.190 GHz) was added to the 70-m antennas
to support modern deep space missions.

These milestones highlight the continuous evolution of DSN antennas, driven by the
increasing need for high-gain, narrow-beam communication systems capable of supporting
increasingly complex and distant spacecraft missions. Each technological innovation — from
larger dish sizes to advanced feed systems was aimed at improving pointing accuracy, gain,
and overall system performance. High-gain antennas are essential for deep space missions be-
cause they amplify the weak signals transmitted over vast distances. However, their narrow
beamwidth imposes stringent constraints on pointing accuracy. The half-power beamwidth of
a parabolic antenna is inversely proportional to its diameter and operating frequency, meaning
that larger antennas or higher frequencies result in narrower beams [4]. This requirement for
extreme precision challenges both mechanical design and control systems, as any deviation
from the desired pointing direction leads to significant pointing loss, reducing the effective
gain of the antenna. Consequently, advanced control strategies are required to ensure that
the antenna maintains high pointing accuracy, compensates for disturbances, and reliably
tracks the spacecraft. Deep-space communication is indispensable for mission success, yet
it presents significant challenges due to the extreme distances, weak signals, and the preci-
sion required in antenna pointing and tracking. These challenges motivate the need for robust,
optimized control strategies capable of maintaining accurate alignment and maximizing com-
munication performance [5].

1.2 Literature review

In the field of control engineering, classical linear controllers such as Proportional Inte-
gral (PI), Proportional Derivative (PD), and Proportional Integral Derivative (PID) controllers
have long been fundamental due to their relative simplicity and effectiveness in many single-
input single-output (SISO) systems [6]. PI controllers effectively eliminate steady-state errors
by integrating the accumulated error over time, making them particularly suitable for systems
where offset must be minimized, while PD controllers improve transient response, providing
faster damping and reduced overshoot in systems where error rate dynamics matter. The com-
bination of these actions in a PID controller leverages the advantages of proportional, integral,
and derivative terms, achieving a balanced performance in terms of accuracy, speed, and sta-
bility. However, all these controllers require careful tuning of their respective gains to balance
stability, responsiveness, and robustness, and heuristic tuning methods such as the Ziegler—
Nichols rules are often employed as starting points in practice [7,8]. Because PI, PD, and PID
controllers lack explicit model knowledge of the processes they govern, optimization methods
have been widely explored to systematically determine optimal gain parameters that minimize
performance indices such as rise time, overshoot, and steady-state error. In addition to Parti-
cle Swarm Optimization (PSO), various metaheuristic techniques such as Genetic Algorithms
(GA), Grey Wolf Optimizer (GWO), Ant Colony Optimization (ACO), and Differential Evo-
lution (DE) have been successfully applied to tune controller parameters. These approaches
enable automated and efficient search of the parameter space, resulting in improved dynamic
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responses and enhanced robustness compared to manually tuned gains [9-13]. Moreover, hy-
brid structures that combine PD with optimal control frameworks, such as tuning PD gains
within a Linear Quadratic Regulator (LQR) architecture using metaheuristic methods like
Biogeography Based Optimization (BBO), have demonstrated that combining classical con-
trol with optimal criteria can yield superior performance in transient behavior and robustness
relative to standalone PD or LQR designs [14]. LQR itself represents a staple of optimal
control theory, formulating control design as the minimization of a quadratic cost function
over state and control effort and providing inherent robustness and guaranteed gain and phase
margins for linear systems; its effectiveness makes it a popular choice for multi input multi
output (MIMO) systems, though the selection of its weighting matrices (Q and R) often ne-
cessitates additional tuning or optimization to balance performance trade offs [15]. Beyond
linear approaches, Sliding Mode Control (SMC) is recognized as a robust nonlinear control
strategy that forces system trajectories onto a predefined sliding surface, offering strong dis-
turbance rejection and insensitivity to parameter variations, which is particularly valuable in
uncertain or highly nonlinear environments [16]. The main drawback of classical SMC is the
so-called chattering phenomenon, characterized by high-frequency oscillations around the
sliding surface. To mitigate this issue, many researchers have proposed advanced approaches,
including high-order sliding mode control (HOSMC), which shifts the discontinuity to higher
derivatives of the control signal, significantly reducing chattering while preserving robust-
ness. In addition, adaptive laws and hybrid strategies integrating fuzzy logic, adaptive or
neural networks have also been employed to achieve smoother control actions and improved
performance [17-19]. Comparative studies across these controller types (PI, PD, LQR, SMC,
HOSMC) in various applications, such as DC converters, servo motors, or robotic manipula-
tors, illustrate that while simple proportional based controllers can suffice for systems with
mild nonlinearity or well known dynamics, optimal and robust controllers like LQR and SMC
generally achieve better performance under disturbances and model uncertainties; however,
they may require more sophisticated tuning, modeling efforts, or optimization routines. In
the context of advanced control for precision systems (e.g., deep space antenna tracking),
optimization-assisted tuning and hybrid controllers that blend the strengths of classical and
robust or optimal techniques continue to attract significant research attention, as they offer
pathways to enhanced precision, stability, and robustness that individual classical controllers
struggle to deliver alone [20].

1.3 Motivation

The success of deep space missions critically depends on the ability to maintain re-
liable communication links between spacecraft and ground stations. Due to the immense
distances involved, the signals transmitted by spacecraft are extremely weak when they reach
Earth. High-gain antennas with narrow beamwidths are required to capture these signals ef-
fectively; however, their narrow beams make the system highly sensitive to misalignment or
pointing errors. Even small deviations in antenna orientation can cause a significant reduc-
tion in received signal strength, leading to loss of data, degraded telemetry, and compromised



scientific measurements. Therefore, precise positioning and accurate tracking of the antenna
are essential to ensure mission success and maximize the quality of the communication link.

Traditional control strategies, such as manually tuned PID controllers or classical sys-
tems, have been widely employed for antenna positioning. While these methods are simple
and computationally efficient, they often struggle to maintain optimal performance under
real-world conditions. Mechanical disturbances such as friction, backlash, wind gusts, and
thermal expansion introduce non-linearities and uncertainties that conventional controllers
may not handle effectively. Furthermore, fixed PID gains that are tuned for nominal condi-
tions may fail to provide adequate tracking performance under varying operational scenarios,
resulting in slow response, overshoot, or residual steady-state error.

The increasing complexity of deep space missions, combined with the stringent re-
quirements for high-gain, narrow-beam antennas, highlights the need for advanced control
strategies capable of optimizing performance automatically. Intelligent and metaheuristic
optimization methods, such as Ant Colony Optimization (ACO), offer a promising approach
for tuning controller parameters, enhancing robustness, and improving pointing accuracy. By
integrating classical control techniques with optimization algorithms, it becomes possible to
overcome the limitations of conventional methods and ensure reliable, high-quality commu-
nication links over vast interplanetary distances.

1.4 Problem statement
Maintaining precise orientation of a deep space antenna is challenging due to:
* Mechanical disturbances (backlash, friction, wind)
* Nonlinear dynamics of azimuth-elevation drives

* Wide range of operating conditions

Classical PID tuning is inadequate for all scenarios.

Objective: Develop a control strategy that ensures optimal antenna pointing using PID
with optimization tuning techniques.

1.5 Research gap

Despite extensive research on deep space antenna control using classical techniques
such as PID, sliding mode, and robust controllers, several critical limitations remain. Most
existing studies focus on tuning controller parameters using a single optimization algorithm,
often targeting only one performance metric such as tracking error, while neglecting oth-
ers like control energy consumption, robustness to disturbances, and system response time.
Furthermore, hybrid optimization approaches that combine multiple algorithms to enhance
performance have been scarcely explored. Additionally, many works are limited to simu-
lation studies with simplified models of antenna dynamics, and realistic environmental dis-
turbances such as structural vibrations, thermal effects, and wind are often underrepresented.
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These limitations indicate a clear need for a comprehensive investigation that compares differ-
ent optimization techniques, explores hybrid and multi-objective optimization strategies, and
evaluates performance under more realistic operational conditions. Addressing these gaps
will contribute to the development of more efficient, robust, and reliable deep space antenna
control systems.

1.6 Objectives

The primary objective of this thesis is to develop an efficient and robust position control
system for a deep space antenna that ensures high pointing accuracy and reliable communi-
cation with distant spacecraft. To achieve this, the study focuses on the following specific
objectives:

1. Model the dynamics of a deep space antenna
* Develop a mathematical and mechanical model representing the azimuth and el-
evation movements of the antenna.
* Include key dynamic factors such as inertia, damping, and external disturbances
that influence antenna motion.
2. Design a PID controller for azimuth and elevation control
* Implement classical PID controllers to regulate the antenna’s position along both
axes.
* Establish control laws that minimize pointing error while ensuring system stabil-
ity.
3. Optimize PID parameters using optimization techniques
* Apply the Ant Colony Optimization (ACO) metaheuristic algorithm to automati-
cally tune the PID gains for optimal performance.
* Define a suitable fitness function that considers pointing error, response time, and
robustness.
4. Evaluate the performance of the proposed control system
The system will be assessed under various operating conditions using the following
performance metrics:
* Pointing accuracy: Ensure the antenna maintains precise alignment with the
target spacecraft, minimizing angular errors.

* Response time: Achieve fast settling to the desired position with minimal over-
shoot.

* Disturbance rejection: Maintain stability and tracking performance under exter-
nal disturbances such as wind or mechanical friction.



* Robustness: Verify consistent performance under variations in system parame-
ters or operating conditions.

By systematically addressing these objectives, this thesis aims to demonstrate the effec-
tiveness of optimized PID control in enhancing the precision and reliability of deep space an-
tenna positioning systems, thereby improving communication link quality with distant space-
craft.

1.7 Contributions

This thesis makes several key contributions to the field of deep space antenna control
by integrating classical control techniques with metaheuristic optimization. The main contri-
butions are summarized as follows:

1. Development of a PID-based position control system for a deep space antenna

* A robust control framework has been designed to regulate the azimuth and eleva-
tion movements of the antenna.

* The PID controller ensures accurate tracking of the spacecraft’s line-of-sight while
maintaining system stability.

2. Implementation of optimization techniques for PID parameter optimization

* The thesis applies the Ant Colony Optimization (ACO) algorithm to automatically
tune the PID gains, overcoming the limitations of manual tuning.

* The optimization process considers key performance metrics, such as pointing
accuracy, response time, and disturbance rejection, to achieve optimal control
performance.

3. Demonstration of improved performance compared to manually tuned PID con-
trollers

* Through simulation studies, the proposed optimized PID system exhibits enhanced
tracking accuracy and faster response compared to conventional PID controllers.

* The results highlight the advantages of integrating metaheuristic optimization
with classical control methods for high-precision applications.

4. Simulation and analysis of system performance under various operating condi-
tions

* The study provides a detailed analysis of tracking error, overshoot, and settling
time under different disturbances and parameter variations.

* This evaluation demonstrates the robustness and reliability of the proposed con-
trol strategy, ensuring its applicability for real-world deep space communication

scenarios.



In summary, the thesis presents a comprehensive methodology for improving deep
space antenna positioning, combining PID control with optimization techniques to enhance
pointing precision, dynamic response, and robustness, ultimately contributing to more reli-
able and effective deep space communication.

1.8 Thesis Structure

The remainder of this thesis is organized into six chapters, each addressing a critical
aspect of the design, implementation, and evaluation of a deep space antenna position con-
trol system. Chapter 2 presents a detailed mathematical and mechanical model of the deep
space antenna, covering the dynamics of the azimuth and elevation axes, the formulation of
the line-of-sight vector, and the analysis of pointing errors, thereby establishing the founda-
tion for control system design. Chapter 3 focuses on control techniques and design, where
classical and modern strategies for antenna positioning are developed; in particular, the PID
controller for azimuth and elevation control is introduced, its limitations are discussed, and
the groundwork for performance enhancement through optimization is established. Chapter 4
is devoted to optimization techniques, highlighting metaheuristic approaches for tuning PID,
SMC, and the optimized PID parameters. Chapter 5 presents simulation results and perfor-
mance evaluation of the proposed control system, including a comparative analysis between
classical PID, SMC, and optimized PID controllers based on key metrics such as pointing
accuracy, response time, disturbance rejection, and robustness under various operating con-
ditions. Finally, Chapter 6 presents the general conclusions of this thesis, summarizing the
main findings and key contributions. It also highlights potential directions for future research,
including multi-objective optimization and the integration of advanced control strategies.



Chapter 2

Deep space antenna modeling

2.1 Introduction

Modeling the electromechanical dynamics of a deep space antenna is a fundamental
step in the design and analysis of high-precision tracking systems. Deep space antennas are
large ground-based parabolic structures used to communicate with spacecraft operating mil-
lions or even billions of kilometers from Earth. Unlike conventional antennas, deep space
antennas require extremely high gain and very narrow beamwidths, making them highly sen-
sitive to even small angular deviations in pointing direction. Therefore, accurate system mod-
eling is essential to understand how the antenna responds to control inputs, disturbances, and
parameter uncertainties, ensuring reliable communication over vast distances [21].

This chapter focuses on the dynamic modeling of the deep space antenna tracking
system, highlighting its electromechanical nature. The antenna is typically mounted on an
azimuth-elevation (AZ-EL) gimbal structure, which enables rotation around two orthogonal
axes: the azimuth axis (horizontal motion) and the elevation axis (vertical motion). Each axis
is driven by an actuator, typically a DC motor coupled through a gear transmission system.
The system behavior is therefore governed by the interaction between electrical dynamics (ar-
mature circuit), mechanical dynamics (rotational motion), and electromechanical coupling ef-
fects. For each axis, the DC motor converts electrical energy into mechanical torque through
the armature current, while the rotational motion generates a back electromotive force (back-
EMEF) that influences the electrical subsystem. This coupling results in a nonlinear but com-
monly linearized electromechanical model, where the antenna angle, angular velocity, and
motor current are considered as the main state variables.

The dynamics of each axis are influenced by physical parameters such as inertia, vis-
cous friction, motor torque constant, and electrical resistance and inductance. Additionally,
external disturbances such as wind loading, structural vibrations, and mechanical friction
can affect system performance. Incorporating these effects provides a realistic representa-
tion of antenna behavior under operational conditions. The model also considers practical
operational constraints, including maximum angular velocity, acceleration limits, actuator
saturation, and mechanical nonlinearities such as backlash, stiction, and structural flexibility.
These constraints are critical for ensuring stable operation, avoiding overshoot, and maintain-



ing precise pointing accuracy during long-duration deep space missions [4].

Furthermore, the developed model establishes the relationship between antenna mo-
tion and the line-of-sight (LOS) vector directed toward the spacecraft. This relationship is
essential for computing pointing errors, which form the basis of feedback control in track-
ing systems. The resulting mathematical representation is typically expressed in state-space
form, which is suitable for modern control design techniques such as PID, LQR, and Kalman
filtering. Figure 2.1 illustrates the mechanical structure of a typical deep space antenna, show-
ing the azimuth and elevation axes, the gimbal system, and the line-of-sight vector pointing
towards a spacecraft.

Dish Reflector e, .‘c---* '

-

. 3 — " Line-of-Sight "
Elevation Axis il VL to Spacecraft
(Tilg) —

Gimbal System r

Azimuth Axis
(Rotation)

Figure 2.1: Schematic of a deep space antenna showing azimuth and elevation axes and line-
of-sight vector

In position control systems for antenna applications, different types of actuators can be
used, such as DC motors, stepper motors, or servo systems. The selection of the appropri-
ate actuator depends on the required torque, speed response, and positioning accuracy. In
this work, a DC motor is adopted as the main actuator due to its simplicity, reliability, and
well-established control modeling framework. The operating principle of the DC motor is
based on electromechanical energy conversion, where the applied armature voltage generates
a current that produces electromagnetic torque. This torque drives the mechanical rotation of
the antenna, while the back-EMF provides an internal feedback mechanism linking mechan-
ical motion to electrical behavior. In summary, this section presents the electromechanical
modeling framework of the deep space antenna tracking system. The developed model cap-
tures both the electrical and mechanical dynamics of the DC motor-driven AZ-EL structure,
as well as the operational constraints and disturbances affecting system performance. This
modeling foundation is essential for the subsequent development of precise tracking control
strategies required to maintain reliable communication with distant spacecraft [22].
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2.2 System Description

The deep space antenna tracking system is a highly precise electromechanical system
designed to maintain continuous alignment between a ground-based parabolic antenna and a
distant spacecraft. Due to the extremely narrow beamwidth associated with high-frequency
deep space communication links, even small angular deviations can result in significant signal
degradation or complete link loss. For this reason, the system relies on a closed-loop tracking
architecture that combines trajectory reference generation, real-time error estimation, and
high-performance servo control. The following subsections describe the main physical and
control components of the system, starting with the antenna mechanical structure [23].

2.2.1 Antenna Structure

The deep space antenna considered in this work is a large parabolic reflector system de-
signed for high-gain, narrow-beamwidth communication with distant spacecraft. Its mechan-
ical structure is composed of a rigid parabolic dish mounted on a two-axis azimuth-elevation
(AZ-EL) gimbal system, which enables precise orientation of the antenna in space. The az-
imuth axis allows horizontal rotation of the antenna around the vertical axis, covering a full
360° range of motion. This motion is typically implemented using a high-torque DC mo-
tor coupled with a gear reduction system to ensure sufficient positioning accuracy and load
handling capability. The elevation axis controls the vertical tilt of the antenna, enabling it
to point from the horizon (0°) to the zenith (90°). Similar to the azimuth axis, the elevation
motion is driven by a DC motor and gear assembly designed to support the antenna’s large
moment of inertia. The parabolic reflector is the main radiating and receiving element of
the system. It is designed to focus electromagnetic waves onto the feed antenna located at
the focal point of the parabola. Due to the high operating frequencies used in deep space
communication (typically S-band, X-band, or Ka-band), the antenna exhibits a very narrow
beamwidth, making precise mechanical pointing essential for maintaining a stable commu-
nication link. The entire structure is mounted on a rigid base to minimize vibrations and
mechanical deflections caused by environmental disturbances such as wind loads or ground
motion. However, small structural deformations and mechanical flexibilities still exist and
may influence the pointing accuracy, especially in large antennas. Each axis is equipped with
high-resolution encoders that measure the angular position of the antenna in real time. These
measurements are used as feedback signals in the control system to ensure accurate tracking
of the desired line-of-sight direction toward the spacecraft. Figure 2.2 illustrates the general
configuration of the antenna system, showing the parabolic reflector, azimuth and elevation
axes, and the mechanical gimbal structure [23,24].
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Figure 2.2: Mechanical structure of the deep space antenna showing azimuth-elevation gim-
bal system and parabolic reflector

The antenna structure is a two-degree-of-freedom (2-DOF) mechanical system designed
to provide precise orientation of a high-gain parabolic reflector. Its mechanical configuration
forms the basis for the electromechanical modeling and control design presented in the fol-
lowing sections.

2.2.2 Actuation System

The actuation system of the deep space antenna is modeled using the electromechanical
DC motor configuration shown in Figure 2.3. The system consists of an electrical armature
circuit coupled to a mechanical rotational load representing the antenna axis. The electrical
and mechanical coupling of the DC motor is illustrated in Figure 2.3 [25].

R, Lq

-
( 0
/T
0 Bw !

Figure 2.3: Electrical circuit and mechanical coupling of a DC motor
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As illustrated in Figure 2.3, the electrical subsystem is composed of an applied voltage
source V,(¢), an armature resistance R, and an armature inductance L,. The resulting arma-
ture current i(7) generates the electromagnetic torque required to drive the antenna motion.
The electrical dynamics of the system are given by [25]:

Va(t) = R,i(2) + Lad;—(tt) + K.w(t) (2.1)

Where, K, w(t) represents the back electromotive force induced by the rotational motion
of the motor. The mechanical part of the system, shown on the right side of Figure 2.3,
consists of the equivalent inertia J,, viscous friction Bw(t), the output angular position 6(z),
and an external load torque 7; () representing disturbances such as wind effects and structural
resistance. The mechanical dynamics are described by [25]:

dw(t)
dt
Where the electromagnetic torque is given by [25]:

Ju + Bw(t) = 7(t) — 11(¢) (2.2)

7(1) = K;i(1) (2.3)

The angular position of the antenna axis is obtained from

6(t) = w(t) (2.4)

The diagram clearly illustrates the coupling between the electrical and mechanical do-
mains. The armature current i(¢) generates torque 7(¢), which drives the rotational motion of
the antenna characterized by 6(¢). Conversely, the rotational motion generates a back-EMF
proportional to w(t), which influences the electrical subsystem. This electromechanical in-
teraction forms the basis of the antenna actuation system and is essential for deriving the
state-space representation used in control system design.

2.2.3 Block Diagram of the Antenna Tracking System

The deep space antenna tracking system can be represented using a closed-loop control
architecture, where the objective is to ensure that the antenna pointing angles (azimuth and
elevation) accurately follow a time-varying reference generated from spacecraft ephemeris
data. The overall system integrates a reference generator, a control law, an electromechanical
actuator (DC motor), and a feedback measurement system [26]. Figure 2.4 illustrates the
general block diagram of the antenna position control system.
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Figure 2.4: Block diagram of the deep space antenna tracking control system

The system operates as a closed-loop feedback structure. The reference input repre-
sents the desired antenna pointing angles, denoted as 6, ¢(¢), which are computed from the
predicted position of the spacecraft. These reference angles are continuously compared with
the actual antenna position 6(#), measured using high-resolution encoders mounted on each
axis. The resulting tracking error is defined as follows:

e(1) = Ores (1) — 6(1) 23)

This error signal is processed by the controller, which generates the appropriate control
input voltage V,(¢) for the DC motor. The controller may be implemented using classical or
modern techniques such as PID, state feedback, or optimal control (LQR), depending on the
required performance specifications. The DC motor acts as the actuator of the system, con-
verting the electrical input V,(¢) into mechanical torque 7(¢). This torque drives the antenna
through a mechanical transmission system, resulting in the angular displacement 6(¢). The
mechanical subsystem is affected by inertia J,, viscous friction Bw(t), and external load dis-
turbances 7;(¢), which may include wind effects and structural perturbations. The feedback
loop is closed through angular position sensors that continuously measure 6(¢) and provide
real-time information to the controller. This closed-loop configuration ensures robustness
against disturbances and model uncertainties, while maintaining the high pointing accuracy
required for deep space communication. The block diagram highlights the interaction be-
tween the reference generation, control algorithm, electromechanical actuator, and feedback
sensing system. This representation serves as the foundation for the mathematical modeling
and control design developed in the subsequent sections [27].

2.3 Modeling Assumptions

In order to establish a tractable and physically consistent mathematical model of the
deep space antenna system, several simplifying assumptions are introduced. These assump-
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tions allow the system dynamics to be represented in a linear and analyzable form while
preserving the essential behavior relevant to control design.

 First, the actuator is modeled as a linear DC motor, where the electrical and mechanical
dynamics are assumed to follow standard linear relationships between voltage, current,
torque, and angular velocity. This enables the use of well-known parameters such as
armature resistance, inductance, and torque constant in the modeling process.

* Second, the antenna mechanical structure is considered rigid, meaning that structural
flexibilities, vibrations, and deformations of the reflector and supporting arms are ne-
glected. This assumption is reasonable for control-oriented modeling when the domi-
nant dynamics are rotational rather than structural.

* Third, mechanical nonlinearities such as backlash in gears or transmission elements
are neglected. This implies an ideal power transmission between the motor and an-
tenna axis, without dead zones or hysteresis effects, simplifying the torque-to-motion
relationship.

* Fourth, when angular displacements are small around the operating point, the small-
angle approximation is applied. This allows linearization of trigonometric terms, which
is particularly useful for simplifying the nonlinear rotational dynamics into linear dif-
ferential equations.

* Finally, the azimuth (AZ) and elevation (EL) axes are assumed to be decoupled. In
other words, the motion of one axis does not influence the dynamics of the other. This
assumption enables independent single-input single-output (SISO) modeling of each
axis, significantly reducing model complexity while maintaining sufficient accuracy
for control design purposes.

2.4 DC Motor Mathematical Model

The DC motor used in the antenna actuation system is modeled as a coupled electrome-
chanical system. The model is derived by combining the electrical dynamics of the armature
circuit with the mechanical rotational dynamics of the motor shaft. This representation is es-
sential for developing a control-oriented model of the antenna system. The electrical behavior
of the armature circuit is governed by Kirchhoff’s voltage law, which gives [25]:

V.(t) = R,i(t) + Lad;—(tt) + K.w(t) (2.6)

Where, V,(?) is the applied armature voltage, i(¢) is the armature current, R, and L,
are the resistance and inductance of the armature circuit, respectively, and K, w(?) represents
the back electromotive force generated due to the rotational motion. The rotational dynamics
of the motor shaft are described by Newton’s second law for rotational systems [25]:

dw(t)

J
“dt

+ Bw(t) = 7(t) — 7;(1) 2.7)
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Where, J, is the equivalent moment of inertia, B is the viscous friction coefficient, 7;(¢)
is the external load torque, and 7() is the electromagnetic torque produced by the motor. The
electromagnetic torque is proportional to the armature current and is given by [25]:

7(t) = K;i(1) (2.8)
The angular position of the motor shaft is related to its angular velocity by [25]:

dfl—(tl) = w(1) (2.9)

By combining the electrical and mechanical equations, the complete dynamic behavior

of the DC motor can be described. The system clearly shows the coupling between electrical

and mechanical domains, where the armature current generates torque, and the rotational mo-

tion induces back electromotive force. For control design purposes, the armature inductance

L, is often neglected due to its small effect compared to the electrical and mechanical time
constants. Under this assumption, the electrical equation becomes [28]:

Va(t) — Kew(2)

(1) = 2.10
i1 Ra 2.10)
Substituting this expression into the mechanical equation yields [28]:
dw(t KK, K
g, 2o (B+ ! )w(t) = 2Va(0) =) @.11)
Finally, the system output is given by [28]:
do(r)
— =w(t 2.12
- = o) @.12)

This reduced-order model is widely used for control system design as it captures the
dominant dynamics of the DC motor while simplifying analysis and controller synthesis.

2.5 State-Space Modeling (Single Axis First)

For control system design and analysis, it is convenient to represent the DC motor dy-
namics in state-space form. This formulation provides a compact representation of the system
dynamics and is particularly suitable for modern control techniques such as state feedback,
observers, and optimal control. In this section, the state-space model is derived for a single
antenna axis. The model is obtained from the reduced-order electromechanical representa-
tion of the DC motor, where the armature inductance is neglected due to its relatively small
influence on the system dynamics. The mechanical dynamics of the DC motor, including the
electrical coupling, are given by:

Ja d(,l)(t) + (B K[Ke

K;
- + —) w(t) = R—aVa(t) —7(1) (2.13)

R4
The kinematic relationship between angular position and angular velocity is expressed
as follows:
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do(t)

These two equations fully describe the rotational dynamics of the antenna axis. To
obtain a state-space representation, the following state variables are defined as follows:

x1(t) = 6(t) (angular position) (2.15)

x2(t) = w(t) (angular velocity) (2.16)

The system input is defined as the armature voltage:

u(t) = Vy(1) (2.17)

and the external disturbance is the load torque acting on the shaft:

d(t) = 7(2) (2.18)

Using the definitions above, the system dynamics can be rewritten in first-order form.
From the kinematic equation:

X1(1) = x2(2) (2.19)
From the mechanical equation:
. 1 | K KK,
=—|= -|B -d 2.20
()= [Ra”(” ( = )X2(t) <t>] (2.20)

These equations represent the complete dynamic behavior of the single-axis antenna
drive system. The controlled output of the system is the angular position of the antenna axis:

y(t) = x1(1) 2.21)

The system can now be written in standard state-space form:

X(t) = Ax(t) + Bu(t) + Ed(t) (2.22)
y(t) = Cx(1) (2.23)
Where the state vector is:
R EAGIERIIG)
x(t) = LQ(I)] = [w(t)} (2.24)

The system matrices are defined as follows:
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0 1
A= KK (2.25)
0 4 (B+ R—)]
0
B=| (2.26)
JaR,
0
E=| ] 2.27)
~7a
C = [1 0] (2.28)

This state-space model provides a complete representation of the single-axis antenna
actuator dynamics. The matrix A captures the natural system behavior, including damping
effects due to friction and electrical coupling. The matrix B describes how the input voltage
influences the system, while the matrix E represents the effect of external disturbances such
as wind load or structural resistance. This formulation is particularly useful for controller
design, as it allows the application of modern control techniques such as pole placement,
LQR design, and observer-based control. In the next section, this single-axis model will be
extended to the full two-axis (azimuth and elevation) antenna system.

2.6 Extension to 2-Axis System (AZ/EL)

The deep space antenna tracking system consists of two rotational degrees of freedom
corresponding to the azimuth (AZ) and elevation (EL) axes. Each axis is driven by an inde-
pendent DC motor and is assumed to follow the same electromechanical structure derived in
the previous section. Under the decoupling assumption, the interaction between both axes is
neglected, meaning that the dynamics of each axis evolve independently. This allows the ex-
tension of the single-axis state-space model to a two-axis formulation. The angular positions
and velocities of the two axes are defined as follows [29]:

0az (1), waz(t) =0az(1) (2.29)

0pL(t), weL(t) = 0pL (1) (2.30)

Each axis is driven by its corresponding input voltage:

uaz(t) = Vaaz(t), upp(t) =Vuer(1) (2.31)

and is subjected to external disturbances (load torques):

daz(t) = 1142(t), der(t) = 1eL(t) (2.32)

The global state vector of the system is defined as follows [29]:
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Oaz(t)
_ |waz(1)
xw =V (2.33)

wgr(1)

The azimuth axis dynamics are given by [29]:

0az(t) = waz (1) (2.34)

) 1 KiazKe az Kiaz 1
Waz(t) = ——— |Baz + —222922 ) a7 (1) + —22—upz (1) — —daz(t)  (2.35)
Jaz Ruaz JazRaaz Jaz

Similarly, the elevation axis dynamics are [29]:

OpL(1) = weL(?) (2.36)
| K.riK. K, 1
wer(t) = —— (BeL + M) wer () + —Z up (1) - —dp (1) (2.37)
JEL RuEL JELR4.EL JEL

The complete two-axis system can be written in a compact form [29]:

Xx(t) = Ax(t) + Bu(t) + Ed(t) (2.38)
y(t) = Cx(1) (2.39)
Where:
uaz(t) daz(1)
u(t) = , d(t) = (2.40)
) [”EL(t) ) der(t)
The system matrices have a block-diagonal structure:
A |tz 0 (2.41)
0 AgL
p=|Brz 0 . E=|Bnz 0 (2.42)
0 BEL 0 EEL
1
C = 000 (2.43)
0010

This formulation represents the complete two-axis antenna tracking system in a unified
state-space form. The block-diagonal structure of the system matrices reflects the decoupling
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assumption between azimuth and elevation dynamics. This simplifies the controller design
process, allowing independent or coordinated control strategies to be applied to each axis
depending on system requirements. The developed model serves as the foundation for ad-
vanced control techniques such as multivariable control, robust control design, and trajectory
tracking for deep space antenna pointing systems. The main objective of a deep space antenna
system is to maintain precise alignment with a moving spacecraft. This requires continuously
computing the Line-of-Sight (LOS) direction and converting it into azimuth and elevation an-
gles for antenna pointing control. The position of the spacecraft in a global inertial reference
frame is defined as follows:

xs(1)
rs(1) = |ys(1) (2.44)
Zs(t)

Similarly, the position of the ground antenna is:

r, = |ya (2.45)
Za

The Line-of-Sight vector from the antenna to the spacecraft is therefore:

ros(t) = 1y(f) — 1y (2.46)

The LOS vector is converted into spherical coordinates to obtain the required pointing
angles. The azimuth angle is defined as follows:

—1 [ Ylos (t) )
Oreraz(t) = tan™ | =22 (2.47)
ef,Az(1) (xzos(l)
The elevation angle is defined as follows:
t
OrepErL(t) = tan™! Ztos (1) (2.48)

Xios (1) + Viy (1)

These angles represent the reference trajectory that the antenna must follow to main-
tain communication with the spacecraft. The control objective of the antenna system is to
minimize the tracking error between the reference LOS angles and the actual antenna angles.
The pointing errors for each axis are defined as:

eaz(t) = Oreraz(t) —Oaz(1) (2.49)

eer(t) = OrerEL(t) — OpL(2) (2.50)

In vector form:
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t Ore 1) —0az(t
o(r) = eaz(1)| _ |Ores.az(t) = 0az(1) 2.51)
epr(t) OrerEL(t) — OEL(2)
The primary objective of the tracking system is therefore:
lime(t) =0 (2.52)

—00

This ensures that the antenna axis remains aligned with the spacecraft LOS direction,
maintaining stable communication and optimal signal reception. This formulation establishes
the direct link between the physical motion of the spacecraft and the control input of the
antenna system. The LOS geometry provides the reference trajectory, while the pointing
error defines the feedback variable used in controller design. This connection is fundamental
for the development of tracking controllers in deep-space communication systems.

2.7 System Constraints

In practical antenna systems, the actuator and mechanical structure are subject to phys-
ical limitations and external disturbances. These constraints must be considered to ensure
realistic modeling and reliable control system design.

2.7.1 Actuator Saturation

The input voltage applied to the DC motor is limited by the power electronics and supply
constraints. This limitation can be expressed as follows [30]:

Va,min < Va(l) < Va,max (253)

This saturation affects the achievable torque and may lead to performance degradation
or nonlinear behavior if not properly handled in the control design.

2.7.2 Angular Velocity Limits

The rotational speed of the antenna axis is bounded due to mechanical and safety con-

straints [31]:
lw(1)| < Wmax (2.54)

Exceeding this limit may result in structural stress or reduced pointing accuracy.

2.7.3 Acceleration Limits

The angular acceleration is also limited to prevent excessive mechanical stress and to
ensure smooth motion [32]:

’d“’(” < e 2.55)

dt
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This constraint is particularly important during rapid tracking maneuvers.

2.7.4 Wind Disturbance

External disturbances such as wind forces introduce additional torques acting on the
antenna structure. This effect is modeled as a disturbance torque [33]:

Tl(t) = Twind(t) (2.56)

where, 7,,;,4(t) represents time-varying aerodynamic forces. These disturbances can
significantly affect pointing accuracy, especially for large reflector antennas.

2.7.5 Mechanical Backlash

Backlash in the gear transmission introduces a dead-zone nonlinearity in the system.
Although it is neglected in the primary model for simplicity, its effect can be represented as
follows [34]:

0(t) — A, ifo(r)>A
Oer() = 0, if |0(2)| < A (2.57)
() + A, if0(r) <-A
Where, A is the backlash width.

2.8 Conclusion

This chapter has presented a comprehensive mathematical modeling of the deep space
antenna system, which serves as the foundation for the control design developed in the fol-
lowing chapters. The antenna was modeled as a two-degree-of-freedom azimuth-elevation
(AZ-EL) mechanical structure, with each axis modeled using rigid-body rotational dynamics.
The modeling process began by defining the mechanical structure and its degrees of freedom,
highlighting the role of azimuth and elevation motions in achieving full spatial tracking ca-
pability. The azimuth axis was modeled as a simplified second-order system driven by a DC
servo motor, while the elevation axis was modeled as a nonlinear rotational system due to the
presence of gravitational torque. In addition, detailed electromechanical models of the DC
servo motors were developed for both azimuth and elevation subsystems. A third-order trans-
fer function represented the azimuth drive system, while the elevation subsystem included
nonlinear gravitational effects that significantly influence its dynamic behavior.

Coupling effects between the two axes were also discussed and shown to be relatively
weak under normal operating conditions. As a result, a decoupled modeling approach was
adopted, where each axis is treated as an independent subsystem with bounded interaction
effects. In order to facilitate controller design, the nonlinear model was linearized around a
nominal operating point, and a unified state-space representation of the system was derived.
This representation clearly highlighted the multi-input multi-output (MIMO) structure of the
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antenna system and provided a suitable framework for modern control techniques. Finally,
external disturbances and uncertainties such as wind loads, friction, structural vibrations, and
parameter variations were modeled as additive bounded inputs. These disturbances play a crit-
ical role in degrading pointing accuracy and, therefore, must be considered in the controller
design. In summary, the developed model provides a realistic and sufficiently accurate rep-
resentation of the deep space antenna dynamics. It captures the essential physical effects,
including inertia, damping, gravitational nonlinearity, and external disturbances. This mod-
eling framework constitutes the basis for the design and implementation of robust control
strategies in the next chapter, aimed at achieving high-precision pointing and reliable track-
ing performance under real operational conditions.
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Chapter 3

Control Techniques

3.1 Introduction

The design of accurate and robust control strategies is a critical requirement in deep-
space antenna tracking systems. These systems must maintain precise alignment with a mov-
ing spacecraft despite the presence of external disturbances, model uncertainties, and nonlin-
ear dynamics. Such constraints make the control problem particularly challenging, especially
in high-frequency communication systems where even minor pointing errors can significantly
degrade signal quality. Based on the mathematical modeling developed in Chapter 2, the
antenna system can be represented as a multi-input multi-output (MIMO) dynamic system
consisting of two main subsystems: the azimuth and elevation axes. The azimuth axis is gen-
erally characterized by linear second-order dynamics driven by a DC servo motor, while the
elevation axis introduces nonlinear behavior due to gravitational torque effects. In addition,
both axes are affected by disturbances such as wind loads, friction, and structural vibrations.

In order to address these challenges, this chapter focuses on the design of several control
strategies. First, classical linear controllers, including Proportional-Integral (PI), Proportional—
Derivative (PD), and Proportional-Integral-Derivative (PID) controllers, are presented. These
controllers are widely used in engineering applications due to their simplicity, effectiveness,
and ease of implementation. In addition to classical methods, a nonlinear robust control ap-
proach, namely Sliding Mode Control (SMC), is also introduced. SMC is known for its strong
robustness against parameter uncertainties and external disturbances, making it particularly
suitable for nonlinear systems with varying operating conditions. The main objective of this
chapter is therefore to develop and analyze PI, PD, PID, and SMC controllers for the antenna
system, and to evaluate their performance in terms of tracking accuracy, stability, and ro-
bustness. This provides a solid foundation for the subsequent chapter, where optimization
techniques will be applied to further enhance controller performance.

3.2 Proportional-Integral (PI) Controller

The Proportional-Integral (PI) controller is a widely used feedback control strategy due
to its simplicity and its ability to eliminate steady-state error. It combines proportional action,
which reacts to the current system behavior, with integral action, which accumulates past
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information to improve long-term accuracy. The PI controller is commonly used in systems
where steady-state precision is more critical than fast transient response [35].

3.2.1 Control Law

The PI control law is expressed as follows [35]:

u(t) = Kpe(t) + K; /Ot e(t)dr (3.1)
Where:
* K, is the proportional gain,
* K; is the integral gain,

* u(t) is the control signal applied to the system.

3.2.2 Closed-Loop PI Control Structure

The PI controller is implemented in a closed-loop feedback configuration to ensure
continuous correction of the system output. The general structure is shown in Figure 3.1 [36].
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Figure 3.1: Closed-loop structure of a PI control system

In this configuration, the system output is continuously compared to the reference input,
and the controller adjusts the control signal to reduce the deviation over time.
3.2.3 Transfer Function Representation

In the Laplace domain, the PI controller is represented as follows [35]:

K:
C(s) =K, +— (3.2)
s
The Equation 3.2 can be represented in the equivalent form as follows [35]:

KPS + K;

C(s) = (3.3)
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3.2.4 Role of Each Term

The PI controller consists of two complementary actions [35]:

* Proportional action: improves the transient response by reacting to current system
behavior.

* Integral action: eliminates steady-state error by accumulating past errors.

3.2.5 Advantages

Eliminates steady-state error,

Simple structure and easy implementation,

Robust performance for slow and moderate systems,

Effective against constant disturbances.

3.2.6 Limitations

Slower transient response compared to PD or PID controllers,

Possible overshoot due to integral accumulation,

Limited performance in highly dynamic systems.

3.2.7 Remarks

The PI controller is widely used as a baseline control strategy due to its simplicity and
ability to ensure steady-state accuracy. However, its performance depends strongly on proper
tuning of its gains, which motivates the use of systematic tuning methods and optimization
techniques in the following sections.

3.3 Proportional-Derivative (PD) Controller

The Proportional-Derivative (PD) controller is a classical feedback control strategy
used to improve the dynamic response of control systems. It combines proportional action,
which reacts to the current system behavior, with derivative action, which provides a predic-
tive effect based on the rate of change of the system output. This makes the PD controller
particularly effective in improving transient performance and enhancing system stability [35].

3.3.1 Control Law
The PD control law is expressed as follows [35]:

de(t)
dt

u(t) = Kpe(t) + K4 (3.4)

Where:
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* K, is the proportional gain,
* K, is the derivative gain,

* u(t) is the control signal applied to the system.

3.3.2 Closed-Loop PD Control Structure

The PD controller is implemented in a closed-loop feedback configuration to ensure
continuous correction of the system output. The general structure is shown in Figure 3.2 [36].
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Figure 3.2: Closed-loop structure of a PD control system

In this configuration, the system output is continuously compared with the reference
input, and the controller generates a corrective signal based on both the magnitude and the
rate of change of the deviation.

3.3.3 Transfer Function Representation

In the Laplace domain, the PD controller is represented as follows [35]:
C(s) =K, +Kys (3.5

3.3.4 Role of Each Term
The PD controller consists of two main components:

* Proportional action: improves response speed by reacting to the current system be-
havior.

* Derivative action: enhances damping by anticipating future system trends and reduc-
ing oscillations.

3.3.5 Advantages
* Improved transient response,
¢ Reduced overshoot and oscillations,
* Increased system damping,

* Simple implementation with low computational cost.
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3.3.6 Limitations

* Does not eliminate steady-state error,
¢ Sensitive to measurement noise due to derivative action,

* Performance depends on proper tuning of gains.

3.3.7 Remarks

The PD controller is mainly used to improve the dynamic behavior of control systems
by enhancing damping and stability. However, due to its inability to eliminate steady-state
error, it is often combined with integral action in more advanced control structures.

3.4 Proportional-Integral-Derivative (PID) Controller

The Proportional-Integral-Derivative (PID) controller is the most widely used feedback
control structure in industrial and engineering applications. It combines the advantages of
proportional, integral, and derivative actions to achieve a balanced trade-off between fast
transient response, accurate steady-state performance, and improved stability. The PID con-
troller is considered a general extension of both PI and PD controllers and is often used as a
baseline controller for a wide range of dynamic systems [35].

3.4.1 Control Law

The PID control law is expressed as follows [35]:

de(t)
dt

u(t) = Kye(t) + K; /t e(t)dt + Ky (3.6)
0

Where:

K, is the proportional gain,

K; is the integral gain,

K, is the derivative gain,

u(t) is the control signal applied to the system.

3.4.2 Closed-Loop PID Control Structure

The PID controller is typically implemented in a closed-loop configuration to ensure
feedback regulation and disturbance rejection. The general structure is shown in Figure 3.3
[36].
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Figure 3.3: Closed-loop structure of a PID control system
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This configuration ensures that the system output is continuously compared with the
reference input, and the control signal is adjusted accordingly to minimize the deviation.
3.4.3 Transfer Function Representation

In the Laplace domain, the PID controller is represented as follows:

K;
C(s) =K, + " + Kys 3.7

The same as previously, the Equation 3.7 can be represented in the equivalent form as
follows:

Kqs* + Kps + K;
C(s) = (3.8)
S

3.4.4 Role of Each Term
The PID controller consists of three complementary actions:
* Proportional action: improves response speed and reduces overall deviation.
* Integral action: eliminates steady-state error by accumulating past system behavior.

* Derivative action: improves damping and reduces overshoot by predicting future trends.

3.4.5 Advantages

* Good balance between transient and steady-state performance,
* Wide applicability to linear and weakly nonlinear systems,
» Simple structure and ease of implementation,

* Improved robustness compared to PI and PD controllers.
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3.4.6 Limitations

* Requires proper tuning of three parameters,

Sensitive to measurement noise, especially in the derivative term,

Performance may degrade in highly nonlinear systems,

Possible overshoot if not properly tuned.

3.4.7 Remarks

The PID controller is widely adopted due to its simplicity and effectiveness. However,
its performance strongly depends on the appropriate tuning of its gains, which motivates the
use of systematic tuning methods and optimization algorithms in the following sections.

3.5 Sliding Mode Control (SMC)

Sliding Mode Control (SMC) is a robust nonlinear control technique widely used for
systems operating under uncertainties, external disturbances, and parameter variations. The
main idea of SMC is to force the system trajectories to reach a predefined surface, called
the sliding surface (Figure 4.2 [37]), and maintain the motion on this surface regardless of
disturbances and model uncertainties. The main advantage of SMC is its robustness property,
which ensures that the closed-loop system becomes insensitive to matched uncertainties once
the sliding mode is reached [38].
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Figure 3.4: SMC sliding surface
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3.5.1 System Description

Consider a general nonlinear system described by [38]:

x(t) = f(x,t) + g(x,)u(t) + d(t) 3.9
Where:

 x(t) is the state vector,

* u(t) is the control input,

* f(x,t) represents the nominal system dynamics,

e g(x,t) is the input gain,

* d(t) represents external disturbances and uncertainties.

The objective is to design a control law u(¢) such that the system output follows a desired
reference trajectory.

3.5.2 Sliding Surface Design

The sliding surface is designed to define the desired error dynamics. A common form
for first-order systems is given as follows:

s(t) = é(r) + de(t) (3.10)
Where:
* ¢(1) is the tracking error,
* 1> (0is a design parameter that determines the convergence rate.

A more general form for higher-order systems is given by [17]:

d n—1
s = (E +/l) e (3.11)
Where:
* s is the sliding surface,
* e is the system error,
* n is the relative degree of the system,

* 1 > (O1isapositive parameter that defines the convergence speed on the sliding manifold.

When s(7) = 0, the system dynamics are reduced to a stable lower-order system.
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3.5.3 SMC Control Law

The sliding mode control law is composed of two parts [17]:

u(t) = Ueq (1) + Usy (1) (3.12)

Where, u,,(t) is the equivalent control and uy,, (¢) is the switching control.

3.5.3.1 Equivalent Control
The equivalent control maintains the system motion on the sliding surface. Itis obtained
by enforcing the condition [17]:
$(x,1) =0 (3.13)
This leads to the following [17]:

f(x,1) + 26(2)
g(x,1)
The equivalent control ensures that once the sliding mode is reached, the system follows

Ueg () = (3.14)

the desired reduced-order dynamics.

3.5.3.2 Switching Control

The switching control is responsible for driving the system trajectories toward the slid-
ing surface. It is defined as follows [17]:

Ugy (1) = —K sign(s) (3.15)

Where, K > 0 is a positive gain selected to overcome disturbances and uncertainties. In
order to reduce the chattering effect, the discontinuous function can be approximated using a
boundary layer approach [39]:

sign(s) ~ sat (%) (3.16)
Where, ¢ > 0 defines the boundary layer thickness.

3.5.4 Reaching Condition

In order to ensure convergence toward the sliding surface, the following condition must
be satisfied [40]:

s(1)s(t) <0 (3.17)

This condition guarantees that the system trajectories are always directed toward the
sliding manifold.
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3.5.5 Advantages and Limitations

Advantages

* High robustness against parameter uncertainties and disturbances,

* Fast convergence to the desired dynamics,

» Simple control structure,

* Strong stability properties based on Lyapunov theory.
Limitations

* Chattering phenomenon due to discontinuous control action,

* Requires knowledge of system structure,

 High control effort in switching term,

 Sensitivity to measurement noise.

3.6 Conclusion

In this chapter, several control strategies have been developed and analyzed for the
regulation of dynamic systems. Classical linear controllers, including PI, PD, and PID, were
first presented due to their simplicity, ease of implementation, and effectiveness in a wide
range of engineering applications. These controllers provide satisfactory performance for
systems with relatively simple dynamics; however, their effectiveness may be limited in the
presence of nonlinearities and external disturbances. In order to overcome these limitations,
a nonlinear robust control approach based on Sliding Mode Control (SMC) was introduced.
Unlike classical controllers, SMC offers strong robustness against parameter uncertainties
and disturbances by forcing the system trajectories to converge to a predefined sliding surface.
This property makes it particularly suitable for systems operating under uncertain or varying
conditions.

The analysis of these control techniques highlights the trade-off between simplicity
and performance. While PI, PD, and PID controllers are straightforward to design and im-
plement, their performance strongly depends on appropriate parameter tuning. In contrast,
SMC provides enhanced robustness and stability but may introduce practical challenges such
as chattering. Overall, this chapter establishes a solid foundation for control system design
by presenting both classical and advanced approaches. In the following chapter, optimization
techniques will be employed to determine optimal controller parameters and improve system
performance. Furthermore, a comparative analysis of the different controllers and tuning
methods will be conducted in subsequent chapters in order to evaluate their effectiveness in
terms of accuracy, robustness, and dynamic response.
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Chapter 4

Tuning and Optimization Techniques

4.1 Introduction

The design of efficient control systems relies heavily on the appropriate tuning of con-
troller parameters to achieve desired performance in terms of stability, accuracy, and robust-
ness. In classical control engineering, Proportional-Integral-Derivative (PID) controllers
remain among the most widely used strategies due to their simple structure and ease of imple-
mentation. However, the performance of PID controllers strongly depends on the selection
of their tuning parameters, which has motivated the development of various tuning method-
ologies. Among these, empirical approaches such as the Ziegler—Nichols (ZN) method have
been extensively adopted as practical solutions for obtaining initial controller settings with-
out requiring an accurate mathematical model of the system. Despite their simplicity and
effectiveness in many applications, such classical tuning methods often lead to aggressive
responses, including overshoot and oscillations, especially when dealing with nonlinear or
highly dynamic systems. In order to overcome these limitations, advanced control strategies
such as Sliding Mode Control (SMC) have been introduced, offering enhanced robustness
against uncertainties, disturbances, and parameter variations. Nevertheless, SMC design also
involves critical parameter selection, which directly influences system performance and phe-
nomena such as chattering.

In recent years, metaheuristic optimization techniques have emerged as powerful tools
for addressing complex tuning problems in control systems. Algorithms such as Particle
Swarm Optimization (PSO), Grey Wolf Optimization (GWO), and Ant Colony Optimization
(ACO) provide efficient search mechanisms capable of exploring nonlinear and multimodal
solution spaces without relying on gradient information. These methods enable the automatic
tuning of controller parameters to achieve improved dynamic performance and robustness
compared to conventional approaches. This chapter presents a comprehensive review of both
classical and modern tuning techniques. It begins with the Ziegler—Nichols method and its
variants, followed by an overview of advanced control strategies and metaheuristic optimiza-
tion algorithms. The objective is to establish a solid theoretical foundation for the develop-
ment and optimization of control systems, which will be further explored and evaluated in
the subsequent chapters.
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4.1.1 Ziegler-Nichols Tuning Method

Among the classical techniques used for tuning proportional (P), proportional-integral

(PI), and proportional-integral—derivative (PID) controllers, the Ziegler—Nichols (ZN) method
is one of the most established and widely adopted approaches. Introduced by Ziegler and
Nichols in 1942, this method is based on empirical observations of system behavior com-
bined with the structure of feedback control systems. The ZN approach provides practical
tuning rules that allow the determination of controller parameters without requiring an exact
mathematical model of the system. Several variants exist, including closed-loop (ultimate
gain) tuning, open-loop (step response) tuning, and frequency-based tuning methods. These
approaches aim to achieve acceptable transient performance and stability margins [41].

4.1.1.1 Ultimate Gain Method

In the ultimate gain method, the system is first operated using only proportional con-
trol. The proportional gain is gradually increased until the closed-loop system reaches the
verge of instability, where sustained oscillations occur. The gain at this operating point is
called the ultimate gain K, while the corresponding oscillation period is referred to as the
ultimate period 7,,. These two parameters are then used to compute the controller settings.
The Ziegler—Nichols tuning rules derived from this method provide initial values for P, PI,
PD, and PID controllers. Although these settings typically result in fast system response, they
may also introduce overshoot and oscillatory behavior [7].
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Figure 4.1: Closed-loop ultimate gain tuning procedure

Table 4.1: Ziegler—Nichols tuning rules based on the ultimate gain method.

Controller Type Tuning Parameters
P K, = 0.5K,
1.2K,
PI K, =0.45K,, K;= 7
u
PD K, =0.8K,, K;=0.1K,T,
1.2K,
PID K, =0.6K,, K;= 7 K4 =0.075K,T,
u
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4.1.1.2 Step Response Method

The step response method is an open-loop tuning technique based on analyzing the
system’s reaction to a step input. The resulting response, known as the process reaction curve,
is used to extract key dynamic characteristics of the system. A tangent line is drawn at the
point of maximum slope of the response curve. The intersection of this tangent with the time
axis defines the apparent delay, while the slope of the response provides information about
the system dynamics. These values are then used to compute controller parameters [7].
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Figure 4.2: Open-loop step response tuning procedure

Table 4.2: Ziegler—Nichols tuning rules based on the step response method.

Controller Type Tuning Parameters
T,
P K,=12=2
T,
T,
PI K,=12—, T;=2T,
—
PID K, = 1.2%, T, =2T,, T4=0.T,
u

4.1.1.3 Advantages and Limitations of the ZN Method

The Ziegler—Nichols method is widely used due to its simplicity and ease of implemen-
tation. However, it represents a compromise between simplicity and performance quality.
While it provides quick initial tuning values, further refinement is often required in practical
applications [42].

Advantages
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» Simple and easy to apply in both simulation and experimental environments.
* Does not require an accurate mathematical model of the system.
* Provides fast initial estimates for controller parameters.
* Applicable to P, PI, PD, and PID controllers.
Limitations

* May produce aggressive control actions with overshoot.

Can lead to oscillatory system behavior.
* Requires operation near the stability limit, which may not be safe in practice.

* Limited performance for nonlinear or highly sensitive systems.

4.2 Metaheuristic Optimization Techniques

Metaheuristic optimization methods have become essential tools in engineering and
control applications for solving complex, nonlinear, and multimodal optimization problems.
Unlike traditional optimization approaches, these techniques do not rely on gradient informa-
tion and are capable of exploring the search space more effectively, reducing the risk of being
trapped in local optima. This makes them particularly suitable for tuning controller parame-
ters in nonlinear systems. Most metaheuristic algorithms are inspired by natural processes,
such as biological evolution, collective behavior of social organisms, or physical phenom-
ena [43].

4.2.1 Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a population-based optimization algorithm in-
spired by the collective behavior observed in bird flocks and fish schools. It has been widely
applied to solve complex optimization problems where conventional techniques may not be
effective. In PSO, a set of particles moves through the search space, where each particle rep-
resents a potential solution. These particles iteratively update their positions based on both
their individual experience and the collective knowledge of the swarm in order to converge
toward the optimal solution [43]. Let the i-th particle in an n-dimensional search space be
defined by its position vector:

X = [Xi1, X2, - o> Xin] T 4.1)

And its velocity vector:

Vi = [Vit,vize .. s vinl 4.2)

The movement of each particle is governed by updating its velocity and position accord-
ing to the following equations:
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vi(t+1) = wv;(t) + cir1(pbest; — x;(1)) + cara(gbest — x;(1)) 4.3)

Xi(t + 1) = Xi(l) + Vi(l + 1) (44)

Where, w denotes the inertia weight controlling the influence of the previous velocity,
c1 and ¢, are acceleration coeflicients associated with cognitive and social components, and
r1, rp are random variables uniformly distributed in the interval [0, 1]. The term pbest; rep-
resents the best position previously visited by the i-th particle, while gbest corresponds to the
best solution found by the entire swarm [43]. At each iteration, a fitness function f(x;) is eval-
uated for every particle. The personal best and global best positions are updated according
to:

pbest,(t + 1) = {x,m, if f(x(1)) < f (best; (1)) “s)
pbest;(7), otherwise

gbest(z + 1) = argmin f(pbest;( + 1)) (4.6)

In order to ensure numerical stability and prevent excessive movement of particles, ve-
locity limits are often imposed:

VI S v SV =120 @“.7)

The algorithm continues iterating until a predefined stopping condition is satisfied, such
as reaching a maximum number of iterations, achieving a desired fitness value, or observing
negligible improvement in the global best solution. The behavior of particles within the search
space is illustrated in Figure 4.3, where each particle is influenced by both its own best position
and the swarm’s global best. Additionally, the overall procedure of the PSO algorithm is
summarized in the flowchart shown in Figure 4.4 [43].
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Figure 4.3: PSO particle movement in the search space
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Figure 4.4: Flowchart of the PSO algorithm

4.2.2 Grey Wolf Optimization (GWO)

Grey Wolf Optimization (GWO) is a nature-inspired metaheuristic algorithm that mim-
ics the leadership hierarchy and cooperative hunting behavior of grey wolves in nature. The
method models the social organization of wolves and their coordinated strategy for locating
and capturing prey, making it effective for solving complex optimization problems [44]. In
GWO, the population of candidate solutions is divided into four hierarchical levels: alpha
(@), beta (B), delta (0), and omega (w). The first three categories represent the best so-
lutions found so far and guide the search process, while the remaining wolves follow their
guidance to explore the search space [44]. The optimization process is conceptually divided
into three main stages:

* Encircling the prey (exploration of the search space),
* Hunting (exploitation guided by the best solutions),

* Attacking the prey (convergence toward the optimum).
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4.2.2.1 Social Hierarchy

The best solution obtained during the search is designated as «, followed by the second
and third best solutions, 8 and 9, respectively. All remaining candidate solutions are catego-
rized as w. This hierarchical structure ensures that the search process is directed by the most
promising solutions.

4.2.2.2 Encircling Behavior

The encircling mechanism represents the ability of wolves to estimate the position of
the prey and move toward it. This behavior is modeled mathematically as follows [44]:

D= [E’)Tp’(z) ~X() 4.8)

X(t+1)=X,(t)-AD (4.9)

— -
Where, X, represents the position of the prey (best solution), X is the current position

of a wolf, and ¢ denotes the iteration index. The coefficient vectors X and Zz are defined as
follows [44]:
A=2a7Tr—a, C=27 (4.10)
Where, a is a control parameter that decreases linearly from 2 to O over iterations, and
- - .
r'1, r, are random vectors in the range [0, 1].
4.2.2.3 Hunting Mechanism

The hunting phase is guided by the three best solutions (a, 8, and ¢). The positions of
the wolves are updated based on these leaders as follows [44]:

D, =|C1 X0 () - X (1) (4.11)
Dj = |C> Xp(1) - X (1) (4.12)
D, = |G X;(0) - X (1) (4.13)

The candidate positions influenced by each leader are computed as follows [44]:

- = o
X1 =Xy —A1Dg (4.14)
e T
X, = Xg—AyDg (4.15)
- 5 o
X3 =Xs — A3zDs (4.16)



Finally, the updated position of each wolf is obtained by averaging these contributions
[44]:

- -5 -
_X1+X2+X3

_)
X(t+1
(t+1) .

4.17)

4.2.2.4 Attacking the Prey

The convergence toward the optimal solution is achieved by gradually reducing the
parameter a, which decreases the magnitude of 1_4) As |7| becomes smaller than 1, the wolves
move closer to the prey, refining their search and focusing on exploitation. The position
update mechanism and the influence of the coefficient A are illustrated in Figure 4.5, while
the overall algorithmic procedure is summarized in the flowchart shown in Figure 4.6.
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Figure 4.5: Position updating mechanism of grey wolves and the effect of coefﬁcientz_éf
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Figure 4.6: Flowchart of the GWO algorithm

4.2.3 Ant Colony Optimization (ACO)

Ant Colony Optimization (ACO) is a population-based metaheuristic inspired by the
foraging behavior of real ants. It was originally proposed to solve combinatorial optimization
problems and has since been extended to continuous optimization domains. The fundamen-
tal idea behind ACO is the indirect communication between ants through pheromone trails,
which allows them to collectively find optimal paths. In nature, ants deposit pheromones
along their paths when searching for food. Over time, shorter or more efficient paths accu-
mulate higher pheromone concentrations, attracting more ants and reinforcing the optimal
solution. This collective behavior is modeled in ACO to solve optimization problems [45].

4.2.3.1 Solution Construction

In ACO, each artificial ant incrementally constructs a solution by moving through the
search space. The decision of selecting the next component of the solution is based on a prob-
abilistic rule that depends on pheromone intensity and heuristic information. The probability
of choosing a solution component is given by [45]:
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[7:;(0]” [Uij]ﬁ
Sen [7 0] [n]”

Pi(1) = (4.18)

Where:
* 7;;() is the pheromone intensity on path (i, j) at iteration ¢,
* 7;; is the heuristic desirability of choosing path (i, j),
* « controls the influence of pheromone trails,
* (3 controls the influence of heuristic information,

* N is the set of feasible moves from node i.

4.2.3.2 Pheromone Update

After all ants construct their solutions, the pheromone trails are updated to reinforce
good solutions and reduce the influence of poor ones. The update rule is defined as follows
[45]:

T,'j(l‘+1) = (1 —p)Tij(t)+AT,‘j(t) (4.19)
Where:
* p € (0,1) is the evaporation rate,
* At;;(t) represents the pheromone deposited by ants.

The pheromone deposit is computed as follows [45]:

N
ATif(1) = ) ATh(1) (4.20)
k=1

(4.21)

Ar.k.(t) _ L%, if ant k uses path (i, j)
Y 0, otherwise

Where:
* ( is a constant,

* L is the cost (or fitness) of the solution constructed by ant k.

4.2.3.3 Exploration and Exploitation

ACO balances exploration and exploitation through the parameters @, 5, and p. A
higher pheromone influence encourages exploitation of known good solutions, while a stronger
heuristic influence promotes exploration of new regions in the search space.
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4.2.3.4 Algorithm Procedure
The general steps of the ACO algorithm are summarized as follows:
1. Initialize pheromone levels.
2. Construct solutions using probabilistic rules.
3. Evaluate the fitness of each solution.
4. Update pheromone trails.
5. Repeat until a stopping criterion is satisfied.

The behavior of ants and pheromone trail formation is illustrated in Figure 4.7, where
shorter paths accumulate higher pheromone concentration over time.
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Figure 4.7: Illustration of ant movement and pheromone trail formation

The overall process of the ACO algorithm is shown in the flowchart in Figure 4.8, sum-
marizing the iterative optimization procedure [46].
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Figure 4.8: Flowchart of the Ant Colony Optimization algorithm

4.3 Conclusion

This chapter has presented a comprehensive overview of controller tuning and opti-
mization techniques. Classical tuning methods, such as the Ziegler—Nichols approach, were
first discussed as practical tools for determining initial parameters of P, PI, PD, and PID con-
trollers. Although simple to apply, these methods may lead to oscillatory responses and often
require further refinement to satisfy performance requirements. In addition to conventional
techniques, advanced control strategies such as Sliding Mode Control (SMC) were introduced.
SMC offers strong robustness against parameter uncertainties and external disturbances, mak-
ing it particularly suitable for nonlinear systems. Its ability to ensure stable system behavior
under varying conditions represents a significant advantage over classical linear controllers,
despite challenges such as chattering.

Furthermore, modern metaheuristic optimization algorithms, including Particle Swarm
Optimization (PSO), Grey Wolf Optimization (GWO), and Ant Colony Optimization (ACO),
were investigated. These techniques provide efficient solutions for tuning controller param-
eters in complex systems, as they do not rely on gradient information and are capable of
escaping local optima. Each method exhibits distinct characteristics: PSO is known for its
simplicity and rapid convergence, GWO offers a balanced exploration-exploitation mecha-
nism inspired by social hierarchy, and ACO relies on collective learning through pheromone-
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based interactions. Overall, the integration of advanced control strategies and metaheuristic
optimization techniques provides a powerful framework for improving system performance
in terms of stability, accuracy, and robustness. The concepts developed in this chapter serve
as a foundation for the subsequent chapter, where these methods will be applied and evaluated
through simulation and comparative analysis.
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Chapter 5
Results and Discussion

5.1 Introduction

This chapter presents and analyzes the performance of the proposed control strategies
applied to the two-axis (azimuth—elevation) antenna tracking system. The objective is to
evaluate and compare different control approaches in terms of tracking accuracy, robustness,
and overall dynamic response under identical operating conditions. In order to achieve this
end, several controllers are implemented and tested. First, classical Proportional-Integral—
Derivative (PID) controllers optimized using Ziegler—Nichols (ZN) and different metaheuris-
tic algorithms are considered, namely Particle Swarm Optimization (PSO-PID), Grey Wolf
Optimization (GWO-PID), and Ant Colony Optimization (ACO-PID). These methods aim
to determine optimal controller gains by minimizing the Integral of Time-weighted Absolute
Error (ITAE), ensuring fast response and reduced steady-state error.

In addition, a nonlinear Sliding Mode Control (SMC) strategy optimized via Ant Colony
Optimization (ACO-SMC) is introduced to enhance system robustness against disturbances
and model uncertainties. Finally, a hybrid control scheme combining PID and SMC actions
(ACO-SMC-PID) is proposed, where the PID component ensures smooth tracking perfor-
mance while the SMC term improves robustness and disturbance rejection. All controllers
are evaluated using the same system model, reference trajectories derived from the Line-of-
Sight (LOS) tracking requirement, and identical simulation conditions. The comparison is
carried out based on several performance criteria, including tracking accuracy, transient re-
sponse characteristics, control effort, and ITAE values. The results presented in this chapter
highlight the strengths and limitations of each control approach and demonstrate the effec-
tiveness of the proposed hybrid ACO-SMC-PID controller in achieving a superior balance
between performance and robustness for deep-space antenna tracking applications.

5.2 Results Analysis

In this section, metaheuristic optimization algorithms, ACO, GWO, PSO, and the clas-
sical ZN are employed to optimally tune the parameters of PID, SMC, and hybrid SMC-PID
controllers for the antenna tracking system. The objective of this tuning process is to enhance
tracking performance by minimizing the predefined cost function. The azimuth subsystem is
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characterized by J4z = 5, Baz = 0.8, K; = 0.9, K, = 0.9, and R, = 1, while the ele-
vation subsystem parameters are given by Jg; = 4, Bgr = 0.7, K; = 0.85, K, = 0.85,
and R, = 1. The simulation is carried out over a time horizon of 20 seconds with a sam-
pling interval of 0.01 seconds. The reference trajectories are designed to emulate realistic
line-of-sight (LOS) tracking conditions, where the desired azimuth and elevation angles are
defined as ijzf = 30sin(0.2¢) and 9;;{ = 20cos(0.15¢), respectively. For the GWO algo-
rithm, a population of 20 search agents (wolves) and a maximum of 40 iterations are con-
sidered. The optimization problem is defined in a six-dimensional search space correspond-
ing to the PID gains of both axes, with lower and upper bounds set to [0, 0, 0, 0, 0, 0] and
[50, 10, 10, 50, 10, 10], respectively. This configuration ensures a fair and consistent com-
parison between the different optimization strategies. The initial conditions are defined as
intaz(0) = 0, intg(0) = 0, prevaz(0) = 0, and prevgr(0) = 0, ensuring zero initial
integral action and zero previous tracking error for both axes. The obtained gain on each
technique is represented in the Tables 5.1, 5.2, 5.3, 5.4.

Table 5.1: PSO-PID and GWO-PID Gains

Axis | Kp | Ki | Kd
AZ | 50 | 10 | 10
EL | 50 | 10 | 10

Table 5.2: ACO-PID Optimal Gains

Axis Kp Ki Kd
AZ | 185.2157 | 38.2170 | 25.4781
EL | 192.7392 | 31.3734 | 29.2483

Table 5.3: ACO-SMC-PID Gains

Axis Kp Ki Kd A Kone
AZ | 43.6210 | 11.6344 | 3.7804 | 5.2852 | 6.8091
EL | 36.0983 | 18.2711 | 5.3310 | 13.4657 | 8.7651

Table 5.4: Ziegler—Nichols PID Gains

Axis | Kp | Ki | Kd
AZ [ 28065 |12
EL | 245 (58| 1.0

The control effort responses presented in Fig. 5.1 highlight clear differences between
the considered control strategies. The ACO-PID controller exhibits a smooth transient with
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a very low torque amplitude and rapid convergence to zero, indicating an efficient and well-
optimized control action. Similarly, the GWO-PID controller achieves fast stabilization, al-
though with a slightly higher initial peak, reflecting a more aggressive response. In contrast,
the PID-SMC approach shows noticeably high-frequency oscillations (chattering), which may
degrade actuator lifespan despite its robustness. The PSO-SMC controller improves upon this
behavior by reducing chattering, yet small residual oscillations remain. On the other hand,
the classical ZN tuned PID controller produces a significantly large initial control effort with
pronounced overshoot, revealing poor energy efficiency and potential actuator saturation is-
sues. Overall, the metaheuristic-based PID controllers, particularly ACO-PID, provide the
best compromise between fast transient response, smooth control action, and reduced energy
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Figure 5.1: Control signals under different approaches

The tracking error responses for the different control strategies are illustrated in Fig. 5.2.
Itis evident that all intelligent optimization-based PID controllers (ACO-PID, GWO-PID, and
PSO-PID) significantly improve the transient performance compared to the classical Ziegler—
Nichols (ZN) tuning method. Specifically, these approaches exhibit faster convergence, re-
duced oscillations, and lower steady-state error. Among them, the SMC-based hybrid con-
trollers demonstrate superior performance, where the SMC-GWO approach achieves a rapid
error reduction with minimal oscillatory behavior, while the proposed SMCPID-ACO method
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provides the best overall performance with near-zero steady-state error and very fast settling
time. In contrast, the ZN method shows larger overshoot, longer settling time, and persistent
oscillations. These results confirm that integrating optimization techniques with sliding mode
control enhances robustness and tracking accuracy, making the proposed SMCPID-ACO con-
troller the most effective among the evaluated strategies.
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Figure 5.2: Error signals under different approaches

The angular velocity responses corresponding to the evaluated control strategies are
presented in Fig. 5.3. It can be observed that the optimization-based PID controllers (ACO-
PID, GWO-PID, and PSO-PID) improve the transient behavior compared to the classical
Ziegler—Nichols (ZN) method, exhibiting reduced oscillations and faster damping. However,
noticeable overshoot and oscillatory dynamics are still present, particularly in the GWO-PID
and PSO-PID cases. In contrast, the hybrid approaches that incorporate sliding mode control
demonstrate enhanced dynamic performance. The GWO-SMC controller achieves smoother
convergence with reduced oscillations, although some transient peaks remain. The GWO-
SMCPID method further improves stability but introduces slight high-frequency fluctuations
due to the switching nature of the sliding mode component. Notably, the proposed hybrid con-
figurations provide a better trade-off between convergence speed and robustness. Meanwhile,
the ZN-tuned controller exhibits significant overshoot and slower settling, confirming its lim-
ited effectiveness for precise velocity tracking. Overall, the results highlight that combining
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optimization techniques with sliding mode control leads to improved damping characteristics

and more accurate angular velocity responses.
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Figure 5.3: Velocities signals under different approaches

The position tracking performance of the different control strategies is depicted in
Fig. 5.4. It is clear that all optimization-based PID controllers (ACO-PID, GWO-PID, and
PSO-PID) achieve satisfactory tracking of the reference trajectories, with relatively small
steady-state error and acceptable transient behavior. However, slight overshoot and initial
oscillations are observed, particularly in the PSO-PID and GWO-PID responses. The inte-
gration of sliding mode control further enhances the tracking accuracy and robustness. In
particular, the GWO-SMC and GWO-SMCPID controllers exhibit excellent agreement with
the reference signals, characterized by fast convergence, minimal overshoot, and negligible
steady-state error. The proposed GWO-SMCPID approach provides the most precise track-
ing performance, closely following the desired trajectories for both elevation and azimuth
angles. In contrast, the classical Ziegler—Nichols (ZN) tuning method shows comparatively
larger deviation from the reference, especially during the transient phase, along with slower
convergence. These results demonstrate that hybrid controllers combining optimization algo-
rithms with sliding mode control significantly improve trajectory tracking performance and
system robustness.
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Figure 5.4: Positions signals under different approaches

The performance of the proposed control strategies is evaluated using the Integral of
Time-weighted Absolute Error (ITAE) [47], which is adopted as the primary objective func-
tion to quantify tracking accuracy while penalizing long-lasting errors. A comprehensive
comparison is carried out between different control configurations, including PSO-PID, GWO-
PID, ACO-PID, and SMC, and the proposed hybrid ACO-SMC-PID scheme. The obtained
results clearly demonstrate that the choice of optimization algorithm and control structure
has a significant impact on system performance. According to the Table 5.5, the PSO-PID
and GWO-PID controllers yield similar performance, with total ITAE values of 0.642777,
indicating acceptable tracking but relatively moderate accuracy compared to more advanced
approaches. In contrast, the ACO-PID controller significantly improves performance, achiev-
ing a reduced total ITAE of 0.149261, which highlights the effectiveness of Ant Colony Op-
timization in tuning PID gains for the antenna tracking system. The standalone SMC ap-
proach without optimization exhibits the highest ITAE value (2.576095), reflecting strong
robustness limitations when used without proper tuning. However, when SMC is combined
with PID (ACO-SMC-PID), a substantial improvement is achieved, reducing the total ITAE
to 0.179931. This hybrid strategy benefits from the smooth tracking behavior of the PID
controller and the robustness of the sliding mode term, leading to improved transient per-
formance and reduced steady-state error. Finally, the results confirm that hybrid nonlinear
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control strategies provide superior performance compared to classical linear controllers opti-
mized by metaheuristic algorithms.

Table 5.5: ITAE Performance Comparison

Controller ITAE AZ | ITAE EL | ITAE Total
PSO-PID 0.353204 | 0.289573 0.642777
GWO-PID 0.353204 | 0.289573 0.642777
ACO-PID 0.089876 | 0.059385 0.149261
SMC (no tuning) | 1.612188 | 0.963907 2.576095
ACO-SMC-PID | 0.073198 | 0.106733 0.179931

5.3 Conclusion

This chapter presented a comprehensive performance evaluation of several control strate-
gies for antenna tracking, including classical PID tuning, metaheuristic-optimized PID con-
trollers, and hybrid nonlinear approaches. The comparison, based on the ITAE criterion and
supported by time-domain responses, clearly demonstrates that the controller structure and
tuning methodology play a crucial role in achieving high tracking performance. The results
show that metaheuristic algorithms significantly enhance PID performance compared to the
classical ZN method, with ACO-PID providing the best results among the standalone PID
controllers due to its superior optimization capability. However, the standalone SMC ap-
proach, despite its robustness, suffers from poor performance when not properly tuned, as
reflected by its high ITAE value and oscillatory behavior.

The most important outcome of this study is the effectiveness of hybrid control strate-
gies. By combining the robustness of sliding mode control with the smoothness and adapt-
ability of PID regulation, the proposed ACO-SMC-PID controller achieves a substantial im-
provement in tracking accuracy, transient response, and robustness. This is evidenced by
reduced tracking errors, faster convergence, improved damping characteristics, and more ef-
ficient control effort compared to other methods. Although slight chattering effects remain
in SMC-based approaches, the integration with optimized PID significantly mitigates these
issues, resulting in a well-balanced control performance. Overall, the findings confirm that
hybrid nonlinear controllers optimized using metaheuristic algorithms represent a powerful
and reliable solution for high-precision antenna tracking systems.
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Chapter 6

General Conclusions

This thesis has presented the design, optimization, and performance evaluation of ad-
vanced control strategies for a two-axis (azimuth—elevation) antenna tracking system. The
primary objective was to improve tracking accuracy, robustness, and dynamic performance
under realistic operating conditions. To achieve this goal, both classical and modern control
approaches were investigated, including conventional PID controllers, Sliding Mode Con-
trol (SMC), and hybrid SMC-PID structures. In addition, several metaheuristic optimization
techniques, namely Particle Swarm Optimization (PSO), Grey Wolf Optimization (GWO),
and Ant Colony Optimization (ACO), were employed to optimally tune controller parame-
ters. The simulation framework was carefully designed to ensure realistic behavior and fair
comparison between all control strategies. The antenna system parameters for both axes were
selected to represent a practical electromechanical model. The azimuth subsystem is charac-
terized by Jaz = 5, Baz = 0.8, K; = 09, K, = 0.9, and R, = 1, while the elevation
subsystem is defined by Jg; = 4, Bgr = 0.7, K; = 0.85, K, = 0.85, and R, = 1. The
system is simulated over 20 seconds with a sampling time of 0.01 seconds. The reference tra-
jectories are defined as 9::; = 30sin(0.2¢) and 02‘2[ = 20cos(0.15¢), representing realistic
line-of-sight tracking conditions.

In order to ensure a stable and unbiased initialization of the control system, all internal
states were set to zero at the beginning of the simulation. In particular, the integral actions
were initialized as inf4z(0) = 0 and intg;(0) = 0, while the previous error values were
set as prevaz(0) = 0 and prevgp(0) = 0. This guarantees that no artificial transients or
residual control actions affect the initial system response. The obtained results clearly show
that classical tuning methods such as Ziegler—Nichols are not suitable for high-precision an-
tenna tracking applications. Although simple to implement, this method leads to significant
overshoot, long settling time, and persistent oscillations, which degrade overall system per-
formance. In contrast, optimization-based PID controllers significantly improve system be-
havior. Among them, ACO-PID demonstrates superior performance compared to PSO-PID
and GWO-PID, achieving better tuning quality and reduced tracking error. However, while
these methods enhance performance, they still exhibit limitations in terms of robustness and
transient oscillations.

A more advanced improvement is achieved through Sliding Mode Control (SMC), which
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provides strong robustness against disturbances and model uncertainties. Nevertheless, stan-
dalone SMC suffers from chattering phenomena and sensitivity to parameter tuning, which
may affect smooth operation. In order to overcome these limitations, hybrid control strategies
combining SMC with PID control are introduced. The integration of both methods allows the
system to benefit from the robustness of sliding mode control and the smooth response of PID
regulation. In particular, optimization-enhanced hybrid structures significantly improve per-
formance. The SMC-GWO approach achieves rapid error reduction with minimal oscillatory
behavior, demonstrating strong dynamic response and improved stability. More importantly,
the proposed SMCPID-ACO method provides the best overall performance among all tested
controllers. It achieves near-zero steady-state error, very fast settling time, and highly stable
convergence behavior. In contrast, the classical Ziegler—Nichols method remains the weakest,
showing large overshoot and slow response.

The angular velocity and position tracking analyses further confirm these findings. Opti-
mization based controllers improve transient response compared to classical methods, but hy-
brid SMC-based controllers clearly outperform them by providing smoother dynamics, faster
convergence, and higher tracking precision. Among all tested approaches, hybrid controllers
consistently achieve the best balance between speed, accuracy, and robustness. Quantitative
evaluation using the Integral of Time-weighted Absolute Error (ITAE) confirms these obser-
vations. Optimization-based PID controllers reduce tracking error significantly compared to
classical tuning. The standalone SMC shows the highest error due to a lack of tuning opti-
mization. However, the hybrid ACO-SMC-PID controller achieves the lowest ITAE value,
demonstrating its superiority in minimizing both transient and steady-state errors.

In conclusion, this work demonstrates that combining nonlinear control techniques with
metaheuristic optimization forms a powerful and effective framework for antenna tracking
systems. Hybrid optimized controllers significantly enhance robustness, accuracy, and dy-
namic performance compared to classical approaches. Among all evaluated strategies, the
proposed optimized hybrid SMC-PID structure represents the most effective solution for high-
precision tracking applications. Future work may focus on experimental validation, real-time
implementation, and the integration of intelligent adaptive techniques such as neural networks
or reinforcement learning to further improve performance under uncertainty and external dis-
turbances.
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