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Abstract

Dynamics and control form the backbone of modern engineering systems, enabling the design,
analysis, and operation of complex, interconnected, and autonomous systems. This review presents a
comprehensive analysis of the evolution of control methodologies and dynamic modeling techniques
from 2000 to 2025. Early studies focused on classical control approaches, including PID, state-space,
and robust control, while mid-2010s research emphasized predictive and networked control systems
for distributed applications. In recent years, data-driven, intelligent, and hybrid control strategies
have emerged;. integrating machine learning and adaptive methods with classical frameworks to
address  nonlinearities, uncertainties, and high-dimensional dynamics. The paper highlights
applications across robotics; autonomous vehicles, industrial automation, and smart transportation
systems. Key research gaps are identified, including the integration of model-based and data-driven
methods, scalability of networked systems, real-time implementation, robustness under uncertainty,
and the lack of standardized benchmarking. This review provides insights into trends, challenges, and
future directions, guiding researchers toward the development of intelligent, scalable, and resilient
control systems for complex engineering applications.

Keywords: Dynamics, Control Systems?, Model Predictive Control (MPC)?, Sliding Mode Control*,
Intelligent Control®.

1. Introduction

Dynamics and control form the cornerstone of modern engineering systems, spanning applications from robotics
and aerospace to automotive and industrial automation. Dynamics refers to the study of motion and the forces
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that cause it, providing mathematical models to predict system behavior. Control, on the other hand, is
concerned with designing mechanisms to regulate system behavior to achieve desired performance, stability,
and robustness. Together, dynamics and control enable engineers to design systems that are safe, efficient, and
capable of performing complex tasks in uncertain environments. The study of dynamics dates back to classical
mechanics, with foundational contributions from Newton and Euler, while control theory emerged in the 20th
century with the development of feedback systems. Classical control methods, such as proportional-integral-
derivative (PID) controllers, dominated early engineering practice. Over time, modern control theory introduced
state-space methods, optimal control, and robust control techniques to address increasingly complex and
nonlinear systems. Recent advances have integrated computational intelligence and adaptive methods, enabling
real-time control of highly dynamic and uncertain systems.

This review aims to provide a comprehensive overview of dynamics and control, focusing on modeling
techniques, control methodologies, recent technological advances, and their applications across engineering
domains. Emphasis is placed on both classical and modern approaches, as well as emerging trends such as
intelligent, adaptive, and distributed control systems. By synthesizing findings from recent literature, this paper
highlights current challenges, practical implications, and future research directions, serving as a valuable
resource for researchers and practitioners in the field. Advances in dynamics and control have enabled
innovations in autonomous vehicles, unmanned aerial systems, robotic manipulators, and smart manufacturing
systems. Effective control strategies ensure precision, stability;.and safety, while dynamic modeling supports
simulation, prediction, and design optimization. With the “increasing complexity of engineering systems,
understanding the interplay between dynamics and control has become crucial for achieving high-performance
and resilient systems, making this field a central focus of<contemporary research and technological
development.

2. Literature Review
Early 2000s — Foundations and Broader Surveys

In the early 2000s, survey and review. works began addressing broad aspects of control theory and dynamic
systems. For example, annual review publications such as Annual Reviews in Control regularly published
overarching survey articles' on optimal and adaptive 'control topics, including early formulations of
reinforcement learning.and adaptive control integration with classical methods (e.g., reinforcement learning and
optimal adaptive control) that bridge control theory with intelligent methods. These overviews helped set the
stage for later work.on advanced control topics that address both stability and performance in dynamic systems.

2010s — Networked Systems, Industry Applications, and MPC

During the 2010s, research literature expanded into networked control systems (NCS) and industry-scale
applications. A comprehensive review on NCS discussed the evolution of these systems, dividing progress into
phases before and after 2000, highlighting how communications and delays became integral to controller design.
These surveys not only documented control mechanisms but also system architecture issues in networked
environments, reflecting the shift from classical single-loop systems to interconnected control structures.
Similarly, machine tool and manufacturing control articles surveyed Model Predictive Control (MPC) from an
engineering perspective, offering a detailed review of theory, computation, and practical design considerations
that have shaped MPC use in dynamic and constrained applications.

2020-2025 — Data-Driven and Intelligent Control Trends
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In the 2020s, literature reviews increasingly emphasized data-driven control, intelligent algorithms, and machine
learning integration with classical control. A recent data-driven model-free sliding mode control review
surveyed how sliding mode methods, traditionally model-based, are being reinterpreted under data-driven
frameworks, reflecting Industry 4.0 trends where process complexity and sensor data availability drive new
controller design strategies. Likewise, surveys on intelligent control explore fuzzy logic, neural networks, and
hybrid control approaches, articulating advantages and limitations of combining classical and learning-based
methods for dynamic systems. Additionally, universe-inspired algorithms for control engineering provide a
novel survey of nature-inspired optimization techniques applied to controller design, an emerging direction that
expands beyond conventional control frameworks.

Specific Sub-Domain Surveys in Dynamic Control

There is also a growing body of domain-specific surveys that integrate dynamics and control perspectives: for
instance, backstepping methodologies for partial differential equation (PDE) control (covering adaptive and
nonlinear feedback design for infinite-dimensional systems), and robotics control strategy reviews that compare
classical, modern, and intelligent control methods specifically in robotic dynamics contexts. These surveys
synthesize foundational controller designs (PID, sliding mode, MPC) with advanced hybrid and Al-assisted
schemes, reflecting the diverse applications of dynamics and control. Finally, application-targeted reviews such
as those on vehicle dynamics and motion sickness' control in.autonomous vehicles illustrate how dynamic
modeling and control strategies converge to mitigate real-world challenges in complex engineered systems.

Year | Authors & Title Scope / Focus Key Contributions / Themes

2016 | Prateek Kumar Pathak & L. B. Prasad | MPC ‘technology | Overview of MPC principles,
— A Review on Model Predictive | fundamentals and | development history, and future
Control  Technology and  Future | trends research directions in predictive
Advancements control. (i-manager publications)

2021 | Max  Schwenzer, - Muzaffer Ay, | MPC methods and | Comprehensive review of MPC
Thomas Bergs, Dirk Abel — Review | applications theory, historical evolution,
on model predictive control: an | across engineering | practical considerations, and
engineering perspective domains applications. (Springer)

2022 | Zhang K., Wang J., Xin X., Li X.,'Sun | Learning-based Trends and frameworks combining
C., Huang J., Kong W. — A Survey on | MPC for mobile | machine learning with MPC for
Learning-Based ~Madel Predictive | platforms path tracking and adaptive control.
Control (MDPI)

2022 | Sliding ‘mode predictive control: A | Sliding mode + | Tutorial survey linking sliding
survey (Annual Reviews in Control) predictive control | mode control with MPC paradigms,

integration design strategies, and application
challenges. (ScienceDirect)

2023 | Qing Wu, Xiaohua Ge, Qing-Long | Emerging control | Classification of consensus-based,
Han & Yafei Liu — Railway Virtual | methods for | MPC, sliding mode, and ML-based
Coupling: A Survey of Emerging | virtual coupling | control in rail systems. (arXiv)
Control Techniques systems

2023 | Wei Liu, Min Hua, Zhiyun Deng, et | Control strategies | Overview from state estimation,
al. — A Systematic Survey of Control | in automated and | trajectory tracking to collaborative
Techniques and Applications in | connected control frameworks. (arXiv)
Connected and Automated Vehicles vehicles

2023 | Wagas Manzoor, Samir Rawashdeh, | Koopman Data-driven  dynamic  modeling
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Alireza Mohammadi — Vehicular | operator and | with  Koopman operators for
Applications of Koopman Operator | dynamics/control | nonlinear systems and control
Theory — A Survey in vehicular | applications. (arXiv)

systems

2024 | Duby Castellanos-Cardenas, Norha L. | Sliding mode | Comprehensive systematic review
Posada, Andrés Orozco-Duque, et al. | control and | of SMC schemes, data-driven
— Review of sliding mode based | data-driven methods, and intelligent hybrids.
control techniques integration ((e]8]e])]

2025 | Huaiyuan Liu — A Survey on | Data-driven MPC | Highlights MPC advantages for
Application of Data-driven Model | applications in | robotic dynamics and
Predictive Control in Robot Control robotics datasenhanced. control strategies.

(Applied ~ and  Computational
Engineering)

2025 | Jingyu Wu — A Review of Research | General robot | Covers classical (PID), modern
on Robot  Automatic ~ Control | automatic control | (adaptive, sliding mode, Hoo), and
Technology algorithms intelligent  control methods and

hybrid algorithms. (Applied and
Computational Engineering)

2025 | Javlonbek Rakhmatillaev, Vytautas | Broad review of | Integrated overview of classical,
Bucinskas, Nozimjon Kabulov — An | control strategies | modern, intelligent, and hybrid
Integrative ~ Review of  Control | for robots control methods. (ResearchGate)
Strategies in Robotics

2025 | Efficient  Data-Driven < Predictive | Data-driven Reviews efficient MPC methods
Control of Nonlinear Systems: A | predictive control | addressing  computational  and
Review and Perspectives in nonlinear | modeling challenges in nonlinear

systems dynamics. (ScienceDirect)

3. Research Gaps in Dynamics and Control
1. Limited Integration of Data-Driven and Classical Methods

Although recent studies-have emphasized data-driven and machine learning-based control (2020-2025), most
approaches remain isolated from classical model-based methods. Many controllers either rely entirely on model-
free learning or assume highly accurate models for classical methods. There is a lack of unified frameworks that
combine robust model-based design with adaptive data-driven strategies to ensure both stability and learning
efficiency in uncertain or nonlinear systems.

2. Scalability in Complex and Networked Systems

While multi-agent and networked control systems have been explored, scalability remains a challenge. Most
literature focuses on small-scale testbeds or simulations, leaving open questions about distributed control for
large-scale, heterogeneous systems like industrial automation, smart grids, or fleets of autonomous vehicles. The
coordination, communication delay compensation, and robustness of such large systems are underexplored.

3. Real-Time Implementation in High-Dimensional Systems
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Many advanced control techniques, such as nonlinear MPC or Koopman operator-based control, are
computationally intensive. There is a significant gap between theoretical advances and real-time applicability,
especially in systems with fast dynamics or high dimensionality, such as multi-link robots or aerial swarms.

4. Uncertainty and Robustness in Dynamic Environments

Although robust and adaptive control methods exist, there is a lack of systematic approaches to handle
combined uncertainties: parameter variations, external disturbances, sensor noise, and unmodeled dynamics
simultaneously. Intelligent controllers often neglect formal stability proofs, which is critical for safety-critical
systems such as autonomous vehicles and aerospace applications.

5. Benchmarking and Comparative Studies

The literature lacks standardized benchmarks or datasets to evaluate emerging control strategies systematically.
Comparing classical, adaptive, and data-driven methods across similar platforms is-rare, making it difficult to
quantify improvements and generalize findings. This creates a research gap in performance validation and
reproducibility.

6. Integration with Emerging Technologies

Despite growing interest in Al, 10T, and Industry 4.0, few studies_explore integrated control frameworks that
combine dynamics modeling, predictive control, and intelligent decision-making in cyber-physical systems. For
instance, the coordination of Al-driven control with edge computing or cloud-based predictive control remains
largely theoretical and underdeveloped.

5. Results and Discussion
1. Trends in Control Methodologies

Analysis of the literature from 2000-2025 shows a clear evolution in control strategies. Early research (2000—
2010) focused on.classical control methods, including PID, state-space control, and robust controllers. The mid-
2010s‘saw a surge in predictive and networked control systems, reflecting increasing system complexity and the
need for coordination in distributed environments. The 2020-2025 period is dominated by data-driven and
intelligent control approaches, including machine learning-enhanced MPC, adaptive sliding mode control, and
Koopman operator-based strategies. This trend highlights a shift from purely analytical design to hybrid
approaches combining model-based rigor with data-driven adaptability.

2. Applications Across Domains

The reviewed studies indicate broad applicability of dynamics and control methods. Robotics dominates
application-focused research, including manipulators, legged robots, and autonomous drones. Automotive and
transportation systems feature prominently in studies exploring trajectory tracking, autonomous vehicles, and
networked traffic systems. Industrial automation and process control continue to employ MPC, robust control,
and predictive frameworks. Emerging applications in rail systems, cyber-physical systems, and smart grids
indicate that dynamics and control principles are increasingly central to complex, interconnected, and high-
stakes systems.
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3. Insights on Performance and Efficiency

Comparative results from the literature suggest that hybrid methods—integrating classical model-based
controllers with learning-based approaches—outperform purely model-based or purely data-driven methods in
uncertain and nonlinear environments. For instance, data-driven MPC provides better adaptability in dynamic
systems, while sliding mode and robust control methods maintain system stability under disturbances. However,
many studies report computational challenges when applying these advanced algorithms to high-dimensional
systems or real-time scenarios.

4. Addressing the Research Gaps

The discussion confirms the research gaps identified: integration of hybrid frameworks, scalability to large
networked systems, real-time implementation, and systematic handling of uncertainties. Many studies highlight
the trade-off between performance and computational cost, suggesting that future work must balance learning-
based adaptability with analytical guarantees of stability and robustness. Additionally, the lack of standardized
benchmarks across studies limits comparability and reproducibility, highlighting a need for common evaluation
platforms.

5. Emerging Trends and Future Directions
From the literature, it is evident that future research will likely focus on:

e Al-assisted control integrated with classical controllers.

o Distributed and collaborative control for multi-agent systems.

e Data-driven predictive frameworks for robotics and transportation systems.

e Robust real-timeimplementation in high-dimensional and nonlinear systems.

These trends indicate a convergence toward intelligent, adaptive, and scalable control systems capable of
addressing the challenges of modern dynamic applications.

6. Conclusion

This review has provided a comprehensive overview of research in Dynamics and Control from 2000 to 2025,
highlighting the evolution of methods, applications, and emerging trends. Early studies focused on classical
control techniques, including PID, state-space, and robust controllers, forming the foundational principles for
system stability and performance. The mid-2010s saw a shift toward predictive control and networked systems,
reflecting the growing complexity and interconnectivity of modern engineering systems. Most recently, the
integration of data-driven,‘intelligent, and hybrid control strategies has emerged as a dominant trend, enabling
more adaptive, resilient, and high-performance control in uncertain and nonlinear environments. Analysis of
applications shows that dynamics and control principles are now central to robotics, autonomous vehicles,
industrial automation, and smart transportation systems. Hybrid methods that combine model-based rigor with
learning-based adaptability have demonstrated superior performance in challenging scenarios, although
computational complexity and real-time implementation remain significant challenges.

Despite these advances, several research gaps persist, including: integration of classical and data-driven
methods, scalability in large networked systems, robust handling of uncertainties, real-time high-dimensional
control, and standardized benchmarking for reproducibility. Addressing these gaps is crucial for advancing the
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field toward intelligent, scalable, and safe control systems applicable to modern engineering challenges. In
summary, the review indicates a clear trajectory for future research: leveraging intelligent, adaptive, and
collaborative control frameworks, integrating advanced computational methods with classical principles, and
focusing on practical implementation in real-world dynamic systems. By bridging theoretical advances with
practical applications, the field of dynamics and control is poised to meet the increasing demands of complex
and autonomous engineering systems.
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