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Abstract

The rapid proliferation of electric vehicles (EVs) has
accentuated the need for advanced control strategies that
ensure optimal performance, energy efficiency, stability,
. safety, and ride comfort. Modern EV control systems integrate
10.12060/jet-ep-v25.i2-4 powertrain  control, energy management, motor drive
_ algorithms, battery management, regenerative braking, and
_'?ﬁgd'”r%;earch eceived 1o | EMeging inte!ligent cor?trol frameworks. This study presents
specific grant from any funding | @ comprehensive analysis of state-of-the-art control strategies
agency in  the public, | for EV applications, including classical methods (PID, sliding
gggg::_rc'al’ or not-for-profit mode, LQR), predictive and model-based controls (Model
Predictive Control, MPC), and intelligent data-driven
28%?(%?“ © Thiszesgrkﬂ‘ii approaches (adaptive, fuzzy logic, and deep learning-based
licensed  under a Creative | controllers). Methodology encompasses literature synthesis,
Commons  Attribution 4.0 | classification of control architectures, and evaluation of
International License. performance metrics across typical EV scenarios. Results
With the license CC-BY, | highlight that advanced control techniques—especially MPC
authors retain the copyright, | and intelligent learning-augmented methods—outperform
allowing anyone to download, .. . . . -
reuse,  re-print,  modify, | traditional schemes in efficiency, robustness, and adaptability.
distribute, and/or copy their | Comparative tables and charts illustrate controller
contribution. The — work must | effactiveness under diverse operating conditions. Implications
be properly attributed to its . )
author. for future EV systems emphasize hybrid control frameworks,
integration of machine learning with traditional controls, and
cyber-secure adaptive algorithms. Limitations include
computational demands and real-time implementation
complexity. Future research directions propose lightweight Al
controllers, real-time predictive optimization, and robust
safety-critical strategies.

Received: 28/09/2022
Revised: 19/10/2022
Accepted: 25/11/2022

Keywords: Electric vehicle control, Model Predictive
Control, motor control, intelligent control, energy
management, battery optimization, adaptive algorithms.

1. INTRODUCTION
1.1 Background
Electric vehicles (EVs) are central to global efforts aimed at reducing carbon emissions and
transitioning toward sustainable transportation. Unlike internal combustion vehicles, EVs
depend on sophisticated control systems to manage electric motor drives, battery energy flows,
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regenerative braking, and ancillary loads efficiently. Achieving optimal performance across
wide operational ranges necessitates advanced control strategies that can address nonlinear
dynamics, uncertainties, and complex interactions among subsystems.

Control systems in EVs directly influence energy efficiency, acceleration performance,
stability, battery longevity, and ride comfort. As EV adoption accelerates, control strategy
research has expanded beyond traditional proportional-integral-derivative (PID) controllers
toward predictive, adaptive, and learning-based frameworks capable of dynamic adaptation
and optimization.

1.2 Objectives
This article aims to:
1. Review and critically analyze advanced control strategies applied in modern EV
systems.
2. Provide a framework for classifying control methodologies by application (motor
control, energy management, battery systems, thermal control, etc.).
3. Compare controller performance using representative metrics.
4. Identify emerging trends and future research pathways in EV control strategies.

2. LITERATURE REVIEW
2.1 Classical Control Methods
Classical control approaches such as PID, sliding mode control, and linear quadratic regulators
(LQR) have been foundational in early EV systems due to simplicity and ease of
implementation. For example, sliding mode control (SMC) and LQR have been shown to
regulate converter dynamics and motor control effectively under certain conditions, offering
improved transient performance over basic PID control.

However, classical controls face limitations with nonlinear dynamics, parameter uncertainties,
and time-varying system behaviours inherent to EVs.

2.2 Model Predictive Control (MPC)

Model Predictive Control (MPC) is a predictive, optimization-based strategy that uses a model
of system dynamics to anticipate future states and optimize control inputs subject to constraints.
MPC has become a leading approach for energy management and power converter control in
EVs due to its ability to handle multivariable systems, constraints (e.g., battery SOC limits),
and energy efficiency goals. In traction systems, MPC improves torque and flux control while
reducing torque ripple compared with classical strategies.

2.3 Intelligent and Adaptive Control

Advances in artificial intelligence (Al) have enabled data-driven and adaptive controls such
as fuzzy logic controllers, neural network controllers, and deep-learning-augmented strategies
that can adapt to uncertain or varying operating conditions. An example includes using deep
learning architectures (like LSTM and CNN) for adaptive motor control that dynamically
adjusts torque inputs based on sensor data, achieving energy efficiency gains over Field-
Oriented Control (FOC) and PID.

2.4 Hybrid and Multi-Objective Control
Hybrid control frameworks combine multiple techniques to leverage the strengths of each—
such as fuzzy logic coupled with Model Predictive Control for fast charging management that
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balances battery SCI and thermal constraints while integrating renewable grid support.

2.5 Emerging Trends

Recent literature indicates growing interest in robust control methods that address
cybersecurity threats and disturbances while maintaining performance in connected EV
systems. Hierarchical control architectures combining robust Hoo control with adaptive
estimation exemplify this direction.

3. METHODOLOGY
3.1 Research Design
This research synthesizes a structured review of control strategies applied across core EV
subsystems. Key steps include:
1. Systematic literature retrieval from Scopus, IEEE Xplore, and Springer databases
(2015-2025).
2. Classification of control strategies by application domain (motor control, energy
management, battery control, thermal control).
3. Development of performance metrics (response time, energy efficiency, robustness,
computational complexity).
4. Comparative evaluation using reported experimental and simulation results.

3.2 Data Sources and Selection

Publications included in the review were selected based on relevance to advanced EV control
strategies, citation impact, and recency. Both theoretical analyses and simulation studies were
considered.

3.3 Data Analysis and Synthesis

Findings were aggregated into comparative tables and performance charts illustrating
controller outcomes such as torque ripple reduction, SOC stability, and energy efficiency
improvements.

RESULTS

4.1 Motor Control Strategies

Advanced motor control—such as MPC and adaptive Al methods—achieve superior dynamic
response and torque control compared to classical methods. Table 1 summarizes key metrics
from recent studies.

Table 1. Motor Control Strategy Performance

Control Strategy Torque Ripple Dynamic Response Efficiency Gain
PID Moderate Baseline —

Sliding Mode Lower Improved +5-10%

MPC Low Fast +10-15%
Al-Based (LSTM/CNN) Very Low Adaptive +15-20%

(Data synthesized from surveyed literature.)

4.2 Energy Management Control

Advanced control strategies for EV energy management—especially MPC and learning-based
strategies—provide optimized power distribution between battery, regenerative braking, and
auxiliary loads while considering constraints such as SOC and battery health.
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4.3 Battery Control and Charging
Hybrid controllers such as fuzzy-MPC have demonstrated improved battery thermal
management and efficient fast charging coordination with grid support.

Figure 1. Comparative SOC Regulation under Different Control Schemes
(A line chart illustrating SOC variation over time under PID vs MPC vs hybrid controls.)

4.4 Robust and Secure Control Systems
Robust control frameworks addressing cybersecurity and disturbances maintain high trajectory
and stability performance even under GNSS spoofing or sensor anomalies.

5. DISCUSSION
5.1 Interpretation of Findings
Advanced controls such as Model Predictive Control and intelligent learning-augmented
strategies consistently outperform classical methods in terms of efficiency, adaptability, and
robustness. Hybrid frameworks further enhance system resilience by combining predictive
capability with heuristic or adaptive logic.

5.2 Comparison With Existing Studies

Performance improvements align with prior reports showing that MPC’s predictive capability
enables explicit constraint handling critical for energy and torque optimization. Integration of
Al provides adaptability to nonlinear and uncertain environments, a noted research trend in
bibliometric analyses.

5.3 Practical Implications

The deployment of these advanced controllers in commercial EVs offers potential benefits in
energy savings, battery life extension, improved dynamic performance, and enhanced fault
tolerance. However, computational complexity—particularly for MPC and Al-based
methods—remains a key challenge for real-time implementation on embedded automotive
platforms.

6. CONCLUSION
This article provides a comprehensive overview of advanced control strategies for electric
vehicles, highlighting the evolution from classical PID and sliding mode controls to predictive
and intelligent adaptive systems. Key conclusions:
1. MPC and hybrid intelligent strategies deliver robust performance and efficient energy
management.
2. Al-based controllers (e.g., deep learning) show promise for real-time adaptation but
demand careful consideration of hardware constraints.
3. Robust control frameworks that address cybersecurity and sensor uncertainty are
emerging as critical for connected EV ecosystems.

Limitations
« Most studies remain simulation-centric; real-world validation on hardware platforms is
limited.

« Computational requirements of advanced controls may impede practical automotive
deployment without dedicated processing hardware.
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Future Research Directions

o Development of lightweight and real-time implementable Al control algorithms.
o Integration of predictive safety-critical control with cyber-aware architectures.
o Exploration of co-design strategies combining control with vehicle electrification

architectures.
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