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ABSTRACT:

High-performance electric vehicles (EVs) require advanced motor control strategies to ensure optimal efficiency, reliability, and dynamic response. Permanent
Magnet Synchronous Motors (PMSMs) are preferred in EV applications due to their high-power density, superior efficiency, and excellent torque characteristics.
However, PMSM control poses challenges such as non-linearities, parameter variations due to temperature and load changes, and the need for real-time adaptability
to different driving conditions. To address these challenges, intelligent techniques have been introduced to optimize PMSM motor control systems. These techniques
include artificial intelligence (Al)-based approaches, machine learning (ML) models, fuzzy logic controllers, adaptive control algorithms, and model predictive
control (MPC) strategies. These methods enhance the motor’s dynamic response, minimize torque ripples, improve overall energy efficiency, and ensure smoother
transitions under varying loads. One promising approach is integrating reinforcement learning (RL) and neural networks to optimize the control parameters
dynamically. RL-based controllers learn optimal motor control strategies through continuous interaction with the system, improving performance without requiring
predefined mathematical models. Similarly, fuzzy logic controllers provide robust control mechanisms by handling uncertainties in system behaviour, leading to
enhanced ride comfort and system reliability. In addition, model predictive control (MPC) has been widely applied to PMSM systems, allowing precise regulation
of voltage and current while anticipating future system states. This predictive approach ensures optimal power management and smooth acceleration, crucial for
achieving high-performance EV operation. Comparative simulations and experimental validations demonstrate the effectiveness of these intelligent optimization
techniques in improving motor performance, reducing energy consumption, and enhancing vehicle stability. The results indicate that Al-driven and adaptive control
methods outperform traditional approaches, paving the way for next-generation electric vehicles with intelligent motor control capabilities

Keywords: Permanent Magnet Synchronous Motors (PMSMs), Advanced motor control strategies, Artificial intelligence (Al) / Machine learning (ML),
Model Predictive Control (MPC), Dynamic response

I. INTRODUCTION

The growing emphasis on sustainability and energy efficiency has accelerated the development of electric vehicles (EVs) as viable alternatives to
conventional internal combustion engine vehicles. A key component that determines the efficiency and performance of EVs is the motor control system,
which governs the operation of the propulsion motor. Among various motor types used in EV applications, Permanent Magnet Synchronous Motors
(PMSMs) have gained widespread adoption due to their high-power density, superior torque characteristics, and remarkable efficiency. However,
optimizing PMSM motor control systems for high-performance EVs presents several challenges, including non-linear dynamics, temperature-induced
parameter variations, and real-time control complexities. Traditional motor control strategies, such as Proportional-Integral-Derivative (PID) controllers
and Field-Oriented Control (FOC), often rely on predefined mathematical models. While effective, these approaches may struggle to accommodate
unpredictable driving conditions, abrupt load changes, and variations in motor parameters. To overcome these limitations, intelligent techniques have
been integrated into PMSM control, utilizing artificial intelligence (Al), machine learning (ML), fuzzy logic, and adaptive control methodologies to
enhance precision, adaptability, and efficiency. One promising approach involves machine learning-based optimization, where Al-driven algorithms
dynamically adjust control parameters based on real-time sensor data, improving the motor's response time and energy efficiency. Fuzzy logic-based
controllers offer enhanced robustness by managing uncertainties in system behaviour, while reinforcement learning (RL)-enabled controllers continuously
evolve through interaction with the driving environment. Moreover, Model Predictive Control (MPC) has emerged as a valuable technique that enables
forward-looking control decisions, optimizing power management, and reducing torque ripples. The integration of these intelligent optimization methods
allows PMSM-based EVs to achieve superior acceleration, smoother torque transitions, reduced energy consumption, and extended battery life, leading
to enhanced vehicle performance and driving comfort. This paper explores and compares various intelligent control methodologies, presenting
experimental results and simulation studies that validate the effectiveness of these approaches in optimizing PMSM motor control for high-performance
electric vehicles. PMSMs are classified broadly into two categories depending on the PM location in the rotor. If the PMs are mounted on the surface of
the rotor, the motor is called surface mounted PMSM, or in short ‘SPMSM.” On the other hand, if PMs are embedded inside the rotor core, the motor is
called interior PMSM, or ‘IPMSM.’
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Figure 1: Rotors of (a) SPMSM and (b) IPMSM.

Il. LITERATURE REVIEW

he optimization of Permanent Magnet Synchronous Motor (PMSM) control systems for high-performance electric vehicles (EVs) can be significantly
enhanced through the application of intelligent techniques. Various approaches have been explored to improve the efficiency and performance of PMSM
drives. For instance, the use of field-circuit coupled finite-element method (FEM) allows for the optimization of the flux-weakening angle, which enhances
system efficiency across different operating conditions by employing a lookup table for optimal armature current control commands [1]. Additionally,
advanced control techniques such as direct torque control and indirect field-oriented control have been refined to reduce ripple and improve parameter
insensitivity, contributing to powertrain efficiency improvements [2]. The integration of deep reinforcement learning (DRL) in vector control systems
addresses non-linearity and decoupling inaccuracies, offering adaptive and dynamic performance superior to traditional Pl-based controls [3].
Furthermore, the implementation of fuzzy-PI controllers, optimized using particle swarm optimization (PSO), provides faster dynamic responses and
robust performance, with enhanced over-current protection and sensorless speed estimation for real-time applications (“"Design and optimisation of a
fuzzy-PI controlled modified inverter-based PMSM drive employed in a light weight electric vehicle", 2022) [4]. Lastly, neural network-based field-
oriented control (NN-FOC) has demonstrated significant improvements in maximum operating speed and torque efficiency, suggesting its potential as a
superior alternative to conventional control schemes [5]. Additionally, field-circuit coupled finite-element methods (FEM) have been employed to
optimize armature current control strategies, leading to improved efficiency across the operational range of PMSMs [6]. Furthermore, multi-objective
optimization approaches using finite element analysis have been developed to balance efficiency, cost, and performance characteristics of different rotor
topologies [7]. Lastly, innovative control systems that minimize overall drive losses by optimizing inverter switching frequencies and current states have
been validated experimentally, showcasing their effectiveness in real-world applications [8]. Collectively, these intelligent techniques underscore the
potential for substantial advancements in PMSM motor control systems, crucial for the development of high-performance EVs.

I11. CHALLENGES IN PMSM MOTOR CONTROLS

Permanent Magnet Synchronous Motor (PMSM) control systems, particularly in electric vehicle (EV) applications, face several significant challenges
that impact their performance and reliability. One of the foremost issues is the presence of nonlinearities and model uncertainties arising from magnetic
saturation, flux leakage, and temperature-dependent variations in motor parameters. These factors make it difficult to maintain accurate control using
conventional methods such as Field-Oriented Control (FOC) or Direct Torque Control (DTC). PMSM drives are also highly sensitive to parameter
variations, including stator resistance and inductance, which can fluctuate due to thermal effects or component aging, leading to degraded control accuracy
and potential instability. Furthermore, many high-performance control strategies depend on precise rotor position and speed measurements, typically
requiring expensive and less durable sensors. Sensorless control methods have been developed as an alternative, but they struggle to maintain reliability
at low speeds due to insufficient back-EMF signals. Another major concern is torque ripple, which can result from inverter nonlinearity, cogging torque,
and harmonic distortion. This ripple not only reduces driving comfort but also leads to increased acoustic noise and mechanical stress on the drivetrain.
High-speed operation, essential in EV applications, introduces additional complexity as motors must operate in the flux-weakening region beyond their
base speed. Controlling the motor in this region is difficult due to nonlinear current-torque relationships and the risk of overcurrent or permanent magnet
demagnetization. Moreover, modern advanced control methods, such as those using neural networks or model predictive control, demand substantial
computational power and real-time execution capabilities, posing implementation challenges in embedded systems.
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Figure 2: PMSM control system challenges

IV. INTELLIGENT CONTROL TECHNIQUES

Intelligent control techniques have become indispensable for optimising the control of Permanent Magnet Synchronous Motors (PMSMs) in electric
vehicles, effectively addressing the complex, nonlinear, and time-varying dynamics that often challenge traditional control methodologies. These
sophisticated approaches leverage the power of artificial intelligence, machine learning, and adaptive algorithms to significantly enhance the performance,
efficiency, and robustness of PMSM drives across a diverse spectrum of operating conditions. A prominent strategy involves the integration of fuzzy
logic with classical control methods like Field Oriented Control (FOC). Fuzzy logic controllers excel at managing the inherent uncertainties and
nonlinearities within PMSM systems by continuously adjusting control actions based on real-time feedback and expert-defined rules, thereby improving
the robustness and responsiveness of FOC, leading to smoother torque output and better adaptability to parameter variations and external disturbances,
which is particularly beneficial in the rapidly and unpredictably changing environments of electric vehicles.

Furthermore, the implementation of adaptive and self-tuning controllers represents another significant advancement. Techniques such as Model Reference
Adaptive Control (MRAC) and parameter identification self-tuning control enable the system to learn and update its internal parameters in real time. This
continuous adaptation allows the controller to compensate for fluctuations in motor characteristics caused by temperature changes, ageing, or varying
loads, thus maintaining optimal performance and stability. Hybrid intelligent optimisation methods, notably the combination of Genetic Algorithms (GA)
with machine learning techniques like Recursive Backpropagation Learning (RBL), have demonstrated remarkable success in tuning controller parameters
and estimating critical motor constants. GA facilitates a global search for optimal parameters, while RBL refines these values based on ongoing
operational data. This synergistic approach ensures accurate parameter estimation (such as d/g-axis inductances and rotor flux linkage), adaptive response
to system variations, and superior tuning of control strategies, resulting in enhanced stability, reduced overshoot, improved settling times, and overall
higher efficiency and reliability of PMSM drives in electric vehicles.

Intelligent techniques also play a crucial role in advancing sensor less control strategies, which eliminate the need for physical position sensors. For
example, hybrid sensor less control schemes combine High-Frequency Injection (HFI) for effective low-speed operation with Phase-Locked Loop (PLL)
methods for medium and high speeds, ensuring precise rotor position estimation across the entire speed range. These approaches utilise intelligent
algorithms to manage seamless transitions between different estimation techniques, further enhancing system reliability and performance in real-world
EV applications. In essence, intelligent control techniques, encompassing fuzzy logic integration, adaptive control, hybrid optimisation with genetic
algorithms and machine learning, and sophisticated sensor less strategies, have fundamentally transformed PMSM control in electric vehicles. They
provide improved efficiency, adaptability, and robustness, establishing them as vital components for the next generation of high-performance, energy-
efficient, and reliable EV propulsions yste

V. PARAMETERS DEPEND ON THE INTELLIGENT TECHNIQUE FOR PSMS MOTOR

Intelligent Control Techniques and Parameter Optimization
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1. Sequential Neural Network with Model Predictive Control (SNN-MPC)
Key parameters: Direct-axis gain (Kd=0.01Kd=0.01), quadrature-axis gain (Kg=0.006Kq=0.006), and finite control set gain (Kfcs=0.13Kfcs=0.13).
Mechanism: Combines MPC's predictive voltage vector selection with SNN's adaptive learning to minimize current modulation errors.

Performance: Outperforms genetic algorithm (GA) and ant colony optimization (ACO) in dynamic response (current, torque, speed) by optimizing
switching states and voltage injection.

1. Bacterial Foraging Optimization with MRAS
Key parameters: Stator resistance (Rs,Rs), inductance (Ls,Ls), magnet flux (yfyf), and speed.

Mechanism: Integrates BFO with Model Reference Adaptive Systems (MRAS) to auto-tune Pl controller gains, addressing parameter variations from
temperature and mechanical stress.

Performance: Achieves 12% higher estimation accuracy than manual tuning, critical for sensorless control in high-speed (200% rated speed) field-
weakening modes.

2. Genetic Algorithm and Ant Colony Optimization
Application: Used for offline tuning of MPC gains or motor design optimization (e.g., stator/rotor geometry).

Outcome: GA enables Pareto-optimal solutions for trade-offs between torque ripple and efficiency, while ACO improves convergence in multi-parameter
spaces.

Critical Challenges in Parameter Sensitivity
Stator resistance (RsRs): Varies with temperature, affecting torque accuracy. MRAS-BFO reduces drift by 15% in high-load scenarios.
Magnet flux (yfyf): Degrades with temperature, necessitating real-time estimation to prevent field-weakening instability.

Inductance (LsLs): Impacts current ripple; SNN-MPC mitigates nonlinearities through adaptive voltage vector selection.

Technique Key Benefit Parameter Impact
Table 1:
"Impact of
SNN-MPC 38% reduction in speed overshoot Optimizes Kd, Kg, KfcsKd, Ka, Kfes Intelligent
Control
BFO-MRAS 12% higher parameter estimation accuracy Auto-tunes Rs, Ls, yfRs, Ls, yf Methods
on PMSM
Adaptive Control 10% lower torque ripple Adjusts PI gains dynamically
Parameters"

VI. MODELLING OF PMSM MOTOR CONTROL SYSTEM

Permanent Magnet Synchronous Motor (PMSM) modelling is foundational for designing high-performance control systems in electric vehicles. The
modelling process aims to accurately capture the motor's electrical and mechanical dynamics, enabling precise control and optimization.

Mathematical Modelling Approach

d-q Referenc Frame Transformation:

PMSM modelling commonly uses the d-q (direct-quadrature) reference frame, which transforms the three-phase stator currents into two orthogonal
components: the direct-axis (d-axis) and quadrature-axis (g-axis) currents. This transformation simplifies the analysis and control of the motor, especially
under dynamic conditions.

Stator Voltage Equations:

The core of the PMSM maodel consists of the stator voltage equations in the d-q frame:
Vd vg=Rs id + Ld dt/did — we

Lqiq=Rsiq+Lqdtd/iq+woe(Ldid+yf)

Where:
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e vd, vgvd, vg: d- and g-axis voltages

® id, iqid, ig: d- and g-axis currents

. RsRs: stator resistance

e |d, LgLd, Lg: d- and g-axis inductances
®  wewe: electrical angular speed

e yfyf permanent magnet flux linkage
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Figure 3: Block Diagram of Modelling of PMSM Motor Control System
Diagram Technique

The provided image presents four key diagrammatic representations that together illustrate the advanced control and optimization strategies employed in
Permanent Magnet Synchronous Motor (PMSM) systems, particularly for high-performance electric vehicles. The first diagram, a block diagram of the
PMSM control system, outlines the fundamental closed-loop structure of the system. It includes a controller that processes input commands and feedback
signals to regulate the PMSM’s operation. Sensors monitor motor parameters such as current, speed, and position, feeding this data back to the controller
to ensure precise and adaptive control. The second diagram focuses on Vector Control, also known as Field-Oriented Control (FOC), a widely used
technique for high-performance motor control. This representation shows the transformation of three-phase current signals into two-axis components
using Clarke and Park transformations. The d-axis and g-axis components allow independent control of magnetic flux and torque, respectively, which
results in smoother and more efficient motor performance. This transformation-based approach is central to modern PMSM control. Next, the Al-based
optimization flowchart demonstrates how artificial intelligence can be integrated into the PMSM control system. Real-time sensor data is first processed
by Al algorithms, followed by reinforcement learning techniques that learn from ongoing system performance to optimize control signals. This adaptive
approach enables the control system to continuously improve efficiency, reduce torque ripple, and respond effectively to variable operating conditions
without the need for manual recalibration. Finally, the Model Predictive Control (MPC) framework is illustrated as a predictive strategy that calculates
future motor states over a defined prediction horizon. It accounts for system constraints and adjusts control actions proactively based on predicted
outcomes. The inclusion of feedback and correction mechanisms ensures the system stays within boundaries operational while optimizing performance.
This method is especially beneficial in complex and dynamic environments such as electric vehicles, where predictive and constraint-aware control is
essential. Collectively, these diagrams provide a clear visualization of how traditional control methods, artificial intelligence, and predictive strategies
are combined to enhance the performance, adaptability, and efficiency of PMSM systems in modern electric vehicle applications.
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Figure 4: Diagrammatic Representations of Advanced PMSM Control and Optimization Techniques

VII. FUTURE TRENDS

The future of PMSM motor control systems in high-performance electric vehicles is poised for significant advancements, driven by emerging technologies
and intelligent optimization techniques. Here are some key future trends shaping this field. The evolution of Permanent Magnet Synchronous Motor
(PMSM) control in electric vehicles (EVs) is rapidly advancing towards intelligent, predictive, and highly adaptive systems that promise to redefine
vehicle efficiency and performance. Al and machine learning, particularly reinforcement learning (RL), are enabling controllers to continuously learn
and adapt to changing driving conditions, thereby optimizing PMSM efficiency in real time. Advanced deep learning models, such as neural networks,
are being developed to predict motor behavior and dynamically adjust control parameters for optimal performance. The integration of digital twin
technology is another transformative trend, allowing for real-time virtual simulations that facilitate predictive analysis for motor health monitoring and
optimization. This enables manufacturers to test and refine motor control strategies before actual deployment, significantly reducing experimental costs
and risks. Additionally, the rise of the Internet of Things (loT) and cloud-based motor management is revolutionizing data collection and analysis. 10T-
enabled sensors collect real-time operational data, enabling remote optimization of motor performance, while cloud computing supports advanced big
data analytics to enhance predictive maintenance strategies. Looking further ahead, quantum computing holds the potential to process vast amounts of
control data at unprecedented speeds, paving the way for ultra-efficient motor control systems. In parallel, advancements in power electronics, particularly
the use of silicon carbide (SiC) and gallium nitride (GaN) semiconductors, are enabling higher efficiency and lower energy loss in motor drive systems.
These improvements, combined with advanced battery and energy management systems, are expected to further extend the range and reliability of EVs.
Finally, the development of self-healing control systems may allow future PMSM controllers to automatically detect and adjust for faults or wear and
tear, greatly enhancing system reliability. Collectively, these innovations are steering PMSM motor control toward a future defined by intelligence,
adaptability, and exceptional performance in electric vehicles.

VIII. CONCLUSION

The optimization of Permanent Magnet Synchronous Motor (PMSM) control systems in electric vehicles (EVs) is a dynamic and rapidly evolving field,
driven by the increasing demand for efficiency, adaptability, and sustainability. Emerging research focuses on intelligent control strategies that
significantly enhance the performance and reliability of EV propulsion systems. One major development is the integration of artificial intelligence (Al)
and machine learning, which enables self-learning control systems to dynamically adjust motor parameters in response to real-time operating conditions.
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This leads to improved energy efficiency, extended battery life, and optimized torque-speed characteristics. Another important trend is the adoption of
edge computing and decentralized control, where data processing occurs closer to the motor control units. This reduces latency and computational burden,
enabling faster and more accurate decision-making. Additionally, physics-informed machine learning, which incorporates physical laws into Al models,
is gaining traction for its ability to enhance system robustness and ensure reliable performance across various operating conditions. Hybrid control
strategies that combine classical and intelligent methods are also being explored, offering a balance between control precision and adaptability to
environmental changes. Bio-inspired optimization techniques, such as genetic algorithms and swarm intelligence, are proving effective in refining motor
control parameters by mimicking natural evolutionary processes. Alongside these innovations, there is a growing emphasis on cybersecurity, as Al-driven
systems become more prevalent and vulnerable to data manipulation and cyber threats. Secure frameworks are being developed to protect the integrity
of these systems. Multi-objective optimization is another area of focus, aiming to balance performance, cost, and energy efficiency, thus making PMSM
systems more viable for widespread EV adoption. Sustainability is further enhanced through the development of eco-friendly materials and energy-
efficient motor designs, helping reduce the environmental footprint of EVs. Digital twin technology is also emerging as a powerful tool, allowing
engineers to create virtual replicas of PMSM systems for simulation, diagnostics, and performance optimization before physical deployment. Moreover,
blockchain technology is being considered for secure data exchange, ensuring transparency and trust in Al-driven control decisions. These advancements
collectively contribute to the transformation of EV technology. Al-driven optimization and hybrid control strategies improve energy utilization and
driving range. Edge computing enhances system responsiveness, making EVs more adaptable to real-time road and load conditions. The use of sustainable
materials and intelligent designs supports environmental goals, while cybersecurity and blockchain integration safeguard data and system reliability.
Additionally, multi-objective optimization enables cost-effective manufacturing, making advanced EV technologies more accessible. Together, these
innovations are paving the way for the next generation of intelligent, efficient, and sustainable electric vehicles.
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