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Abstract

The electrification of transportation is accelerating globally as a response to fossil
fuel depletion and environmental degradation. At the core of modern electric
vehicles (EVs), Permanent Magnet Synchronous Motors (PMSMs) offer high
torque density, superior efficiency, and compactness. Despite these advantages,
their nonlinear dynamics, sensitivity to parameter variations, and susceptibility
to torque and current ripple pose serious challenges under dynamic EV driving
conditions. This thesis presents a detailed investigation into intelligent current
control strategies aimed at enhancing the performance and robustness of PMSM
drives for EV propulsion.

Three advanced control strategies are developed and validated: Adaptive
Neuro-Fuzzy Inference System-based Hysteresis Current Control (ANFIS-HCC),
Adaptive Neuro-Fuzzy Model Predictive Current Control (ANFIS-MPCC), and
Adaptive Neuro-Fuzzy Sliding Mode Current Control (ANFIS-SMCC). These
hybrid frameworks integrate the adaptive learning capabilities of ANFIS with
classical control structures to achieve real-time performance improvements in
ripple suppression, current tracking, and energy efficiency.

The ANFIS-HCC controller adaptively adjusts the hysteresis band based on
motor speed and current error using a fuzzy rule base, leading to improved
switching decisions and minimized torque ripple. Experimental results on a
3kW PMSM prototype show that ANFIS-HCC reduces torque ripple from
1.8Nm (conventional HCC) to 1.0Nm and current ripple from 1.1 A to 0.7A,
with a 12 % improvement in energy efficiency under urban and highway drive
cycles.

ANFIS-MPCC combines the model-based prediction of current trajectories
with ANFIS-tuned weighting factors for the cost function. It enhances
steady-state performance and switching efficiency, especially during high-speed
operations. Simulation and hardware-in-loop results reveal that torque ripple is
reduced to 0.68 Nm and current ripple to 0.5 A, achieving 25-30% better dynamic
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response than classical MPC while reducing computation time through
precomputed ANFIS lookup tables.

The ANFIS-SMCC strategy merges the robustness of sliding mode control
with adaptive neuro-fuzzy tuning of switching gains. It incorporates a
saturation-based switching law to mitigate chattering while ensuring finite-time
convergence of current tracking errors. Experimental validation on the same
PMSM platform under load steps and temperature variations demonstrates
torque ripple suppression to 0.5Nm and current ripple below 0.5A,
outperforming both ANFIS-HCC and ANFIS-MPCC. Under sensor noise
(c = 0.05), temperature drift (+30% R;), and inverter nonlinearities,
ANFIS-SMCC showed only 10-15% performance degradation, compared to
30-70% for other methods.

All proposed controllers were implemented on a dSPACE DS1104 real-time
hardware platform, interfaced with a laboratory-grade PMSM, Voltage Source
Inverter, and high-precision sensors. Real-time execution met the 5ps sampling
constraint, with ANFIS-SMCC operating within 120 ps per cycle. Comprehensive
testing using IM240 and Modified Indian Drive Cycles(MIDC) revealed that
ANFIS-SMCC provided the best trade-off between ripple suppression,
computational efficiency, and robustness, while ANFIS-MPCC delivered
superior predictive accuracy, and ANFIS-HCC offered simplicity and rapid
convergence.

In conclusion, this thesis presents a unified framework of intelligent PMSM
current controllers tailored for electric vehicle propulsion, with thorough
validation through simulation and real-time experimentation. The proposed
ANFIS-based hybrid strategies yield substantial improvements in torque
smoothness, thermal stability, control precision, and overall motor efficiency,

contributing to the performance, reliability, and energy economy of EVs.
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Chapter 1

Introduction

1.1 Background and Motivation

Electric vehicles (EVs) play a crucial role in dealing with energy dependence,
environmental pollution, and greenhouse gas emissions linked to traditional
internal combustion engine vehicles. It is important to recognize that the
renewed interest in EVs emerged during the 1973 oil crisis, shedding light on the
vulnerabilities of relying on fossil fuels. The modern EVs, which run solely on
electricity and are recharged through the power grid, present unique challenges
and opportunities for integration with current infrastructure. ~We should
acknowledge that stringent regulations, like California’s zero-emission vehicle
rules, have stimulated progress in power electronics technology that is essential
for EV propulsion and battery charging. Even though high initial costs and
limited driving ranges pose obstacles to widespread adoption, battery electric
vehicles (BEVs) and fuel cell vehicles (FCVs) are seen as eco-friendly, especially
when powered by renewable energy sources. The support provided by
government policies and subsidies in various regions, such as Europe, the USA,
and China, is crucial in accelerating the development of EV technology. The
industry is actively working on improving charging infrastructure and creating
smart grids to ensure compatibility with existing power systems. It is evident
that advancements in battery chargers, drive systems, and control systems from
multiple disciplines are pivotal in enhancing EV efficiency and performance. The
environmental advantages of EVs cannot be overstated, as they lead to
significant reductions in greenhouse gas emissions and air pollution, playing a

vital role in sustainable transportation. = The foundation for modern EV
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2 Chapter 1. Introduction

performance enhancements has been laid by early research utilizing innovative
methods. The interaction between technological progress, regulatory
frameworks, and market demands continues to shape the landscape of EVs,
highlighting the importance of this area for further research and development.
Overcoming challenges related to pricing, planning, and infrastructure
compatibility is crucial for fully realizing the potential of EVs in mitigating
environmental and energy security impacts. The ongoing efforts to advance EV
technologies and infrastructure underscore their critical role in the future of
transportation, offering a cleaner, more sustainable, and energy-efficient mobility

solution on a global scale.

1.1.1 Overview of Electric Vehicles (EVs)

The global adoption of electric vehicles (EVs) is experiencing exponential
growth, driven by technological advancements, regulatory support, and
increasing consumer awareness of environmental issues. As of 2022, there were
26 million electric cars on the road globally, with half of them in China [1]. The
market for EVs is projected to reach 858.00 billion by 2027 [2]. This growth is
supported by significant investments in EV and battery technologies, which
reached nearly $2.1 billion in 2022, marking a 30 % increase from the previous
year . The Model for International Electric Vehicle Trade (MONET) indicates that
future EV production will be regionally concentrated, with North America,
Europe, Japan, South Korea, and China being major players [3]. Technological
advancements in battery systems, drivetrain solutions, and charging
infrastructure are pivotal in this growth, with innovations such as smart charging
networks and wireless power transfer expected to enhance user convenience and
integration with smart city infrastructure . Despite the rapid growth, challenges
remain, including the need for extensive charging infrastructure and the impact
of EV charging on power grids . The adoption of battery electric vehicles (BEVs)
is expected to significantly reduce greenhouse gas emissions from road transport,
with projections indicating that the majority of passenger cars in Europe will be
electric by 2031 [4]. By 2050, nearly 2 billion vehicles will need to be either
battery EVs or fuel cell-based vehicles to achieve net-zero emissions from road
vehicles [1]. The global EV fleet is projected to grow from 5 million vehicles in
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1.1. Background and Motivation 3

2018 to about 95-105 million by 2030, and 585-823 million by 2050, constituting
one-third to one-half of the overall light-duty vehicle fleet [5]. The diffusion of
BEVs is expected to accelerate, with global sales growing from 5.3 million units
in 2019 to nearly 40 million by 2030, necessitating an increase in charging stations
from 2 million to 10 million units in the same period . The environmental impact
of widespread EV adoption is substantial, with the potential to significantly
reduce CO2 emissions and reliance on fossil fuels . However, economic and
geopolitical factors, such as inflation and high interest rates, may influence the
pace of adoption, as seen in the reduced optimism among automotive executives
regarding EV market penetration [2]. Overall, the future of EV adoption looks
promising, with continued advancements in technology and supportive policies
paving the way for a more sustainable transportation system globally [6].

1.1.2 Role of PMSM in EVs

PMSMs are increasingly preferred for EV applications due to their high power
density, efficiency, and reliable performance. PMSMs offer notable advantages,
including high torque density and superior efficiency, which make them
well-suited for EV traction drives [7]. PMSM employed for electrical vehicle
application must possess not only superior performance but also ensure safety
and reliability for vehicle operations.The performance of PMSMs can be
significantly enhanced through optimized design using advanced algorithms
such as the hybrid artificial bee colony algorithm-support vector machine
(HAS), which effectively navigates the complex design space to achieve optimal
configurations with minimal computational effort . Innovative rotor designs,
such as the "VV—" shape, further improve torque performance, reduce torque
ripple, and minimize cogging torque, which helps to decrease vibration and
noise in EVs [8]. Control strategies are also critical; improved sliding mode and
proportional resonance controls enhance dynamic performance and robustness
under varying conditions . Additionally, flux-weakening (FW) algorithms enable
efficient operation over a broad constant-power speed range, essential for
high-speed applications [9]. The reverse-salient PMSM (RSPMSM), with its
variable flux leakage and saliency ratio, offers high torque performance,

particularly in flux-weakening conditions, making it suitable for EVs . Current
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4 Chapter 1. Introduction

sensorless control methods, like the maximum torque per ampere (MTPA)
technique with streamline control architecture improves system response and
energy efficiency [10]. Safety and reliabilty can be ensured with techniques such
as the stepwise non-transient approach protecting the motor and controller from
excessive transient currents and voltage overshoots, thereby enhancing overall
safety [11]. The integration of PMSMs is further optimized by balancing motor
geometry, bus voltage, and battery sizing to improve powertrain longevity and
cost-effectiveness [12]. Nonlinear control techniques, including sliding mode
control (SMC), offer reduced steady-state error and enhanced robustness against
parameter variations and load disturbances [13]. For urban lightweight EVs,
design focuses on reducing motor vibrations and improving energy efficiency
through structural modifications like stator chambers and rotor notches [14].
These advancements in PMSM design, control strategies, and safety measures
highlight their crucial role in developing efficient, reliable, and high-performance

electric vehicles.

1.1.3 Challenges in PMSM Application for Electric Vehicles

PMSMs are widely recognized as the preferred choice for EV traction systems
due to their superior efficiency, high torque density, and compact form factor.
However, despite their advantages, several challenges hinder the full
exploitation of PMSMs in EV applications. These challenges stem from both the
inherent characteristics of the motor and the demanding requirements of

real-world automotive environments.

1. Torque and Current Ripple: One of the most significant issues in PMSM
drives is the presence of torque ripple, which leads to mechanical
vibrations, acoustic noise, and reduced ride comfort. This phenomenon
becomes more pronounced at low speeds and is exacerbated by high
pole-pair counts commonly used to increase torque density. Similarly,
stator current ripples can cause increased losses, overheating, and
electromagnetic interference (EMI), deteriorating the motor’s overall
efficiency and lifespan. Effective ripple minimization remains a major

control challenge in the dynamic operating conditions of EVs.
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2. Parameter Sensitivity and Uncertainties: PMSM performance is highly
dependent on motor parameters such as stator resistance, inductance, and
rotor flux linkage. These parameters are not constant and vary with
temperature, load, and operating conditions. Inaccurate estimation of these
parameters leads to performance degradation, including poor torque
control, incorrect flux estimation, and instability in closed-loop systems.
Traditional control strategies such as Field Oriented Control (FOC) are
especially vulnerable to these uncertainties, requiring precise modeling for
reliable operation.

3. Thermal Management: Due to high current densities and compact motor
design, PMSMs in EVs are subject to significant thermal stresses.
Inadequate thermal management can cause demagnetization of permanent
magnets, reduced efficiency, and long-term reliability issues. Effective
cooling strategies must be integrated with control algorithms that can
adapt to temperature-induced parameter variations in real-time.

4. Flux-Weakening Operation and High-Speed Control: To extend the speed
range of EVs, PMSMs are often operated in the flux-weakening (FW)
region, where the control strategy must dynamically regulate the stator
voltage and current within safe limits. Achieving high-speed performance
without compromising torque and efficiency is a major control challenge.
Inaccurate FW control can result in overvoltage, instability, or insufficient

torque during acceleration or hill climbing.

5. Sensor Dependence and Fault Tolerance: Precise rotor position sensing is
critical for vector control of PMSMs. However, mechanical encoders are
expensive, vulnerable to faults, and reduce overall system reliability. While
sensorless control methods have been proposed, their performance
deteriorates at low speeds or under sudden load changes. Additionally,
PMSM drives in EVs must be resilient to sensor faults, inverter failures, or
abrupt driving maneuvers—necessitating robust, fault-tolerant control

architectures.

6. Computational and Implementation Constraints: Advanced control
techniques such as Model Predictive Control (MPC), Sliding Mode Control
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(SMC), and Reinforcement Learning (RL)-based controllers can
significantly improve dynamic response and robustness. However, they
require high computational power, fast sampling rates, and complex tuning
procedures, which pose a challenge for real-time implementation on

embedded automotive platforms like DSPs or microcontrollers.

7. Cost and Magnet Material Concerns: PMSMs typically require rare-earth
magnets (e.g., NdFeB) to achieve high torque density. The fluctuating cost
and geopolitical supply risks associated with these materials affect the
commercial scalability of PMSM-based EV drives. In addition, ensuring
demagnetization resistance under high thermal loads and fault conditions

remains an open design problem.

1.2 Research Objectives

1. Mathematical Modeling and analysis of high performance FOC design of
PMSM for EV application Analyzing and modeling for high-performance
Field-Oriented Control of PMSM in EV . Developing dynamic equations for
electrical and mechanical systems. Applying transformation techniques
like Park and Clarke, creating control algorithms, and validating through

simulation to optimize torque and speed regulation.

2. Development and Implementation of control algorithm for encoder
based PMSM drive system. Develop and execute a control algorithm for
an encoder-based PMSM drive system. Create feedback loops with rotor
position data from the encoder. Utilize vector control techniques for
accurate torque and speed control. Incorporate a PI or advanced controller
for regulation. Validate the algorithm through simulations and real-world

testing.

3. Performance enhancement of PMSM drive by minimizing Stator Current
Ripples and Torque Ripples. Improving the performance of a PMSM drive
by reducing stator current and torque ripples, it is recommended to employ

sophisticated control methodologies, utilize high-resolution encoders for
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precise feedback, and incorporate adaptive filtering to mitigate harmonic

interferences within the drive system.

4. Laboratory prototype development to test and validate the proposed
methodology Design a scaled-down PMSM drive system with motor,
inverter, and control hardware for testing the methodology. Implement
control algorithms on a DSP or microcontroller, integrate sensors for
feedback, and use data acquisition tools for performance analysis under
different conditions.

1.3 Organization of Thesis

Chapter 1: The introduction discusses electric vehicles’ significance in the
automotive industry, focusing on PMSM. It emphasizes the need to enhance
PMSM performance for better EV efficiency and competitiveness. Specific
challenges faced by PMSM in EVs include efficiency limits, torque ripple, and
thermal management problems. Research goals aim to improve PMSM
performance through innovative control strategies and design enhancements.
The study’s research questions, scope, and limitations are outlined. The thesis

structure is briefly introduced, providing an overview of upcoming chapters.

Chapter 2: This section presents a technical review of literature on PMSM
applications in EV , beginning with a comparison of motor architectures. It
systematically examines key performance issues, including efficiency
optimization and torque ripple suppression. The review covers conventional
control strategies such as PID and Field-Oriented Control (FOC), as well as
advanced approaches including predictive, adaptive, and intelligent control
methods. It further highlights recent developments in control-based
performance enhancement and system-level engineering, while identifying
emerging research trends and unresolved technical challenges in PMSM drive

systems.

Chapter 3: This chapter explores the mathematical modeling of the PMSM
drive and EV systems that were conducted as part of the research. It begins with
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a detailed explanation of the modeling approach, including the mathematical
equations and parameters employed to model both the PMSM and the electric
vehicle system. The chapter then offers a thorough analysis of performance
metrics such as efficiency, torque ripples, and current ripples, with visual tools
like charts and graphs used to illustrate the improvements achieved. The chapter
concludes by discussing the findings, interpreting the results within the context
of PMSM applications in EV .

Chapter 4: This chapter highlights the hardware setup, providing an in-depth
description of the equipment and components used to test the enhanced PMSM
drivetrain. It details how control systems are integrated with physical hardware,
such as power converters, sensors, actuators, and the PMSM. The chapter
emphasizes the importance of hardware elements, particularly the drivetrain, in
translating research findings into practical PMSM applications, showcasing the

real-world application of theoretical advancements.

Chapter 5: This chapter presents an ANFIS-enhanced Hysteresis Current
Control (HCC) strategy to improve PMSM performance in EV . By reducing
torque and current ripples, the method ensures smoother operation and higher
energy efficiency. Simulation and experimental results confirm its advantages
over traditional PID control, making it a strong candidate for quieter, more

efficient EV drives.

Chapter 6: This chapter describes an advanced control technique combining
ANFIS with Model Predictive Current Control (MPCC) to enhance PMSM
performance in EV . The ANFIS-MPCC approach effectively minimizes torque
and current ripples, resulting in smoother operation and increased energy
efficiency. Validated by simulations and experiments, this method outperforms
traditional controls. By addressing ripple challenges, it contributes to quieter,
more efficient PMSM drives, advancing electric vehicle technology and offering

superior performance and reliability to consumers.

Chapter 7: This chapter presents the design and implementation of an

Adaptive Neuro-Fuzzy Inference System-based Sliding Mode Current Controller
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(ANFIS-SMCC) for torque ripple and current ripple mitigation in PMSM drives.
By combining SMC’s robustness with ANFIS’s learning capability, the proposed
controller achieves real-time adaptability, smooth current regulation, and

resilience under practical EV operating conditions.

Chapter 8: The concluding chapter summarizes the key findings of the research,
reviewing the objectives and emphasizing the study’s significant contributions to
PMSM performance enhancement. Additionally, the chapter identifies potential
areas for future research, suggesting directions for further investigation to build
upon this study and continue advancing PMSM technology for EV .

1.4 Conclusion

This chapter introduces the past and future of EVs, emphasizing the significant
role of PMSMs in enhancing EV performance. The chapter outlines these key
challenges and presents the thesis objectives aimed at optimizing PMSM
efficiency and reliability in EV applications. Additionally, the thesis organization
is discussed, demonstrating how each section contributes to the broader
understanding of PMSM technology and its impact on the sustainable evolution

of EVs, driving innovations for the future of electric transportation.
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Chapter 2

Literature survey

2.1 Overview ofEVs and their growing importance.

EVs are increasingly crucial in the transition to sustainable transportation due to
their potential to reduce greenhouse gas emissions and dependence on fossil
fuels . Their popularity is driven by zero operational emissions, higher energy
efficiency, and lower maintenance costs compared to traditional vehicles,
although high initial costs remain a barrier .EVs integration is not just a response
to environmental concerns but also a strategy for diversifying energy sources
and enhancing energy security . Governments are actively encouragingEVs
adoption through incentives, which have significantly boosted market
penetration despite early-stage risks [15].

China leads the globalEVs market, with Europe and the USA following,
signaling a shift in automotive trends [16]. However, widespreadEVs use
presents challenges, such as the need for extensive charging infrastructure and
the management of increased peak loads on power grids [17, 18]. Smart charging
solutions and advanced control strategies are essential to maintain grid stability
and optimize charging efficiency [18, 19]. Moreover, the integration of hybrid
energy systems, such as lithium-ion batteries and fuel cells, enhances the overall
efficiency and extends the driving range of EV [20]. Although EVs improve air
quality and public health, local factors influence these benefits [21].
Advancements in battery technology and integration with renewable energy
sources further reduce the transportation sector’s carbon footprint [17-19].

Nonetheless, safety concerns, including fire risks and post-accident procedures,
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FIGURE 2.1: Components of an EV drivetrain
remain critical issues that require ongoing attention [16].  Overall, the

significance of EVs in sustainable transportation is

emphasized by

environmental benefits, technological advances, and supportive policies,
contributing to a more resilient transportation system.

To better understand how these advancements are realized in practice, the
technical diagram in Figure. 2.1 illustrates the core components and energy flow
within an EV drivetrain. The high-voltage battery pack stores electrical energy,
which is managed by a Battery Management System (BMS) to ensure safety and
efficiency. Power is delivered to the inverter, which converts DC to AC for the
electric motor. The motor generates torque, transmitted via the reduction gear to
the wheels, propelling the vehicle. An onboard charger enables external AC
charging, while the control unit coordinates system operation and regenerative
braking, which recovers kinetic energy during deceleration. This architecture

enables efficient, emission-free transportation in modern EVs.
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FIGURE 2.2: Structure of PMSM

2.2 Architecture and Advanced Control of PMSM
Drives for EV Applications

PMSM are central to electric vehicle propulsion systems due to their high power
density, superior efficiency, and dynamic performance. Understanding their
construction, operational principles, and classification is essential for optimizing
motor behavior under varying load and speed conditions. This study discusses
the structural components of PMSMs, distinguishes between surface-mounted
and interior magnet configurations, and outlines their key operating modes,
such as Maximum Torque Per Ampere(MTPA), Flux Weakening (FW), and
regenerative braking. These aspects form the foundation for developing
advanced control strategies tailored to the performance demands of modern
EVs.

2.2.1 Construction, Types, and Operating Modes of PMSM

A PMSM is a type of synchronous motor that uses permanent magnets
embedded in the rotor to create a constant magnetic field. The construction of a
PMSM typically includes a stator, rotor, and various control systems as shown in
Figure 2.2. The stator is composed of a core and windings, which are usually
made of copper wire wound in a specific pattern to create a magnetic field when
current flows through them [22]. The rotor contains permanent magnets, which
can be arranged in different topologies such as surface-mounted or embedded
within the rotor core [23]. The motor operates on the principle of synchronous
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rotation, where the rotor and the stator magnetic fields rotate at the same speed.
The stator windings are powered by an AC supply, which creates a rotating
magnetic field. This field interacts with the magnetic field of the rotor magnets,
producing torque and causing the rotor to turn in sync with the stator field [24].

The working principle of PMSM involves several key aspects. Firstly, the
motor’s speed and torque are controlled by varying the frequency and amplitude
of the AC supply to the stator windings. Advanced control techniques such as
vector control or FOC are often employed to achieve precise control over the
motor’s performance. These methods involve controlling the motor’s current in
a way that decouples the torque and flux-producing components, allowing for
efficient and dynamic control [25]. Additionally, PMSMs can operate in different
modes, including constant torque and flux-weakening modes. In the
flux-weakening mode, the motor can achieve higher speeds by reducing the
magnetic flux in the air gap, which is often accomplished by adjusting the
current in the stator windings [26]. PMSMs are also equipped with various
control systems to enhance their performance and reliability. For instance, the
use of sliding mode control (SMC) algorithms can improve the robustness and
reduce chattering in the control system [27]. Moreover, PMSMs can be designed
to operate without position sensors, using sensorless control techniques that
estimate the rotor position based on the motor’s electrical characteristics [28].
This not only reduces the cost but also increases the reliability of the motor. In
applications requiring high starting torque and a wide field-weakening range,
PMSMs with specific magnetic circuit topologies are designed to meet these
requirements [23]. Furthermore, PMSMs are widely used in various applications
due to their high efficiency, reliability, and superior control performance. They
are commonly found in CNC machine tools, where they control the cutting feed
motion of the machine tool axes [25]. In hybrid and EV , PMSMs are favored for
their high torque density and efficiency [23]. The development of advanced
algorithms and control methods, such as those based on backstepping control,
further enhances the performance of PMSMs by providing fast dynamic
response and minimal steady-state error [29]. Overall, the construction and
working principle of PMSMs make them a versatile and efficient choice for a
wide range of applications.

PMSMs are categorized primarily into Surface-mounted PMSMs (SPMSMs)
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and Interior PMSMs (IPMSMs) as shown in Figure. 2.3, each with distinct
characteristics and applications. SPMSMs feature a simple magnetic circuit
design, fast responsiveness, linear torque-current characteristics, and constant
operating speed, making them suitable for applications requiring precise control
and high efficiency [30]. They are widely used in industrial applications due to
their high efficiency and precise control capabilities [31]. On the other hand,
IPMSMs have high power densities because they can utilize both magnetic and
reluctance torque, offering a wider operating range when flux-weakening control
is employed [30]. This makes IPMSMs particularly attractive for
high-performance applications such as EV , where a broad speed range and high
efficiency are crucial [32]. Additionally, the construction of permanent magnets
in the rotor is critical for the performance of Line-start PMSM(LSPMSMs), which
are emerging as high-efficiency alternatives to traditional induction motors,
contributing to energy efficiency and sustainability [33]. Advanced control
methods, such as non-linear control techniques, are being developed to handle
the complex dynamics and non-linearity inherent to PMSMs, further enhancing
their performance [31]. Moreover, innovative strategies like the flux observation
transfer-based inductance identification and sliding mode control are being
employed to improve the accuracy and robustness of PMSM control systems
[34]. These advancements highlight the ongoing research and development
efforts aimed at optimizing the performance and expanding the application
range of PMSMs, making them a versatile and efficient choice for modern electric
drive systems[35, 36].

PMSM operate under distinct control modes tailored to specific speed and
load conditions to ensure optimal performance and energy efficiency.In
low-speed motoring, the MTPA strategy is employed[37]. This mode focuses on
minimizing current consumption while maximizing torque output by optimally
aligning the stator current vector with the rotor flux. MTPA enhances overall
drive efficiency and reduces copper losses, making it ideal for city driving and
low-speed acceleration. As the motor transitions to high-speed motoring, it
reaches a point where the back-EMF approaches the DC bus voltage limit. To
extend the speed range beyond this base speed, FW control is activated [38]. This
technique deliberately injects negative d-axis current to reduce the resultant
air-gap flux, allowing safe operation at higher speeds without exceeding voltage
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FIGURE 2.3: Rotor configuration of PMSM (a)SPMSM (b) IPMSM

constraints.In regenerative braking mode [39], the PMSM acts as a generator.
Instead of consuming electrical energy, it converts the kinetic energy of the
vehicle into electrical energy during deceleration. This recovered energy is fed
back to the battery, improving overall energy efficiency and extending vehicle
range.

Together, these operating modes MTPA at low speeds, FW at high speeds, and
regenerative braking during deceleration enable PMSM drive systems to deliver

efficient, high-performance operation across the full range of vehicle conditions.

2.2.2 PMSM Control strategies

The control strategies for PMSMs, as illustrated in Figure 2.4, are broadly
categorized into Scalar Control and Vector Control under the umbrella of
Variable Frequency Drives (VFDs). Scalar control is a simpler technique that
maintains a fixed voltage-to-frequency ratio (V/f = constant) or adjusts the
stator current as a function of rotor speed (I} = f(w;)). While easy to implement,
scalar methods offer limited dynamic performance and are typically suited for
low-cost, low-performance applications.

Vector control offers a more advanced and dynamic approach by enabling
decoupled control of torque and flux. One of the principal methods in this
category is FOC, which can be implemented based on rotor flux orientation using
either direct or indirect methods or stator flux orientation, depending on the
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system requirements. FOC, also known as vector control, is widely used for its
ability to decouple torque and flux control, providing precise and rapid torque
response. Recent advancements include the introduction of sliding mode control
schemes, which improve dynamic torque and speed response while enhancing
robustness to parameter variations and external disturbances, as demonstrated
in permanent magnet AC motors[40] .Direct Torque Control (DTC) is another
key vector control technique that directly regulates torque and flux through
instantaneous error correction. Traditional DTC methods, however, suffer from
issues such as large torque ripple and variable switching frequency. To address
these, various improvements have been proposed. For instance, a novel DTC
strategy eliminates common-mode voltage spikes caused by dead-time effects,
maintaining a simple control structure without hardware modifications

Additionally, the use of virtual voltage vectors (VVs) in DTC strategies for
multiphase machines has shown significant improvements in current regulation
and reduced flux/torque disturbances [41]. Another advanced DTC method,
deadbeat direct torque and flux control (DB-DTFC), reduces electromagnetic
torque ripple and improves dynamic response and robustness to motor
parameter variations [42]. Furthermore, observer-based optimal DTC strategies
have been developed for SPMSM drives, offering improved transient and
steady-state performance with less computational burden and enhanced

robustness. DTC performance can be further refined using modulation strategies
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such as Space Vector Modulation (SVM), Circular Flux Trajectory, or Hexagon
Flux Trajectory, which help minimize torque ripple and switching losses[43, 44].
Feedback Linearization [45]is a vector-based control technique that cancels
system nonlinearities, thereby simplifying the control structure and enhancing
dynamic performance. In addition, Passivity-Based Control[46] introduces an
energy-oriented framework that enhances system stability and robustness,

particularly under variable load and dynamic operating conditions.

2.2.3 Integration and Role of PMSM in EV

EVs have specific performance requirements that are critical for their acceptance
and efficiency, including driving range, acceleration, and regenerative braking
capabilities. The driving range is a fundamental requirement for EVs, as it
determines the distance an EV can travel on a single charge. Studies show that
many existing analyses underestimate range requirements by focusing on
one-day analyses and mean daily trip distances, whereas longitudinal mobility
data provide a more accurate picture. For instance, GPS-recorded driving cycles
indicate that 80% of small-scale vehicles, 67% of midsized vehicles, and 40% of
sport utility vehicles can meet their range requirements with current EV
technology [47]. Acceleration performance is another crucial aspect, often
enhanced by advanced motor control systems. For example, the use of an
interior PMSM (IPMSM) drive with a two-leg interleaved bidirectional front-end
dc/dc buck-boost converter can significantly improve high-speed driving
performance and acceleration by establishing adjustable and boostable dc-link
voltage [48]. Regenerative braking (RBS) is a key technology for extending the
driving range by recovering energy that would otherwise be lost during braking.
Various control strategies, such as fuzzy logic, neural networks, and sliding
mode control, have been developed to optimize energy regeneration without
compromising vehicle performance [49]. A fuzzy-logic-based RBS, for instance,
can improve energy recuperation efficiency by determining the optimal
distribution between friction and regenerative braking forces, thereby enhancing
the driving range by up to 25.7% [50]. Additionally, the integration of electric
motors/generators as actuators in the braking system allows for faster torque
response and better energy feedback, which is crucial for maintaining braking
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safety under complex conditions [51]. The use of a sliding mode robust
controller (SMRC) has been shown to improve the drive range of EVs by about
17% through effective energy-regeneration control [39]. Moreover, a
parallel-distribution braking system with gain-scheduling super-twisting sliding
mode control (GSTSMC) can capture maximum kinetic energy during braking,
increasing the state of charge (SOC) and overall efficiency while maintaining
vehicle stability [52]. The choice of refrigerants in EV cooling systems also
impacts performance, as low-Global Warming Potential (GWP) refrigerants can
enhance energy efficiency and cooling capacity, thereby indirectly affecting the
driving range by reducing the cooling load [53]. Finally, the comparison between
serial and parallel regenerative braking strategies reveals that serial regenerative
braking outperforms parallel strategies in terms of energy recuperation, making
it a more promising approach for future developments [54]. Overall, these
performance requirements and technological advancements are crucial for the
continued development and acceptance of EVs in the market. The integration of
PMSMs with other EV components, such as battery management systems, is a
multifaceted approach aimed at enhancing the overall performance and
efficiency of EVs. A dual three-phase PMSM drive can be connected with
ultracapacitors and batteries through inverters to achieve hybrid energy storage
system power management, improving dynamic response and seamless
transient processes [55]. Additionally, a segmented three-phase interior PMSM
(IPMSM) can serve as an inductor filter for integrated battery chargers,
optimizing stator winding inductance to manage grid current harmonics during
charging and vehicle-to-grid (V2G) modes [56]. This configuration can be further
enhanced by using a nine-winding segmented three-phase PMSM, which
eliminates torque fluctuations and reduces core loss during charging/V2G
modes, while maintaining a simple control strategy [57]. The hybrid energy
storage paradigm (HESP) integrates PMSMs with supercapacitors and
NMC-lithium batteries, managed by an advanced artificial neural network
(ANN) to improve regenerative braking efficiency and energy storage during
braking [58].  Moreover, battery thermal management systems (BTMS)
incorporating composite phase change materials and polyimide heating films
can be integrated with PMSMs to ensure optimal battery temperature control,
enhancing safety and lifespan [59]. The use of hybrid proportional-integral (PI)
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and sliding mode control (SMC) schemes for hybrid energy storage systems
(HESS) with PMSMs further optimizes the performance by reducing tuning
efforts and improving transient and steady-state conditions . Finally, integrated
drivetrain models that include PMSMs, battery, and power electronics can
simulate and validate system-level outputs, identifying energy-conscious actions
that significantly reduce energy consumption and improve efficiency [60]. These
integrated approaches collectively contribute to the advancement of EV

technology, ensuring better performance, efficiency, and reliability.

2.2.4 Performance Enhancement through Advanced Algorithms

In EV applications, control of PMSM typically begins with the MTPA strategy,
which aims to achieve the highest torque output for the least stator current
magnitude. MTPA is effective at improving drive efficiency and reducing copper
losses, especially in low-speed operating regions. However, its performance is
highly sensitive to variations in motor parameters such as inductance and flux
linkage, which are affected by temperature changes and magnetic saturation.
Consequently, conventional MTPA control may result in suboptimal torque
generation under practical, time-varying operating conditions [61, 62].

To overcome such parameter sensitivity, Adaptive Neuro-Fuzzy Inference
Systems (ANFIS) have emerged as an artificial intelligence-based alternative.
ANFIS combines the self-learning ability of neural networks with the rule-based
reasoning of fuzzy logic, enabling it to adapt in real time to nonlinear dynamics
and parameter uncertainties. In PMSM drives, ANFIS-based control has shown
superior torque tracking accuracy, reduced overshoot, and improved robustness
under fluctuating loads and speed conditions. Its ability to approximate system
behavior from data makes it especially valuable in EV scenarios where precise
system modeling is difficult [58].

Building on model-based predictive control, Finite Control Set Model
Predictive Control (FCS-MPC) offers a dynamic control solution that predicts
future motor behavior and selects the optimal inverter switching state at each
sampling instance. Unlike continuous control approaches, FCS-MPC works with
a discrete set of switching combinations, minimizing a predefined cost function

that accounts for torque control, current regulation, and switching losses. Its fast
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dynamic response, high precision, and constraint-handling capabilities make it
particularly effective for PMSM control in EVs where real-time optimization is
crucial [63, 64].

When robustness against uncertainties and disturbances is a primary concern,
Sliding Mode Control (SMC) becomes a preferred method. SMC enforces system
trajectories to follow a predefined sliding surface using discontinuous control
action, ensuring finite-time convergence and resilience to parameter variations
and external perturbations. In PMSM applications, SMC has proven effective for
managing nonlinearities and ensuring stable operation under rapidly changing
conditions. Hybrid PI-SMC structures have further enhanced both transient and
steady-state performance while easing controller tuning requirements [65, 66].
Classical SMC, however, suffers from issues like chattering and limited
adaptability, which restrict its deployment in dynamic EV environments [67].

To address these limitations, several enhanced SMC variants have been
developed. = Adaptive SMC algorithms introduce online gain tuning to
accommodate changing system dynamics and improve speed regulation [68],
while recursive SMC methods employ adaptive observers to eliminate the
reaching phase and improve tracking smoothness [69]. Fixed-time SMC and
barrier function-based controllers ensure rapid convergence and effectively
handle actuator constraints such as input saturation [70]. Event-triggered SMC
schemes have also been proposed to reduce computation and communication
burden while maintaining control precision [71].

Recognizing the need for greater adaptability and ripple suppression,
researchers have explored intelligent hybrid SMC approaches. Techniques such
as ANFIS-SMC, fuzzy-SMC, and neural-network-assisted SMC aim to combine
the robustness of SMC with the learning capabilities of soft computing.
ANFIS-SMC, for instance, integrates neuro-fuzzy adaptation into the SMC
framework to enable online tuning and enhanced noise rejection [72], while
RBF-NN-aided SMC improves transient tracking based on prescribed
performance bounds [73]. Although these intelligent extensions offer improved
control precision and adaptability, they also introduce higher computational
overhead, posing challenges for real-time implementation on embedded EV
platforms.

Overall, the advancement of PMSM control algorithms—from classical MTPA
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to intelligent SMC variants—reflects a shift toward more adaptive, robust, and
predictive strategies to meet the dynamic and uncertain operating conditions

typical of modern electric vehicle drive systems.

2.3 Technical and economic challenges.

PMSMs in EV drivetrain face challenges related to integration with regenerative
braking and other components. Improving efficiency and reducing costs requires
smart control methods and optimized powertrain design. Issues like complex
design, changing motor parameters, and high production costs highlight the need
for better models and advanced control strategies.

One significant limitation is the high complexity and strong coupling in the
structure of PMSMs, which makes the design process challenging and often
requires extensive parameter optimization to achieve optimal performance
under various operating conditions [61]. Additionally, the conventional MTPA
control, which is commonly used to optimize Joule loss, requires precise
knowledge of motor parameters that can vary with operating conditions, leading
to suboptimal performance when these parameters are not constant . Another
challenge is the need for efficient control strategies that can handle the dynamic
behavior of PMSMs, especially in the saturation area where the MTPA trajectory
deviates significantly from the initial unsaturated parameters [62]. Furthermore,
the design and current reference of PMSMs are coupled, affecting the back
electromotive force (EMF) and making it difficult to simultaneously determine
the optimal design and current reference under voltage limitations [74]. The
performance evaluation of PMSMs also needs to consider the full speed range,
temperature constraints, and induced voltage, which adds to the complexity of
the design process [61]. In the context of EVs, PMSMs must be designed to
provide continuous torque under varying road and weather conditions, which
requires careful consideration of stator slot configurations, rotor configurations,
and magnetic materials [75]. The use of finite element analysis (FEA) for design
optimization, while effective, can be computationally intensive, and there is a
need for faster and more reliable methods to evaluate motor performance [76].

Additionally, the emulation of PMSMs for testing purposes requires accurate
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replication of electrical and mechanical characteristics, which can be challenging
due to the constraints on the converter DC bus voltage and the coupling network
sizing [77]. The design of PMSMs for specific applications, such as electric
bicycles, also involves trade-offs between motor size, weight, cost, and efficiency,
with different rotor structures offering varying advantages and limitations [78].
Moreover, the commonly used PI control algorithms in industrial applications
can suffer from limitations under certain operational conditions, particularly
when dealing with parameter uncertainties and integral windup, which can
affect torque production and overall performance [79]. Finally, existing PMSM
models often rely on empirical formulations and standard design rules that may
not be suitable for high-performance applications, highlighting the need for
improved, holistic, and multiphysic models that can support optimized design
methodologies [80].

Technically, PMSMs face issues related to dynamic performance and
robustness, especially when motor parameters change or external environmental
interferences occur. Advanced control strategies, such as improved sliding mode
and proportional resonance theory, have been proposed to address these issues,
enhancing the motor’s dynamic performance and anti-interference capabilities
[65]. Additionally, the integration of economic model predictive control (EMPC)
can reduce electrical losses and improve system efficiency, thereby extending the
cruising range of EVs [66]. However, achieving a wide constant-power speed
range and high power factor at high speeds remains challenging, necessitating
further research and development in motor design, such as the reverse-salient
PMSM (RSPMSM) which shows promise in flux-weakening states [81].
Economically, the high cost of PMSMs is a significant barrier, as the motor
constitutes a large portion of the overall vehicle cost. Efforts to reduce costs
include optimizing motor topology, material applications, and control strategies
[82]. Moreover, the need for high efficiency to maximize battery utilization adds
to the complexity and cost of PMSM systems [83]. Sensorless speed control
techniques, such as those using artificial neural networks (ANN), offer potential
cost savings by eliminating the need for physical sensors, though they require
sophisticated algorithms to maintain performance [83]. Furthermore, the use of
wide-bandgap semiconductors like silicon carbide (SiC) MOSFETs in conjunction
with PMSMs introduces electromagnetic interference (EMI) issues, complicating
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the achievement of electromagnetic compatibility (EMC) standards and
necessitating additional design considerations and testing infrastructure [84].
Despite these challenges, PMSMs are favored for their high torque density and
efficiency, which are crucial for EV applications. Control strategies like FOC and
DTC are commonly used, each with its own merits and shortcomings [85]. The
adoption of fuzzy logic controllers can further enhance performance by handling
non-linearities and uncertainties more effectively than traditional PI controllers
[86]. Overall, while PMSMs offer significant advantages for EVs, addressing
their technical and economic challenges requires ongoing innovation in motor
design, control strategies, and cost reduction techniques to make them a more

viable option for widespread adoption in the automotive industry.

2.4 Identified gaps in current research.

The research on PMSM has been extensive, focusing on their application in
various industrial and automotive fields due to their high efficiency, power
density, and torque-to-weight ratio. Despite the advancements, there are still
several gaps identified in the current research that offer opportunities for further

investigation and improvement. These gaps include:

1. Dynamic Performance and Durability: One of the key challenges with
PMSMs is maintaining their dynamic performance and durability, which
can be significantly affected by variations in motor parameters and
environmental conditions. PMSMs must contend with unpredictable shifts
in their operating environment, which can impair motor performance and

lifespan.

2. Torque Ripple: Torque ripple is a critical issue for PMSMs, especially at low
speeds where high pole numbers are required. This often leads to a reliance
on rare earth magnets, increasing costs and complexity. Torque ripple can
affect vehicle smoothness and stability, making it a major concern for

automotive applications.

3. Control Strategies: While Traditional control strategies like Field-Oriented
Control (FOC) and Direct Torque Control (DTC) are widely used, they
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often face limitations in terms of dynamic responsiveness and
implementation complexity. Effective control strategies are essential for
ensuring that PMSMs can adapt to varying operating conditions while
maintaining optimal performance. However, achieving this remains a

challenge due to the inherent complexity of PMSMs.

4. Accurate Rotor Position Sensing: Accurate rotor position sensing and
current component regulation are necessary for smooth PMSM operation.
These requirements are vital for effective motor control and optimal torque
production but can be difficult to implement due to sensor inaccuracies and

alignment issues.

5. Integration with Electric Vehicle Systems: Integrating PMSMs into electric
vehicle systems involves challenges related to power electronics, energy
management, and system compatibility. Ensuring that the motor aligns
with the vehicle’s electrical architecture while delivering the necessary
performance is a complex task that requires careful coordination across
multiple subsystems.

6. Energy Efficiency and Cost: Energy efficiency is a major concern, as PMSMs
must deliver high performance without excessive energy consumption.
Balancing efficiency with cost-effectiveness is critical, particularly given the

high initial investment associated with PMSMs in EV .

7. Environmental Considerations: As the automotive industry shifts towards
renewable energy sources, PMSMs face pressure to align with these
environmental goals. Meeting sustainability targets without compromising

performance or increasing costs remains a significant challenge.

These identified gaps highlight the potential for significant advancements in
the performance and application of PMSMs, particularly in electric vehicle
technologies. Addressing these gaps through detailed study and innovative
research could lead to more efficient, reliable, and cost-effective PMSM systems
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2.5 Conclusion

This chapter presents an overview of the existing literature regarding the
application of PMSM in EVs. The study highlights the ongoing efforts and future
directions in PMSM research and development, emphasizing the importance of
addressing technical and economic challenges, bridging research gaps, and
leveraging emerging trends to enhance the effectiveness and use of PMSMs in
EV and other fields.

Z'l—.l turnitinﬁ Page 57 of 166 - Integrity Submission Submission ID  trn:oid:::27535:106576809



z'l_.l turnitin Page 58 of 166 - Integrity submission Submission ID trn:oid:::27535:106576809

27

Chapter 3

Modeling and Simulation of PMSM
Drive for EV application

3.1 Introduction

Accurate modeling of EV drivetrains, especially those using PMSMs, is essential
for improving overall efficiency. By simulating the interaction between motors,
inverters, and batteries, it becomes possible to evaluate and optimize the
propulsion system before creating physical prototypes. This chapter highlights
how such modeling enables the development of control strategies while
addressing real-world challenges, and supporting informed component

selection.

3.2 Mathematical Modeling of EV

It is imperative for every EV to exhibit performance characteristics that ensure
safe integration with regular urban traffic. To achieve this, a comprehensive
understanding of the various forces influencing the dynamics of an EV is
essential.  This section aims to elucidate each of these forces, ultimately
synthesizing their contributions to derive an expression for the total force that
must be overcome. This total force signifies the effort required by the PMSM to
induce the linear movement of the electric vehicle[87]. Figures. 3.1 and 3.2 offer a
graphical depiction of the forces influencing the dynamics of the vehicle. Table

3.1 represents the vehicle parameters.
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Rolling resistance force The force of rolling resistance primarily arises due to
the friction between the tire and the ground. This force remains relatively constant
and is directly proportional to the total weight of the vehicle. The mathematical
representation of this force is given by:

Fy = pupymg (3.1

where p,, is the coefficient of rolling resistance,m is vehicle mass in kg, g is

acceleration due to gravity

Aerodynamic drag force The aerodynamic drag force originates from the air
resistance experienced by the moving vehicle body and is dependent on the

frontal area. The equation governing this force is formulated as follows:

1
Ey= EpAcdv2 (3.2)
where, p represents the air density in kg/m3, A stands for the frontal area m?, v
in m/s denotes the speed of the vehicle and Cg4, known as the drag coefficient,

decreases its value, enhancing the aerodynamics of the vehicle

Hill climbing force The force needed to drive the vehicle uphill on a slope ¢,
designated as Fy. is essentially the weight of the vehicle component acting
parallel to the incline.By analysing the forces, it can be represented as illustrated
in Figure. 3.1 .

Fy. = mgsiny (3.3)

Acceleration force When the vehicle speed changes, an additional force
beyond that depicted in Figure. 3.1 is necessary. This force, F;,, induces the linear
acceleration of the vehicle and is described by Newton’s second law equation,

F, = ma (3.4)

Both angular acceleration of the vehicle’s rotating elements and linear acceleration
must be considered.
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FIGURE 3.1: Forces acting on the vehicle

Figure. 3.2 illustrates a simple method of connecting the PMSM with the
traction wheels. The angular force required is:

Foo=1——>a (3.5)
wa 17

The angular force required is linked to the motor transmission ratio (G),
moment of inertia (I) of the motor’s rotor, gear efficiency (77;) and the radius (r)
of the drive wheels. This relationship is expressed as follows: for: w < w,, or

< rGw,, then T; = Tyax Where:

%:gT (3.6)
GZ
Fie = prymg + pAC 0% + ma + Iﬁa (3.7)
8
then substituting (3.6) in (3.7), we have:
B roop , 7 r G LT
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Motor t?ﬁ:T

Considering that the Torque equation of the PMSM is:
Jo=T,— Ty 3.9)
substituting (8) in (9):

Te - (Vrrmg ' é + %pAdez : g;_33>
o= A (3.10)

The linear acceleration Z—zt’ is given by:

do _ Te— (pormg - & +3pACa?)

2 _ 3.11)

3.3 Mathematical Modeling of PMSMs

To facilitate controller design, simulation studies, and digital control
implementation, a comprehensive mathematical model of the PMSM is essential.

The model employs variable transformations to account for time-varying
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TABLE 3.1: Vehicle parameters

Parameters Symbols Value Unit
Vehicle mass m 340 kg
Vehicle frontal area, A 2.35 m?2
Wheel rolling radius, r 03048 m
Gear natio, G 5 -
Rolling resistanee coefficient, Urr 0.005 -
Wind resistance coefficient, Ca 0.4 -

inductances and differential equation coefficients. The PMSM equations are
formulated in two reference frames: the stationary frame, where the stator is
fixed, and the rotating frame, where the rotor is fixed. The stationary frame is
typically used to analyze transient behavior due to its computational simplicity
and static nature, while the rotating frame is preferred for small-signal stability

analysis, capturing steady-state voltage and current imbalances.

3.3.1 PMSM Modeling in the Stationary a-b-c Frame

The voltage equations for a PMSM in the stationary a-b-c reference frame are

given by :
Usa fsa| | Psa
Usp | = Rs |ig| + a7 | P (3.12)
Usc Isc Psc

Here, vs4, vy, vsc represent stator voltages, and ig,, igp, isc denote stator currents.
The flux linkages ¢s4, ¢sp, Psc are expressed as :

Psa Isq cos 0
bsp| = Lape |isp | + ¢m | cos ( — 2%) (3.13)
¢sc s cos (6 + 27”)

The inductance matrix L. is defined as :

Laa Lab Luc
Lgpe = i L, == (3.14)
Lca ch Lcc
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In this matrix, L,,, Ly, Lcc are self-inductances, while L, Ly, Lac, Lea, Lpe, Loy are
mutual inductances. The permanent magnet flux linkage magnitude is denoted
by ¢

The flux linkage in equation (3.13) comprises contributions from stator
currents and the permanent magnet. The self and mutual inductances
incorporate a constant DC component and second-order harmonics, expressed

as:
Laa — LOS + LOa - Lms COS 29

27T
7T
LCC - LOS + LOa - ms C052 (9 ?)
. _ (3.15)
0
Loy = Ly, = —75 — Lyys cos2 (9 5)
L T
Lac — LCQ — _% - Lms C052 <9 + 5)
Ly =L Los _p
=Lla=-7 - ms €082 (0 + 71)

Here, Los and Lo, represent the stator winding’s leakage and fundamental
magnetizing inductances, respectively, while L, is the rotor-position-dependent
inductance, which is zero for Surface PMSM and independent of rotor position.
Using equations (3.13) and (3.15), the flux linkage derivative for phase A is:

d d
Pon _ (Laaisa + Lapisp + Lacisc + ¢m cos 0)
dt — dt
d (3.16)

= — [(Laa — Lac)isa + (Lap — Lac)isp + ¢m cos 6]
dt
This simplifies to:

d digg di
P51~ Kavisa + Ko 2+ Kasi + Kna 2 —

¢Pmwy sin 6 (3.17)
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where the coefficients are:

K1 = 200 Lys Sin 20 — 200, s sin 2 (9 - g)

3 T
Ky = ELOS + L5 cos2 (9 + 5) — L5 cos 20

Kuz = 20y Lyns 5in 2 (9 - g) 200y Lys SN 2 (9 n g) (3.18)

K4 = Ly cos2 <9+ g) — Ly cOS2 (6— g)

For phase B, the flux linkage derivative is:

d¢sb

disg
7t = Kp1isa + Kpp

dt

disy — Pmwy sin (9 - 2?7[) (3.19)

with coefficients:

Kin = 200, Lyssin2 (0 — %) — 20, Lyys sin2 (6 + 77)

Kpp = Lyscos2 (0 + 7t) — Lys cos 2 (0 — g)

. 27 . (3.20)
Kyz = 2wy Liyssin2 | 0 — =) 2wy Liys sin2 (6 + )
2
Kpy = ;Los + Lyys cos2 (60 + 1) — Lyys cos 2 (9 — ?71)
The stator voltages are derived using equations (3.13 )to (3.20):
. . di di .
Usa = Rsisq + Kgiisq + Kgp - dsa + Kyzigp + Kyg - d_;b — Pmwy sin 6
(3.21)
Vgp = Ruisa + Ky isq s rsin (0 28
sb — Nslsa bllsa dt dt 47111 r 3

Stator current derivative can be evaluated from equations (3.20) and (3.21)

disa _ o _ 1
dt — % KbsKay — KagKby
(Kbyvsy — Kagvg, — [Kby(Rs + Kay) — KagKby] is; — [KazKby — Kag(Rs + Kb3)] igp
2
+Kbypmwy sin 0 — Kagpp,w, sin (9 — ?ﬂ))

(3.22)
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digy . -1
a0 T KbyKay — Kagkb,

(szvsa — Kayog, — [sz(Rs + Kﬁll) — K(lszl] lsg — [Ka;;sz — Kﬁlz(Rs + Kb3)] isb

+Kbyppwy sin @ — Kaxpp,w, sin (9 — Zg))

(3.23)
Stator current derivatives, d;t" and d;st”, are expressed using M, and M. The

stator currents are computed discretely using the forward Euler method using
equations (3.22) and (3.23) :
isa(k) — Ma * TS + isa(k - 1)
isb(k) =My Ts +ig(k—1) (3.24)
isc(k) = —isa(k) — i5p (k)

The electromagnetic torque is formulated as:

7 Lae(0). 7 9Aw(6)
T, = b (l;{bc aa; Labe T+ l;bc ame

2
7 OLpc(0) .
Ny = l;bc%zabc (3.25)
7 OAm(0
Np = lgbc gng( )
The torque is then:
T, = g (N1 + Na) (3.26)

The electromagnetic torque is expressed in standard form as:

T. = g (reluctance term + PM torque term) (3.27)

Clark’s and Park’s Transformations

The time-varying nature of PMSM voltage, flux linkage, and torque equations
complicates three-phase AC machine models. Clark’s and Park’s transformations
simplify these dynamics.
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b - axis

Q - axis D - axis

ot - uxis

¢ - axis

FIGURE 3.3: Two-Pole PMSM Diagram

Clark’s transformation is :

Osy 2 1 _% _% Osa
v =30 B3| o, (3.28)
v 1 1 1 v
0 V2 V2 V2 sc
Park’s transformation is :
Vag ) cosf cos(0—Z) cos(0—2F)| [vs
V| =3 sinf sin (60— &) sin(0—2F) | |ovg (3.29)
1 1 1
% i i &

3.3.2 PMSM Modeling in the d-q Rotating Frame

In the rotating d-q frame, the rotor axis is at an angle 6, relative to the stationary
stator axis, and the stator magnetomotive force (mmf) is at an angle « to the rotor
d-axis . Figure. 3.3 illustrates a two-pole PMSM schematic.

The PMSM model without damper windings assumes:

1. Negligible saturation effects.

2. Sinusoidal induced EMF
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3. No eddy current or hysteresis losses.

4. Neglected field current dynamics.

The voltage equations are:
Usq = Rsisq + wWrdsg + pdsy
Usi = Rslsq — Wrsg + pPsa

Flux linkages are:

Psq = Lqlsq

$sd = Lalsa + Pm
Substituting equations (3.30) and (3.31) yields:

’Usq - Rsisq + wi’(LdZSd + (Pm) + qulSq
Vsd = Rsisd — a)quisq + p(Ldisd + (Pm)

b
Isd pPPm

T, = g <E> (‘Psdisq - ¢sqisd)

The mechanical torque equation is:

These are arranged as:

Usq| _
Usd

The motor torque is:

—w, Ly Rs+ply

dw
T, = T) + Bwpy + | ——=
dt
The rotor mechanical speed is:

wm:/(Te_Tl]_me>dt

2
wm — _(Ur
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3.3.3 PMSM Equivalent Circuit

Figure. 3.4 shows the equivalent circuit of PMSM The d-q model-derived

Rs &% Ls=La—Lam Rs @1 Lg=Lq-Lgm
ls? lsq

A 5 - 1.
Vsd §qif Youoo §

=l

\4

FIGURE 3.4: PMSM Equivalent Circuit

equivalent circuit uses stator voltages, with the d-axis rotor flux represented as a

constant source
$m = Lagif (3.37)

3.4 Field-Oriented Control (FOC) for PMSM Speed

Regulation

Applications such as robotics and industrial automation require precise speed
and position control. The PMSM drive system integrates a speed reference,
inverter, feedback mechanism, rotor, and controller. FOC regulates torque and

flux independently . The stator currents are:

I, = Ipsin(wt + )

. 27T

Ib = IO sin | wt +a — ? (338)
. 27T

I. = Ipsin (wt+o¢+ ?>
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The magnetic field is:

Ky sin(wt + «)
Kg| = |sin (wt+a — 20y | [Kq] (3.39)
Ko sin (wt + a + 27")

Using Park’s transformation, stator currents are converted to d-q components,

maintaining a fixed angle between rotor field and stator currents:

ig| . |sina
[iq] o [cos vc] (3.40)

The electromagnetic torque, derived from equations (3.38),(3.39) and (3.40) is:

1
{E(Ld — Lg) 2 sin 2 + ¢y I sin (x} (3.41)

3P

T,
)

The motor torque depends on rotor type and d-q inductance differences, with
rotor saliency introducing a reluctance torque component.

In high-performance vector-controlled drives, a current-control loop with high
bandwidth is essential to (a) ensure accurate current tracking, (b) minimize the
transient period, and (c) enable the Voltage Source Inverter (VSI) to function as a
current source amplifier within the current loop bandwidth. Figure. 3.5 illustrates
the block diagram of a vector-controlled PMSM drive using HCC.

SR
Current
i sensing
sabc e ./
Yy
e ) )
Vector | ____ Hysteresis
transform current VSI PMSM
L dg/abc  [----»>| controller
9“ isabe™ Switching
pulses

Position

I Speed I sensor
| calculation |

FIGURE 3.5: FOC of PMSM Dirive System with HCC

Hysteresis current control (HCC) is employed to achieve near-sinusoidal AC
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output current while meeting torque or speed requirements . A hysteresis band
controller ensures a regular switching frequency by comparing the actual stator
current with the desired reference current of the motor, maintaining low
harmonic content in the stator current. The reference currents are generated by
the controller with the inverter, constrained within a range determined by the
width of the hysteresis band. The error between the desired currents (i, i;‘b, or
i;.) and the measured currents (isg, igp, isc) is fed to a comparator with a hysteresis
band. When the error exceeds the upper limit, a HIGH signal (i.e., ‘1") is
generated, and when it falls below the lower limit, a LOW signal (i.e., ‘0") is
produced. This controller does not have a fixed switching frequency, which
varies continuously with the bandwidth. The speed controller calculates the
error between the reference speed (w*) and the actual speed (w;), which is
processed by a PI controller. Position feedback is obtained via a position encoder
mounted on the motor shaft.

3.5 Modeling of PMSM-drive for EV applications

Wheel Speed (RPM) | Wheel Speed Motor Speed| M speed

Velocity (Kmi/hr) Motor Power (Watt

Drive Cycle Wheel Torque (Nm)

[ ——»{Wheel Torqué ~* Motor_torque|———*|Toraue L= Clorus

Motor control model input Power Model Battery Model

FIGURE 3.6: Simulink model of PMSM-based EV drivetrain

The modeling and simulation of an EV drivetrain with a PMSM provide a
comprehensive framework to evaluate vehicle performance, energy efficiency,
and control strategies under realistic conditions. This analysis, conducted in
MATLAB/Simulink using the IM240 drive cycle (as shown in Figure. 3.6),
focuses on the key components of the EV drivetrain: the PMSM, battery system,
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transmission, and their integration. The following subsections detail each

component’s model, the simulation results, and their implications for EV design.

TABLE 3.2: PMSM Parameters

Parameter Symbol Value  Unit
Stall Torque Ts 11 Nm
Peak Torque T 33 Nm
Rated Speed Wr 3000  rpm
Rated Voltage \% 380 Vv
Number of Poles P, 6 -
Stator Resistance R 0.95 ohm
Rated Current I 6.8 A
Inductance Ls 8.2 mH
Inertia ] 0.015 kg-m?

The PMSM is a cornerstone of the EV drivetrain due to its high efficiency
(typically exceeding 90%), compact design, and excellent torque characteristics at
low speeds, making it ideal for urban driving scenarios. The PMSM model
captures its electrical and mechanical behavior accurately, enabling precise
control during dynamic operations. PMSM parameters used in this study are
shown in Table 3.2. It delivers torque efficiently during acceleration, achieving a
maximum torque of 8 Nm at 2500 rpm (as shown in Figure 3.9), and supports
energy recovery through regenerative braking, where it functions as a generator,
enhancing overall energy efficiency.

Although the motor only outputs 11 Nm, the gearbox multiplies this torque
by 4.5, and the wheel radius reduces the torque-to-force conversion factor. This is
how a modest-torque motor can generate sufficient tractive force for acceleration,

such as the observed 94 N peak in the simulation results. .

3.5.1 Battery Model

The battery model, based on a lithium-ion battery with a nominal voltage of 48
V and a capacity of 3 Ah, powers the drivetrain and accounts for power delivery,
current draw, and state of charge (SOC) dynamics. The battery power is derived
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from the motor power using the relation

P o P motor
battery — ’
Hinverter

where Hinverter (Set to 0.95) represents the inverter efficiency. The battery current

is calculated as
B battery

Ibattery - Vbat’tery,

where Vpattery is the battery voltage. The SOC is determined by integrating the

current over time:

1

battery

SOC(t) = SOC(0) —

t
/O Ibattery(T) dr,

where Cpattery i the battery capacity. This model captures the battery’s dynamic
response, showing a gradual SOC decline from 92% to 35% over the 250 second
IM240 drive cycle (Figure. 3.8), reflecting realistic energy consumption patterns.
The battery power peaks at 20 W, and the current reaches up to 0.42 A.

3.5.2 Transmission Model

The transmission model converts motor speed and torque to wheel speed and
torque, using a gear ratio of 4.5 and a transmission efficiency of 0.95. The wheel
speed (wy) is related to the motor speed (wy,) as

u =g
and the wheel torque (Ty) is given by

Tw = TmGWtrans-

This ensures efficient mechanical energy transfer to the wheels, accurately
reflecting vehicle speeds, such as a reduction from 40 km/h to 32.3 km/h during
braking scenarios, and wheel speeds up to 400 rpm (Figure. 3.9).
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FIGURE 3.7: Inspection and Maintenance (IM240) driving cycle

3.5.3 Simulation Results under IM240 Drive Cycle

The "The Inspection and Maintenance (IM240) driving cycle shown in Figure 3.7
is a 240-second standardized test simulating a 3.1-kilometer urban route,
characterized by a peak speed of 91.2 km/h and an average speed of 47.3 km/h
[88]. It evaluates the drivetrain’s performance through diverse operational stages
such as idling, steady cruising, acceleration, and braking. The simulation results
validate the model’s robustness, with the motor speed closely tracking the
reference speed (Figure. 3.9). Additionally, the motor and battery power align
with operational demands, as shown in Figure. 3.8, demonstrating the system’s
capability to handle dynamic conditions.The drivetrain achieves accelerations of
2 m/s?, corresponding to acceleration force peaks of 94 N, and decelerations of
1.925 m/s?.  The forces acting on the vehicle during the IM240 drive cycle
include acceleration force, aerodynamic force, rolling resistance force, and
gradient force. The acceleration force peaks at 94 N, reflecting the vehicle’s
dynamic response to acceleration demands. The aerodynamic force reaches 90 N,
influenced by the vehicle’s speed and air resistance. Rolling resistance remains
constant at 12 N, accounting for tire friction, while the gradient force is negligible
due to the flat terrain assumed in the simulation. These forces, illustrated in
Figure.  3.10, provide insight into the mechanical challenges faced by the
drivetrain during operation.
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FIGURE 3.9: Simulation results of a PMSM-based EV drivetrain
under IM 240 drive cycle, illustrating Wheel speed, Wheel torque,
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3.5.4 Significance for EV Drivetrain Design

This integrated simulation provides valuable insights into the EV drivetrain’s

performance, enabling precise calculations for power and transmission

requirements. These insights are crucial for selecting appropriate ratings for

drivetrain components, such as the motor, inverter, and battery, ensuring

alignment between real-world demands and laboratory integration. For instance,

the motor rating must deliver sufficient torque and speed to meet the dynamic

demands of the drive cycle, supporting efficient acceleration and regenerative

braking. The inverter should handle power conversion efficiently, facilitating
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FIGURE 3.10: Simulation results of a PMSM-based EV drivetrain
under IM 240 drive cycle, illustrating Acceleration force,
Aerodynamic force, Rolling resistance force, and Gradient force

energy transfer between the battery and motor under varying loads. Similarly,
the battery rating must sustain the required current and maintain a stable state of
charge throughout the drive cycle, ensuring reliable performance across diverse

operating conditions.

3.6 Conclusion

This chapter laid the groundwork for understanding the dynamic behavior of a
PMSM-based EV drivetrain through comprehensive system modeling. Using the
IM240 drive cycle as a benchmark, the analysis revealed critical insights into
power flow, energy consumption, and drivetrain efficiency.These findings
guided crucial decisions regarding the specifications of the motor, inverter, and
battery, thereby bridging the gap between simulation outcomes and real-world
application. To ensure alignment between the modeled system and its practical
performance, an experimental hardware setup has been developed, as detailed

in the following chapter.
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Chapter 4

Design and Development of PMSM

Drive Train

41 Introduction

This chapter presents the design and implementation of a laboratory prototype
for a PMSM drive system, tailored for electric vehicle applications and research
purposes. The prototype integrates advanced control, power, and measurement
systems to achieve precise motor control and performance evaluation. Key
components, including the dSPACE DS1104 controller, a three-phase Voltage
Source Inverter (VSI), and various sensors, are interfaced using MATLAB and
SIMULINK. The following sections detail the system’s design, components,

experimental setup, and measurement techniques.

4.2 PMSM Drive System Overview

The laboratory prototype is designed to operate a 380 V, 3.4 kW, 6-pole PMSM at
a rated speed of 3000 rpm. The system’s architecture is illustrated in Figure. 4.1,
which shows the schematic layout, and Figure. 4.2, which depicts the physical
laboratory setup. These figures provide a comprehensive view of the system’s

design and implementation.
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FIGURE 4.2: Laboratory Prototype of the PMSM Drive System
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4.2.1 Motor Specifications

section The PMSM is the core component of the drive system, chosen for its high
efficiency, compact design, and suitability for electric vehicle applications.
Table. 3.2 summarizes the motor’s key parameters, which underpin its
performance in the prototype.

The PMSM operates at 380 V, delivering 3.4 kW with a 6-pole configuration,
enabling a rated speed of 3000 rpm. Its high torque density (stall torque of
11 Nm, peak torque of 33 Nm), low stator resistance (0.95 ohm), and inductance
(8.2 mH) ensure efficient power conversion. The low inertia (0.015 kg-mz)
supports rapid dynamic response, critical for automotive applications. The
motor’s performance is optimized using precise control algorithms implemented
via the dSPACE DS1104 controller.

4.2.2 Loading System

A magnetic powder brake, shown in Figure. 4.3, is integrated into the PMSM
drive train to apply controlled loading for performance testing. By varying the
electromagnetic coil current, the brake adjusts magnetic field strength, enabling
precise torque control from 0 N m to 50 N m without physical contact. Its compact
design and adaptability to dynamic load variations make it ideal for simulating

real-world conditions, such as acceleration and deceleration in EV .

4.3 Controller Design

The dSPACE DS1104 R&D controller board serves as the central processing unit
for the PMSM drive system, enabling high-speed multivariable control and real-
time simulation for Rapid Control Prototyping (RCP). Figure. 4.4 illustrates the
DS1104 controller setup.

4.3.1 Hardware Configuration

The DS1104 controller board, designed for cost-sensitive RCP applications, is
installed in a computer’s PCI port. It features a 250 MHz 603 PowerPC
floating-point processor and a TMS320F240 DSP-based slave subsystem for
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FIGURE 4.4: dSPACE DS1104 Controller Setup

advanced I/O operations. = The board includes dedicated connectors for
interfacing with sensors and actuators, with eight Analog-to-Digital Converter
(ADC) channels for measuring input voltages and motor phase currents, and six
master bit I/O channels for generating gating signals for the IGBT-based
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inverter. In a balanced three-phase system, only two phase currents are sensed,

and the third is calculated to minimize sensor requirements.Table. 4.1

summarizes the key specifications of the DS1104 controller.

TABLE 4.1: Parameters of dSPACE DS1104 Controller Board

Component Specifications

Processor

-CPU 250 MHz, MPC8240 with PPC603e core
- PCI Bridge 33 MHz on-chip

- Processor Type Floating-point

- On-chip Cache 2x16 KB

- Peripherals On-chip peripherals

Interrupt Controller
- Encoder Interrupts
- PWM Interrupt

- UART Interrupt

- Timer Interrupts

- Slave DSP Interrupt
- Host Interrupt

- ADC Interrupts

Two incremental encoder index line interrupts
One slave DSP PWM interrupt

One UART interrupt

Five timer interrupts

One slave DSP interrupt

One host interrupt

Five ADC end-of-conversion interrupts

4.3.2 Software Integration

The DS1104 leverages a software ecosystem comprising MATLAB, SIMULINK,
Real-Time Workshop (RTW), Real-Time Interface (RTI), and ControlDesk. These
tools facilitate the development, simulation, and deployment of control

algorithms:

1. MATLAB: Provides over 600 mathematical functions for modeling and

simulation, supporting system design and analysis.

2. Simulink: Enables block-diagram-based modeling of linear, nonlinear, and

hybrid systems.

3. RTW: Generates C or ADA code from Simulink models for real-time

implementation.
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4. RTI: Integrates Simulink models with DS1104 hardware, providing libraries
for I/0 interfacing and optimized code generation.

5. ControlDesk: Supports real-time parameter tuning, signal visualization,
data acquisition, and automation.

Figure. 4.5 illustrates the software integration workflow. Simulink models
incorporate RTI blocks (e.g.,, ADC and master bit I/O) to link with DS1104
hardware, enabling automatic code generation via RTW and RTI, thus
eliminating manual code conversion.

MATLAB SIMULINK RTI CONTROL DESK
=l
*‘4\ B
g B a

* Analysis * Modeling o C- code * Block library ¢ Interaction

. Desién * Oftfline generation integration with real time

¢ Optimization Simulation * Automatic code experiment

e Offline DATA generation * Automation

&DAQ
MATLAB/Simulink Environment dSPACE Environment

FIGURE 4.5: Software Integration Workflow for dSPACE DS1104

4.3.3 System Integration

The dSPACE DS1104 integrates hardware and software to enable RCP, as shown
in the block diagram in Figure. 4.1. The controller receives sensor inputs (e.g.,
voltage and current) via ADC channels, processes them using Simulink models
with RTI blocks, and outputs gating signals to the IGBT-based inverter via master
bit I/O channels. This setup ensures precise control of the PMSM drive.

4.4 Power Supply and Inverter System

For PMSM drive train development, the power electronics system integrates a
bidirectional DC power supply and a compact inverter unit. The DC power

Z'l—.l turnitinﬁ Page 81 of 166 - Integrity Submission Submission ID  trn:oid:::27535:106576809



z'l_.l turnitin Page 82 of 166 - Integrity submission Submission ID trn:oid:::27535:106576809

4.4. Power Supply and Inverter System 51

supply enables controlled energy input and regeneration during braking, while
the 3-phase IGBT-based inverter converts DC to AC for motor operation.
Together, they support voltage and current control modes, ensure efficient
energy flow, and enable reliable testing and validation of PMSM performance
under dynamic conditions. This setup is essential for implementing and
evaluating advanced motor control strategies using platforms like dSPACE,
STM32, or DSP.

4.4.1 Bidirectional Power Supply

The Chroma 62000D Series bidirectional DC power supply, shown in Figure. 4.6,
serves as both a power source and regenerative load, simulating battery behavior
for electric vehicle component testing. It supports EV batteries from 12 V to
800 V, enabling testing of bidirectional chargers, power systems, and motor
drivers without physical batteries. The supply features a fast response time
(<1.5 ms), 100 programmable sequences, and compliance with EV testing
standards (LV123/LV148). Its Charge-Discharge mode evaluates battery capacity
and electrical properties, while its compact design enhances energy efficiency.

8,
¥
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FIGURE 4.6: Bidirectional DC Power Supply

4.4.2 Inverter and Driver Circuit

The three-phase PMSM drive system, depicted in Figure. 4.2, uses a DC voltage
input (e.g., from a battery or rectified DC) stabilized by a DC link capacitor to
supply a three-phase Voltage Source Inverter (VSI). The VSI, configured with six
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TABLE 4.2: Specifications of the Electrical Load System

Parameter Specification
Voltage Rating 0-600V
Power Rating 18 kW

Load Functions CC, CP, CR (for battery simulation)
Transient Response < 1.5 ms for -90% to +90% load change
Input Power 3-phase 4-wire, 200480 Vac

Built-in Functions ~ Battery simulation, charge—discharge mode

IGBTs in a three-leg topology, converts DC to three-phase AC for the PMSM.
Interfacing inductors, designed based on the PMSM’s rated current and VSI
switching frequency (5-20 kHz), ensure smooth current flow and reduced
harmonics. The dSPACE DS1104 processes feedback signals (rotor position,
(133 motor currents, DC bus voltage) to generate six gating pulses using Space Vector
Pulse Width Modulation (SVPWM) and field-oriented control (FOC) for precise
torque and speed regulation. Performance variables, including voltages and
currents, are measured using LEM sensors and recorded by a Digital Storage

Oscilloscope (DSO).
IGBT Switch Ratings
TABLE 4.3: IGBT specifications

Parameter Specifications
Type IGBT Module
Manufacturer Semikron
Configuration Half Bridge
Collector-Emitter Voltage (VCES) 1200 V
Nominal Collector Current (ICyom) 150 A
Continuous Collector Current (IC) @ 25°C 231 A
Operating Temperature Range —40°C to +175°C
Key Features High current density, low saturation loss

The VSI employs SKM150GB12V IGBT modules, selected for their low
on-state voltage drop, high voltage capability, and smooth switching
characteristics. Figure. 4.7 illustrates the IGBT switch leg and schematic. Three
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FIGURE 4.7: Insulated Gate Bipolar Transistor (IGBT) Module

modules are used to drive the PMSM, with specifications including a
collector-emitter voltage (Vcp) of 1200 V, collector current (Ic) of 150 A,
maximum switching frequency (fs) of 20 kHz, gate-emitter voltage (V) of 15V,
and operating temperature range of —40°C. to 150°C. These ensure reliable

performance under dynamic load conditions.

Gate Driver Circuit

The inverter’s IGBT-based power module (1200 V, 25 A) receives gating pulses
from the dSPACE DS1104 via an isolated gate driver circuit using opto-coupler
ICs (e.g., 6N136/6N137/6N139). The controller generates 5 V pulses, amplified
to 15 V to meet IGBT switching requirements. Figure. 4.8 shows the amplifier and

isolation circuit’s diagram and PCB design.

4.5 Measurement System

Accurate measurement of parameters like input AC voltage, stator currents,

rotor position, torque, and speed is essential for closed-loop operation. The
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FIGURE 4.8: Gate Driver Circuit

measurement system uses Hall-effect sensors and isolation amplifiers to ensure

precision, galvanic isolation, and linear response.

4.5.1 Voltage Measurement

Three LEM LV-20-P Hall-effect sensors measure the three-phase input voltages
from the inverter to the PMSM. The sensor output current, proportional to the
input voltage, is converted to an equivalent voltage via a measuring resistance,
limited to 10 V by an op-amp-based signal conditioning circuit to match the
dSPACE ADC voltage limits. Figure. 4.9 shows the voltage sensor circuit and

+15V 2.2kQ 10kQ
47kQ +
i +HT
IZP M
L — _
LEM LV 25-P

(@) (b)

FIGURE 4.9: Voltage Sensor Circuit
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4.5.2 Current Measurement

Stator currents are measured using LEM LA 55-P Hall-effect current sensors,
which offer excellent accuracy, linearity, wide frequency bandwidth, and
galvanic isolation. The sensor output current is proportional to the input,
processed by the circuit shown in Figure. 4.10.

+15V

+15V
0.1pFL |
I u.u.FIf
| [ N
10kQ
“ +
-1 L]
1000 OApF
LEM LA 55-P I
0.1;|FI 1 = Sisv
= sy
(a) (b)

FIGURE 4.10: Current Sensor Circuit

4.5.3 Torque Measurement

+ Excitation (Red)
+ Signal (Green)

- Excitation (Black)
- Signal (White)

L° Shield (Bare)
(b)

FIGURE 4.11: Torque Transducer

A torque transducer, integrated between the PMSM shaft and load, measures
mechanical torque using strain gauges in a Wheatstone bridge configuration, as
shown in Figure. 4.11. The amplified and conditioned signal provides precise
torque values in N'm, critical for validating motor performance and optimizing
control strategies.
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TABLE 4.4: Torque Transducer Specifications

Feature Typical Values
Torque Range 0-50 Nm

143 Accuracy < +0.5%
Non-Linearity < +0.5%
Hysteresis <+0.1%

Non-Repeatability < +0.1%
Rotational Speed ~ Up to 4000 RPM
Output Signal +5Vdc, 4-20mA, RS485

Qutput signals
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FIGURE 4.13: Construction Principle of Incremental Encoder
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4.54 Speed and Position Measurement

An incremental optical encoder measures rotor position and speed, producing
pulses corresponding to shaft rotation. Figure. 4.12 shows the encoder setup, and
Figure. 4.13 illustrates its construction principle. The encoder features a glass
rotor disc with alternating transparent and non-transparent zones, modulating a
light beam detected by optical sensors [89]. Two channels (A and B), offset by a
quarter of the angular step, produce pulses to determine position and rotation
direction, while a third channel (Z) provides a reference pulse per revolution.

Figure. 4.14 depicts the A, B, and Z output signals.

TABLE 4.5: Autonics 1024 PPR Incremental Rotary Encoder

Specifications
Parameter Specification
Resolution (PPR) 1024 pulses per revolution
Shaft Diameter 4 mm
Output Signals Quadrature A, A, B, B, +Index Z,Z
Output Type Line-driver or Totem-pole
Supply Voltage 5VDC £5% (5-24VDC for some models)
Max. Response Frequency 180-300kHz
Max. RPM Up to 5000rpm
Protection Rating IP50

Operating Temp. Range -10°C to +70°C
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FIGURE 4.14: Output Pulses of Incremental Encoder

The encoder’s mathematical model, described by Equations (4.1), defines the
A, B, and Z outputs based on the angular position 6 and step 6,:
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4o 1 if 0<16,(0) <6,/2
0 if 6,/2<10,(0) <6,
7 1 if |27(0)] =0
Sl 0 if [2r(8)] #0
The number of pulses per rotation, N;, is given by:
N, = 2—” 4.2)
GP

Angular position
(degree)

[

Theta

(radian)
Enc delta position W/ [

DS1104ENC_POS_C1 Speed in RPM

Enc position

FIGURE 4.15: Decoder Section of Incremental Encoder

The frequency of the encoder’s A and B signals, based on angular velocity we,
is:
De

e
N, 43
7V (4.3)

fa=fp=

For an encoder with N, = 1000 pulses/rotation and w, = 314 rad /s, the signal
frequency is 150 kHz. Figure. 4.16 shows the simulated encoder output pulses,
and Figure. 4.15 depicts the decoder section.

The DS1104ENC_POS_C1 block from the RTI library processes quadrature
signals A and B, adjusting pulse counts by 0.25 per edge, yielding 1000 counts
per revolution for a 1000-slot encoder. The position is calculated with a gain of
360/1000, and speed is derived from the change in pulse counts with a gain of
(60/0.00008) x 1000. Figure. 4.17 shows the experimental encoder output pulses.
To mitigate noise at low speeds, the average of approximately 10 speed samples

is used.
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FIGURE 4.16: Simulation Result of Incremental Encoder Output
Pulses
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FIGURE 4.17: Experimental Result of Incremental Encoder Output
Pulses

4.6 Conclusion

This chapter detailed the design and implementation of a PMSM drive train
laboratory prototype, integrating a 3.4 kW, PMSM with a dSPACE DS1104
controller, IGBT-based VSI, and precise measurement systems. The controller’s
hardware and software ecosystem, including MATLAB, SIMULINK, RTW, RTI,
and ControlDesk, enables efficient RCP. The bidirectional power supply,
magnetic powder brake, and sensors (current, voltage, torque, and encoder)
ensure accurate closed-loop operation for EV and industrial applications.
Subsequent chapters will explore the advanced control techniques, including
Predictive Control, Hysteresis Control, Sliding Mode Control, and ANFIS,
implemented on the DS1104 platform to further optimize PMSM performance.
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Chapter 5

Enhancing PMSM Drive Performance
for Electric Vehicles through
ANFIS-HCC Integration

5.1 Introduction

Electric Vehicles offer a promising solution to reduce automotive pollution by
replacing conventional internal combustion engine vehicles, necessitating
efficient and reliable motor drives [90]. PMSM drives are preferred in EV
applications due to their high power density, precise torque and speed control,
and energy efficiency over wide operating ranges [91-93]. However,
conventional control methods like Pl-based Field-Oriented Control (FOC)
struggle with nonlinearities, external disturbances, and modeling inaccuracies in
high-performance scenarios [94]. Advanced techniques such as sliding mode
control, fuzzy logic, neural networks, adaptive control, and Model Predictive
Control (MPC) have been explored to address these challenges [95-107]. Despite
their effectiveness, these methods often involve high computational complexity,
making real-time implementation challenging [103, 105, 106]. To overcome these
limitations, this chapter proposes a novel ANFIS-HCC (Adaptive Neuro-Fuzzy
Inference System — Hysteresis Current Control) strategy for FOC of PMSM
drives. ANFIS, introduced by Jang in 1993 [108], integrates the learning
capabilities of neural networks with fuzzy logic’s reasoning, enabling adaptive,
nonlinear control with reduced computational overhead compared to MPC and
SMC [109, 110]. The ANFIS-HCC controller enhances PMSM drive performance
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FIGURE 5.1: Block Diagram of ANFIS

by mitigating system nonlinearities and ensuring robust operation under diverse
EV operating conditions, validated through simulations and experiments on a
dSPACE DS1104 platform.

52 Design of ANFIS-HCC Control Strategy for
PMSM Drives

The ANFIS model controls the outer loop of the FOC-based PMSM drive, whereas
the HCC controls inner current loop, as shown in Figure. 5.3. The control design
strategy is elucidated in this section.

5.2.1 Overview of Adaptive Neuro-Fuzzy Inference(ANFIS)
System

ANFIS is an ANN that works with the Takagi-Sugeno fuzzy inference system
[108]. The technique builds the fuzzy inference system from an input-output pair
and an observation data set that has been provided. In the learning phase, the
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backpropagation technique is used to modify the membership function’s
parameters in the designed ANFIS architecture. As shown in Figure. 5.1, the
ANFIS structure is divided into five layers. The nodes in Layer 1 are adaptive
nodes. Equations (5.1) and (5.2) are used to calculate the fuzzy membership
grades of the inputs, indicating the degree of belongingness of each input to their
associated fuzzy sets

OlAi:yAi(x),i:1,2,3...n (5.1)

01Bi = “l/lBl'(y),i = 1,2,3. .. n (5.2)

Where x and y are the inputs to node i; Ai and Bi are the linguistic labels
(high, low, etc.) connected to this node function u. Each fuzzy membership
function is adaptable by A; and B;, which depends on the least error. A
triangular membership function is chosen as the shape with the least amount of
error. It is specified by three variables: a and c for the feet and b for the curve tip.
The triangular function is expressed as given in (5.3)

| — . —
tri 1 b,c) = i 1 )
riangular (x,4,b,c) = max (mm (b—a' , c—b) ,0> (5.3)

Each node with a label of 7t corresponds to the firing strength of a fuzzy rule
in Layer 2 (inference layer). The output of the Inference Layer is given in (5.4)

Oz,i:wl :Al(x) XBi(y),i:1,2,3...1’l (54)
The third layer, a normalization layer, normalizes the estimated firing

strengths of the previous layer using (5.5).

- wy .
03 = W; = Zl (wl) ,121,2,3....71 (55)

The nodes in Layer 4, are adaptive. The output of each node in this layer is the

product of the normalized firing strength and a first order polynomial (for a first
order Sugeno model). The output of this layer is given by (5.6).

04] = Zf)ifi = W; (plx +q;y + Yli) ,i=1,2,3....n (5.6)

Z'l—.l turnitinﬁ Page 94 of 166 - Integrity Submission Submission ID  trn:oid:::27535:106576809



z'l_.l turnitin Page 95 of 166 - Integrity submission Submission ID trn:oid:::27535:106576809

64Chapter 5. Enhancing PMSM Drive Performance for Electric Vehicles through
ANFIS-HCC Integration

where f; is the control signal and ( p;, g;,7; ) is the consequence parameter set.
The output layer calculates the sum of all incoming signals and de-fuzzifies the
subsequent set of rules using (5.7)
_ Zuwifi

05 = Z; (W1 f;) = o, i=1,23...... n (5.7)
1

TABLE 5.1: Comparative Evaluation of ANFIS Membership
Function Types and Configurations

MF Type | MFs/Input | Fuzzy Rules Total Parameters RMSE
Triangular 2 4 (2x2) 16 (12 nonlinear, 4 linear) 0.0045
Gaussian 2 4 (2x2) 16 (12 nonlinear, 4 linear) 0.005
Trapezoidal 2 4 (2x2) 20 (16 nonlinear, 4 linear) | 0.0055
Triangular 3 9 (3x3) 27 (18 nonlinear, 9 linear) | 0.003681
Gaussian 3 9 (3x3) 27 (18 nonlinear, 9 linear) 0.004
Trapezoidal 3 9 (3x3) 36 (27 nonlinear, 9 linear) | 0.0043
Triangular 4 16 (4x4) 48 (32 nonlinear, 16 linear) | 0.0042
Gaussian 4 16 (4x4) 48 (32 nonlinear, 16 linear) | 0.0048
Trapezoidal 4 16 (4x4) 64 (48 nonlinear, 16 linear) | 0.005

5.2.2 Training and Structure Identification of ANFIS

ANFIS controllers cannot be used until they have been properly trained and
tuned. To operate the PMSM and collect the input-output data required for
training the newly formed ANFIS controller, a conventional PI-HCC controller
was first utilized. The dataset, consisting of 50,001 input-output pairs, was
collected from the dSPACE ControlDesk environment under various PMSM
drive operating conditions. The two inputs to the ANFIS controller speed error
(e) and change in error (Ae) ranged within +3500 rpm and +5000 rpm/s,
respectively. These inputs were normalized to the range [—1,+1] to facilitate
stable and efficient training.

To structure the ANFIS model, a grid partitioning method was adopted,
assigning three triangular membership functions (MFs) to each input variable.
This resulted in a complete rule base of 9 fuzzy rules (3 x 3 combinations),
ensuring full input space coverage. The fuzzy rules were automatically
generated, and the output layer of the ANFIS used a first-order Sugeno model.
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The training process used a hybrid learning algorithm, which combined least
squares estimation for linear parameter optimization and backpropagation for
nonlinear parameter tuning. A total of 50 training epochs were conducted with
zero error tolerance specified to maximize accuracy and convergence stability.
The flowchart illustrating the training process of the ANFIS-HCC controller is
shown in Figure. 5.2.

To determine the most effective MF structure, several MF types (triangular,
Gaussian, and trapezoidal) and configurations (2 to 5 MFs per input) were
evaluated. Table 5.1 summarizes this comparison. The triangular MF with 3 MFs
per input provided the best performance with the lowest RMSE of 0.003681 and
moderate computational complexity (27 parameters), and was thus selected for

the final implementation.

5.2.3 Hysteresis Current Controller

For high-performance vector-controlled drives, broad current-control loop
bandwidths are essential. These bandwidths ensure precise tracking of current
and quick transient responses, enabling the Voltage Source Inverter (VSI) to act
effectively as a current-generating amplifier within the defined bandwidth. HCC
is used to provide a virtually sinusoidal output current when the necessary
torque or speed is reached [88]. Using an HCC with a hysteresis band for VSI
current control in the inner loop ensures a nearly sinusoidal waveform, which is
achieved by comparing the actual stator current, (ipp. ) to the reference motor
current, (i, ). Due to the reference current being within a predetermined
bandwidth, this also guarantees a low harmonic content in the stator current.
The hysteresis band was set to £0.1 A, empirically determined to balance current
ripple (0.20 A peak-to-peak) and switching frequency (9-11 kHz), ensuring
optimal performance and efficiency for the PMSM drive in EV applications.The
error in current determines the activation of the appropriate switches of the VSI
depending on its value. The switching frequency of the controller is band
limited. The ANFIS controller creates the quadrature axis stator current, iq, in the
outer loop based on the difference between the reference speed ( w,*) and the
actual speed (w;). This along with the direct axis stator current, iy, is converted

to i, . using park transformation. This reference three-phase current (i * ) is
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fed along with the measured current ( iy, to the HCC to generate the firing
pulse for the VSI to drive the PMSM

5.24 Proposed ANFIS-HCC PMSM Drive

, ANFIS-HCC
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FIGURE 5.3: ANFIS-HCC Control Strategy for PMSM Drives

The proposed ANFIS-HCC strategy for a PMSM drive is illustrated in the
block diagram shown in Figure. 5.3. The system begins with a driving cycle
input feeding into a powertrain model, which simulates real-world conditions
and generates the load torque T;, and rotor speed w. The ANFIS model, a hybrid
neuro-fuzzy controller, takes inputs including the reference speed w*, measured
rotor speed w, its time derivative %, and the d-q axis currents i; and i;. Using
these inputs, the ANFIS model adaptively computes the reference currents i} and
Iy, leveraging its fuzzy inference system trained via neural networks to optimize
transient response and minimize current ripple. These reference currents are
transformed from the d-q to the abc reference frame using the Park and Clarke
transformations, producing i*, . The HCC block then compares i}, . with the
actual currents i,,., employing hysteresis bands to generate switching signals for
the voltage source inverter. The inverter, in turn, supplies the PMSM, which is
coupled to the PMSG (Permanent Magnet Synchronous Generator) with precise
voltage and current, ensuring robust torque and speed control. This ANFIS-HCC
approach enhances the PMSM drive’s dynamic performance by reducing torque
ripples, improving current regulation, and achieving higher energy efficiency,
making it well-suited for electric vehicle applications under variable operating
conditions. Simulations and experiments are performed to validate the proposed

theory in a subsequent part of the chapter.
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5.3 Simulation studies and Discussion

The proposed ANFIS-HCC controller is developed through simulation studies
using MATL.AB/Simulink with a sampling time of 5us . This section presents
the comparison of the performance of the FOC based PMSM drive using
conventional PI-HCC and the proposed ANFIS-HCC controller under different
operating conditions.

The cascaded control system is comprised of two control loops. The outer
loop is the speed control loop, while the inner loop is the current control loop.
The PI-HCC control structure employs PI and HCC controllers for the outer
speed controller loop and the inner-current controller loop, respectively. In
contrast, the ANFIS-HCC control scheme uses ANFIS in the speed control loop
and HCC in the current control loop. When a motor starts up, it requires a large
amount of current to overcome inertia, but this current gradually decreases as
the speed reaches a steady state value. The speed responses of the aforesaid two
controllers are simulated and analyzed. The starting behaviour of PMSM drive
at rated-speed and no-load operation using PI-HCC and proposed ANFIS-HCC
are presented in Figure. 5.4. While starting with the reference speed set to 3000
rpm under no-load condition, some distortion and overshoot in electromagnetic
torque ( T, ),speed (w;), and phase-a stator current (i) are observed in PI-HCC
based controller. However, the ANFIS-HCC based drive gives fast and smooth
speed characteristics without overshoot. Figure. 5.5 shows the zoomed-in
starting characteristics of the PMSM drive. In addition, the ANFIS-HCC
controller has shorter rising and settling time than the PI-HCC controller.

The proposed ANFIS-HCC for FOC of PMSM drive provides a significant
reduction in current and torque ripples of PMSM drive in addition to fast and
accurate speed tracking in comparison with the conventional PI-HCC-based

controller.
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FIGURE 5.4: Dynamic Response of PMSM Drive under no-load rated
speed ( 3000 rpm ) Operation(a)PI-HCC b)ANFIS-HCC
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FIGURE 5.5: Starting response of the PI-HCC and ANFIS-HCC based
PMSM Drive under no-load-rated speed ( 3000 rpm ) Operation

5.4 Experimental Validation and Comparison of
proposed ANFIS-HCC with PI-HCC

5.4.1 Starting Performance of PMSM drive

The dynamic response of the laboratory prototype using conventional PI-HCC
and the proposed ANFIS-HCC for FOC of PMSM Drive during startup under no
load,rated speed ( 3000 rpm ) operation is shown in Figure. 5.6. The
electromagnetic torque produced on reaching steady state speed enables the
PMSM to achieve and maintain the reference rotor speed. It is observed that the
FOC of PMSM using ANFIS-HCC takes 10% lesser rise time as compared to the
conventional PI-HCC-based FOC of PMSM. In addition, the speed, torque, and
stator currents exhibit some distortion in PI-HCC based controller, unlike the
ANFIS-HCC-based controller. The ANFIS-HCC controller is thus observed to
offer a quick and smooth response.

5.4.2 Steady-state performance of PMSM drive

To validate the effectiveness of the proposed ANFIS-HCC-based scheme for FOC
of PMSM Drive, the Steady State performance is assessed under different speeds
with load torque of 25%,50%, and 75% of its rated load. The motor speed,
electromagnetic torque, stator current, and input power for the PMSM drive
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FIGURE 5.6: Dynamic response of laboratory prototype at start-up
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(b) ANFIS-HCC-based FOC
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FIGURE 5.7: Steady-state PMSM responses under PI-HCC (a—) and
ANFIS-HCC (d—f) at 750 rpm/3 Nm, 1500 rpm/6 Nm, and 2250
rpm/9 Nm, respectively.

using the conventional PI-HCC and proposed ANFIS-HCC are shown in
Figure. 5.7. It is observed that the perturbations in power and current are less in
the ANFIS-HCC based FOC. Torque ripples in electromagnetic torque in the
above specified steady-state conditions for both the controllers is tabulated in
Table. 5.2. The proposed ANFIS-HCC controller has lower torque ripples than
PI-HCC at low load and low rpm, but it is comparable to the conventional
PI-HCC-based FOC at higher rpm and higher load.
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Thus, experimentally validating the better performance of the proposed
ANFIS-HCC controller in comparison with the conventional PI-HCC controller
with superior torque characteristics with fewer ripples under steady-state

conditions for various operating conditions.

TABLE 5.2: Torque Ripple under Steady State Operation

Control Method 750 rpm-3 Nm 1500 rpm-6 Nm 2250 rpm-9 Nm
PI-HCC 2.05 0.53 0.31
ANFIS-HCC 0.80 0.40 0.22

5.4.3 Dynamic Response of PMSM drive under variable

conditions

The dynamic response of the PMSM drives with coventional PI-HCC based FOC
for step change in speed from 750 to 1500 to 2250 rpm during forward motoring
mode under no-load condition, for speed reversal from +1500 to -1500 pm under
no load condition, and step change in load from 0 to 9 Nm at constant speed ( 2250
rpm ) operation are shown in Figures. 5.8 (a) to 5.8 (c) respectively.Figures. 5.8 (d)
to 5.8 (f) display the respective corresponding dynamic responses of the drive
using the developed ANFIS-HCC for FOC of PMSM drive. It is observed that the
proposed ANFIS-HCC-based controller reduces the torque and current ripples
and provides smooth transition under step change in speed, step change in load,
and change in motoring mode. The comparative analysis of the recovery time
for the two controllers for a step change in load is given in Table. 5.3. To further
validate the robustness of the proposed ANFIS-HCC controller, simulations and
experiments were conducted under two key conditions: (i) maintaining constant
speed with a step change in load (0 to 9 Nm), and (ii) maintaining constant load
(5 Nm) with step changes in speed (750 to 1500 to 2250 rpm). The comparative
performance of the conventional PI-HCC and proposed ANFIS-HCC controllers
is summarized in Table. 5.3. It is evident that the ANFIS-HCC controller provides

improved dynamic response, lower speed error, and reduced torque ripple across
botﬁ]gggﬁaﬁ%gervations obtained from steady-state and dynamic condition

highlight the superior transient handling capability of the ANFIS-HCC-based
controller under dynamic operating conditions. To further quantify these
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FIGURE 5.8: PMSM responses under PI-HCC (a—) and ANFIS-HCC

(d—f) based FOC schemes: (a,d) Step speed change (750 — 1500 —

2250 rpm) @ 5 Nm; (b,e) Speed reversal (+1500 — —-1500 rpm) @ no
load; (c,f) Step load change (0 — 9 Nm) @ 2250 rpm.

improvements, a comparative analysis is presented based on experimental data.
The proposed controller achieves a reduction in torque ripple of up to 61% at low
speed (750 rpm, from 2.05 Nm to 0.80 Nm) and 29% at high speed (2250 rpm,
from 0.31 Nm to 0.22 Nm). Additionally, the rise time is improved by 9.8% (from
293.4 ms to 264.7 ms), and settling time by 11.2%. During step load variation, the
speed error is reduced by over 55%, from 45 rpm (PI-HCC) to +20 rpm
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5.4. Experimental Validation and Comparison of proposed ANFIS-HCC with 75
PI-HCC

TABLE 5.3: Comparative Performance of PI-HCC and ANFIS-HCC
under Varying Operating Conditions

Condition Controller Rise SettlingOver- Under- Speed Torque
Time Time Error Ripple
(ms) (ms) shoot shoot (rpm) (Nm)
(%) (%)
Constant Speed (2250  PI-HCC 264 480 52 3.7 +45 031
rpm), Load 0—9 Nm ANFIS- 191 412 21 1.5 +20 0.22
HCC
Constant Load (5 Nm), PI-HCC 543 905 75 6.2 +60 053
Speed 750—2250 rpm  ANFIS- 40.1 728 3.2 24 +25 0.38
HCC

(ANFIS-HCC), confirming better speed tracking accuracy.

Furthermore, harmonic analysis of the stator current Figure. 5.9 shows that
the current THD is reduced from 4.61% (PI-HCC) to 3.57% (ANFIS-HCC). This
indicates better waveform quality and reduced harmonic losses in the motor
windings. These improvements were consistent across multiple trials, with less
than +5% variation, validating the robustness and reliability of the proposed
controller. THD reduction is practically significant for EV drive standards, as it
minimizes torque ripples for smoother operation, reduces electrical losses to
enhance efficiency and range, lowers thermal stress on motor and inverter
components for improved durability, and aligns with industry standards for

electromagnetic compatibility. .

5.4.4 Performance Validation using IM240 Drive Cycle

Electrical motor drives used for EV applications must withstand frequent
changes in load torque and speed due to diverse traffic conditions, type of road
surface, the gradient of the road, etc. It thus becomes imperative to test electric
motor drives for EV applications under such varied operating conditions. The
Inspection and Maintenance (IM240) driving cycle, a 240-second test
representing a 3.1-km driving track with a maximum speed of 91.2 km/h and an
average speed of 47.3 km/h [88], is used to evaluate the effectiveness and energy

efficiency of the developed ANFIS-HCC-based laboratory prototype.  Figures
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FIGURE 5.9: Phase current harmonic analysis at 3000rpm at 8Nm
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5.4. Experimental Validation and Comparison of proposed ANFIS-HCC with
PI-HCC
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FIGURE 5.10: Speed Response of the Laboratory Prototype for IM240
Drive Cycle.
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FIGURE 5.11: Torque Response of the Laboratory Prototype for
IM240 Drive Cycle

5.10 to 5.13 show the dynamic response of the ANFIS-HCC and PI-HCC-based
FOC of the prototype under the IM240 cycle. Both controllers demonstrate
flawless speed tracking (Figure. 5.10), but the ANFIS-HCC exhibits superior
performance during transients, with smoother torque generation (Figure. 5.11)
and 27% lower energy consumption (0.19 kWh wvs. 0.26 kWh for
PI-HCC, Figure. 5.13).

Further analysis reveals that the ANFIS-HCC achieves 93.71% average
efficiency a 4.62% improvement over the PI-HCC’s 89.09% as detailed in Table
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FIGURE 5.12: Power Response of the Laboratory Prototype for
IM240 Drive Cycle Power.
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FIGURE 5.13: Energy consumption curve of the Laboratory
Prototype for IM240 Drive Cycle Energy

TABLE 5.4: Energy Efficiency Comparison of PI-HCC and ANFIS-
HCC Controllers

Controller Energy Cons. (kWh) Efficiency (%) Wh/km

PI-HCC 0.26 89.09 83.87
ANFIS-HCC 0.19 93.71 61.29
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5.4. This efficiency gain is attributed to reduced torque ripples and optimal
power usage, and translates to a lower energy cost of 61.29 Wh/km compared to
83.87 Wh/km for the PI-HCC, reinforcing the ANFIS-HCC’s advantages for EV
applications under real-world driving conditions.The improved performance
under the IM240 cycle is primarily due to smoother transients, reduced current
ripple, and better torque regulation achieved by the ANFIS-HCC controller. A
22.56% reduction in current THD and lower torque ripple lead to decreased
switching and copper losses. These benefits result in a 27% lower energy
consumption and a 4.62% increase in drive efficiency, confirming the confirming

the controller’s suitability for real-world EV conditions.

5.5 Conclusion

This chapter presented a novel ANFIS-HCC strategy for field-oriented control
(FOC) of a PMSM drive tailored for EV applications. The proposed control
scheme was developed through MATLAB/Simulink simulations and
implemented on a laboratory prototype using a DSP-based dSPACE DS1104
controller for experimental validation. Compared to the conventional
PI-HCC-based FOC, the ANFIS-HCC controller demonstrated superior
performance across various operating conditions, including starting, steady-state
operation, step changes in load and torque, and speed reversal. Its suitability for
EV applications was further validated using the IM240 Drive Cycle.
Key findings include:

* A 60 % to 65 % reduction in torque ripples at lower speeds and 10 % to 20 %
at higher speeds under steady-state conditions,

* up to 28 % faster torque recovery during dynamic speed changes, and

* 27 % lower energy consumption during the IM240 Drive Cycle.
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Chapter 6

Ripple and Current Minimization in
PMSM Drives Using ANFIS-MPCC
for EV Applications

6.1 Introduction

PMSM are favored in electric vehicle propulsion due to their high
torque-to-current and power-to-weight ratios, compact size, robustness, and
minimal maintenance [111]. However, their nonlinear and multi-variable nature,
coupled with uncertainties like friction coefficients, poses significant control
challenges [112]. Effective control is essential to address electrical, mechanical,
magnetic, thermal, and environmental constraints in EV applications, ensuring
optimal performance, fast transient response, and flexibility [113].

Various control strategies, such as Field-Oriented Control (FOC), sliding
mode control, Direct Torque Control (DTC), and neuro-fuzzy control, have been
developed for high-performance PMSM drives [114-116]. Among these, Model
Predictive Control (MPC) has emerged as a robust and efficient methodology,
leveraging system models to predict control variable behavior and optimize
actions based on predefined criteria [117]. MPC, particularly Finite Control Set
Model Predictive Control (FCS-MPC), excels in handling multivariate systems,
nonlinearities, and constraints while offering fast dynamic responses [118, 119].

FCS-MPC simplifies implementation by using a finite set of switching states,

reducing computational complexity, but faces challenges like steady-state ripple
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due to single voltage vector application [120, 121]. To address this, an Adaptive
Neuro-Fuzzy Inference System-based Model Predictive Current Control
(ANFIS-MPCC) is proposed, utilizing the motor’s current model in the rotor
reference frame and an ANFIS-based adaptation mechanism to manage
nonlinearities and parameter variations effectively [122, 123]. This approach
aims to enhance steady-state performance, reduce torque ripples, and improve
efficiency without increasing sampling frequency.

This chapter explores the design and implementation of the ANFIS-MPCC
strategy for PMSM drives in EVs, focusing on its ability to optimize control
under diverse operating conditions. The methodology integrates predictive
control with adaptive neuro-fuzzy techniques to achieve superior dynamic
performance and robust operation.

6.2 Adaptive Neuro-Fuzzy Inference System
(ANFIS)

As detailed in Chapter 5, the Adaptive Neuro-Fuzzy Inference System (ANFIS)
integrates the Takagi-Sugeno fuzzy inference system with artificial neural
networks to effectively handle nonlinear control challenges in PMSM
drives. ANFIS employs a five-layer architecture to map input-output
relationships, using adaptive nodes in Layer 1 to compute fuzzy membership
grades, as defined in equations (5.1) and (5.2). A triangular membership
function, expressed in equation (5.3), is selected for minimal error. Layer 2
calculates the firing strength of fuzzy rules, while Layer 3 normalizes these
strengths. Layer 4 computes the weighted control signals, and Layer 5
aggregates the outputs for defuzzification, as described in Equations (5.4) to (5.7).
The ANFIS controller is trained using a hybrid learning approach combining
least-squares methods and backpropagation, with 50,001 input-output pairs
collected via a dSPACE control desk tool, as outlined in Figure. 5.2. Training over
50 epochs with zero error tolerance ensures optimal accuracy.

In Chapter 6, ANFIS is adapted for Model Predictive Current Control
(ANFIS-MPCC), leveraging its ability to manage system nonlinearities and
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parameter variations, enhancing the control of PMSM drives for electric vehicle

applications.

6.3 Model Predictive Current Control

Following the fundamental tenet of predictive control, the Euler algorithm [124]
is employed to discretize equation (6.1). Here, Ts denotes the sampling period,
and the current at time (k + 1) is predicted on the measurement available at time

(k). The resulting discrete linear time-invariant system is :

( isd(k + 1) = (1 RLSSTS> lsd(k) + wr T

I ise (k) + Lk (k

STS) qu(k) - erS
Ls
(T led(k) + LLZ”; (k) — wr Ts 1> lpf

Due to the extensive computational requirements of the MPC control scheme,
there is an inherent delay in its execution [125] . Failure to address this delay
issue can impede the controller’s ongoing operations, potentially resulting in a
decline in control performance. Consequently, it is imperative to account for time
delay compensation. Time delay compensation represents a straightforward and
effective computational approach, wherein prediction control involves
forecasting future values to serve as delay compensation. This approach is
applied to current predictions to mitigate the impact of delays in the control
process. The delay compensation algorithm is for forecasting the value at time
k + 2, with the available information at time k, where u}j(k) and ugq (k) represent

the applied voltage vectors .

(

iaa(k+2) = (1= 5L ) ik +1) + w0, T,
Clisg(k+1) + 25 (k)

6.2
lsq(k+2 <]. - RSTS> sq k+ 1 w;fTs ( )
Lsq lpf
\ Ldzsd(k+1)+L—u (k) — w, Ts 1~
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The control objectives of FCS-MPC algorithms are articulated through a cost
function, serving as an indicator of the extent to which each switching state of
the inverter achieves the desired system behaviour. Specifically, in the context
of current control, where the aim is to follow a reference current(iy;, is; )with

predicted components ( igq, isq),the cost function is precisely defined as

g = |iZy(k+2) —isa(k+2) [ + |if; (k +2) — isg (k +2)[? (6.3)

6.4 Proposed ANFIS-MPCC PMSM Drive
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FIGURE 6.1: Proposed ANFIS-MPCC PMSM drive’s Block Diagram

The block diagram Figure. 6.1 represents the control architecture of the
proposed ANFIS-MPCC for a P PMSM drive, designed to enhance performance
in EV applications. The system integrates speed and current control loops,
leveraging ANFIS for adaptive control and MPCC for predictive current
regulation.

The control process initiates with the reference speed w,,, which is compared
to the measured rotor speed w,, of the PMSM through a feedback loop. The speed
error, calculated as wy.r — wp, is fed into the ANFIS block. The ANFIS, a hybrid

ZII—.I turnitinﬁ Page 115 of 166 - Integrity Submission Submission ID  trn:oid:::27535:106576809



06

Z'l_.l turnitin Page 116 of 166 - Integrity Submission Submission ID trn:oid:::27535:106576809

6.4. Proposed ANFIS-MPCC PMSM Drive 85

of neural networks and fuzzy logic, processes this error to generate the reference
d-axis and q-axis currents, i; and i, respectively. The d-axis current i} is typically
set to zero for maximum torque per ampere operation in PMSM drives, while i7
directly influences the torque production. The ANFIS employs a Takagi-Sugeno
fuzzy inference system, utilizing a five-layer architecture (as detailed in Chapter
5) to map the nonlinear relationship between the speed error and the reference
currents, adapting to system variations through a hybrid learning algorithm.

These reference currents iy and i; are then passed to the Cost Function
Minimization block within the Model Predictive Current Control (MPCC)
framework. The MPCC operates by predicting the future behavior of the PMSM
currents based on the motor’s mathematical model and a finite set of switching
states. The Switching States block illustrates the possible voltage vectors Sy to Sy,
corresponding to the eight switching combinations of a three-phase inverter
(e.g., S0(000), S1(100), ..., Sy(111)). Each state defines a unique voltage vector
applied to the PMSM, influencing the stator currents.

The Current Prediction block within the MPCC uses the discrete-time model
of the PMSM in the d-q reference frame to forecast the d-axis and g-axis currents
(i4,i5) at the next sampling instant for each switching state. The prediction model
accounts for the motor’s electrical dynamics, including stator resistance,
inductance, and back-EMF, as well as the rotor position 6, obtained from the
PMSM feedback. The predicted currents are then compared against the reference
currents i; and i,’; in the Cost Function Minimization block. The cost function,
typically defined as the squared error between predicted and reference currents
given in equation (6.3), may also include additional terms to penalize excessive
switching or constraint violations. The MPCC selects the switching state that
minimizes this cost function, ensuring optimal current tracking and minimal
ripple.

The selected switching state is applied to the Three-Phase Inverter, which
converts the DC-link voltage into a three-phase AC voltage to drive the PMSM.
The inverter’s output voltages, corresponding to the chosen voltage vector,
regulate the stator currents, thereby controlling the torque and speed of the
PMSM. The rotor position 6 and its derivative d0/dt, representing the electrical
angular velocity, are fed back to the MPCC for coordinate transformations (abc to
dq) and current prediction, ensuring alignment with the rotor reference frame.
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The abc/dq transformation block facilitates this conversion, enabling the control
of currents in the synchronous d-q frame, which is essential for Field-Oriented
Control (FOC) principles embedded within the MPCC.

This integrated ANFIS-MPCC approach enhances the PMSM drive’s
performance by combining the adaptive, nonlinearity-handling capabilities of
ANFIS with the predictive, constraint-aware nature of MPCC, resulting in
improved dynamic response, reduced torque ripple, and robust operation under

varying vehicular conditions.

6.5 Simulaton Results and Discussion

This section describes the simulations studies on a 3.4k kW PMSM with
parameters as shown in Table 3.2. To assess the efficacy of the proposed novel
ANFIS-MPCC  technique, siumaltion = model is  developed in
MATLAB/SIMULINK and also a prototype laboratory setup to validate the
simulated results . This study describes comparative simulations conducted on a
3.4kW PMSM to assess the efficacy of the proposed method. The simulation
commences with an initial speed of 2250 rpm(75% of the rated speed) and a load
torque of 8Nm(100% of the rated load)as shown in Figure. 6.2. In the time
interval from 0 to 0.6 seconds, the PI-HCC algorithm is utilized, followed by the
execution of ANFIS-HCC from 0.6 to 1.2 sec. Subsequently, PI-MPCC is
implemented from 1.2 sec to 1.8 sec, and the proposed algorithm is activated
from 1.8 sec to 2.4 sec. Upon a sudden reduction in the speed command from
2250 to 500 rpm, the motor speed closely tracks the reference speed. The
proposed ANFIS-MPCC exhibits a slightly reduced torque ripple(TR). There is
percentage reduction of 73.2% as comapred to (PI-HCC), 50.5% as compared to
(ANFIS-HCC), and 37.8% as comapred to (PI-MPCC) at 2250rpm . At low speed
of 500rpm, ANFIS-MPCC yields a lower percentage torque ripple of 64.9% ,
32.3% , and 11.8% (PI-HCC), and (ANFIS-HCC)(PI-MPCC).

Similarly , in the event of a sudden reduction in load torque from 8 Nm to 2
Nm, the speed controller sustains the constant speed at 2250 rpm, with a
momentary speed dip illustrated in Figure. 6.3. Furthermore, at 100% of full
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FIGURE 6.3: Dynamic response while load change from 8Nm to 2Nm
at 2250rpm

load, it is observed that ANFIS-MPCC exhibits a lower torque ripple compared
to other control algorithms, as detailed in Table. 6.1.
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TABLE 6.1: Comparative Simulation Results of Torque Ripples

Control Scheme

PI-HCC ANFIS-HCC PI-MPCC ANFIS-MPCC

2250rpm, 8Nm (Nm)
500rpm, SNm (Nm)
2250rpm, 2Nm (Nm)

1.72 0.93 0.74 0.46
191 0.99 0.76 0.67
1.86 1.12 0.86 0.56
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FIGURE 6.4: Laboratory Prototype for testing the ANFIS-MPCC

based PMSM drive

6.6 Experimental Results and Analysis

This section presents a comparative study of theoretical and experimental

results, conducted using a 3.4kW experimental setup featuring a PMSM with

parameters listed in Table 3.2. The setup evaluates the efficacy of the proposed
ANFIS-MPCC scheme for a six-leg Voltage Source Inverter (VSI) driving the
PMSM. Experimental tests of the ANFIS-MPCC scheme were performed and
compared with conventional Proportional-Integral Hysteresis Current Control
(PI-HCC) schemes. Details of the laboratory prototype for the PMSM drive are
provided in Chapter 4 and illustrated in Figure. 6.4.

In each control approach, the PI controller parameters are tuned according to
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the Ziegler Nichols method to attain optimal control performance. To facilitate a
fair comparison, the speed PI controller maintains consistent parameters across
all schemes, set as K, = 0.012 and K; = 0.2

6.6.1 Dynamic performance of PMSM drive

In this experimental setup, PMSM is initially started with a speed of 2250 rpm,
representing 75% of the rated speed, and a load torque of 8 Nm, corresponding
to 100% of the rated load . The PI-HCC algorithm is used in the time interval
from 0O to 20 seconds, followed by the execution of ANFIS-HCC from 20.1 to 50
seconds. Subsequently, PI-MPCC is applied from 50.1 seconds to 80 seconds, and
the proposed algorithm is activated from 80.1 seconds to 100 seconds as shown in
Figure. 6.5. When the speed command undergoes an abrupt reduction from 2250
to 500 rpm, the motor speed closely adheres the reference speed. The proposed
ANFIS-MPCC, as suggested, exhibits a significantly reduction in torque ripple of
70.9%, 58.9%, and 33.3% in comparison to PI-HCC, ANFIS-HCC, and PI-MPCC,
respectively, at 2250 rpm. Likewise, at 500 rpm, the torque ripple is decreased by
64.7%, 58.3%, and 45.5%when compared to the corresponding control strategies
mentioned above as delineated in Table. 6.2.
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5 +
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FIGURE 6.5: Dynamic response for step speed change from2250 to
500rpm at 8Nm load
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FIGURE 6.6: Dynamic response for step load change from 8Nm to
2Nm at 2250rpm

TABLE 6.2: Comparative Experimental Results of Torque Ripples

Control Scheme PI-HCC ANFIS-HCC PI-MPCC ANFIS-MPCC

2250rpm, 8Nm (Nm)  2.75 1.95 1.20 0.80
500rpm, 8Nm (Nm) 4.20 3.55 2.72 1.48
2250rpm, 2Nm (Nm)  3.97 3.50 2.80 1.45

TABLE 6.3: Comparative Experimental Results of Current Ripples

Control Scheme PI-HCC ANFIS-HCC PI-MPCC ANFIS-MPCC

2250rpm,8Nm (Nm) 2.75 2.35 1.25 0.82
500rpm,8Nm (Nm), 3.75 3.55 2.85 2.75
2250rpm,2Nm (Nm), 3.8 3.35 2.75 2.15

Similarly, in the case of an abrupt decrease in load torque from 8 Nm to 2 Nm,
the speed controller sustains at steady-state speed at 2250 rpm with a temporary
dip in speed as shown in Figure. 6.6. Furthermore, under conditions of full load
(100%), it is observed that ANFIS-MPCC exhibits a reduced current ripples as
compared to alternative control algorithms, as delineated in Table. 6.3.
Comparative Analysis of Normalised Torque and Current Ripples are presented
in Figures. 6.7 and 6.8 where TR and CR of proposed ANFIS-MPCC method are
taken as reference "1’. Figure. 6.9 shows the fast fourier analysis of phase current
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Experimental result or Torque Ripples

W

PI-HCC ANFIS-HCC PI-MPCC  ANFIS-MPCC

H2250rpm,8Nm (Nm) 5 500rpm,8Nm (Nm) = 2250rpm,2Nm (Nm)

FIGURE 6.7: Comparative Analysis of Normalised Torque Ripple

Experimental results of Current Ripples

PI-HCC ANFIS-HCC PI-MPCC ANFIS-MPCC

m 2250rpm,8Nm (Nm) ®500rpm,8Nm (Nm) ®2250rpm,2Nm (Nm)

FIGURE 6.8: Comparative Analysis of Normalised Current Ripple

at 2250rpm with mechanical load of 8 Nm.The proposed method shows 52.48%,
45.05%, and 3.3% reduction in harmonics as comapred to PI-HCC, ANFIS-HCC,
and PI-MPCC, respectively.

The proposed ANFIS-MPCC controller significantly reduces current ripple.
At 2250 rpm, it achieves a reduction of 70.2%, 65.1%, and 36% compared to
PI-HCC, ANFIS-HCC, and PI-MPCC, respectively. Similarly, at 500 rpm, the
current ripple is reduced by 26.6%, 22.5%, and 3.1% when compared with the
same control strategies, as tabulated in Table. 6.3..

The proposed ANFIS-MPCC demonstrates diminished Current Ripple (CR)
of 70.2%, 65.1%, and 36% as compared to PI-HCC, ANFIS-HCC, and PI-MPCC,
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respectively, at 2250 rpm. Similarly, at 500 rpm, there is a reduction in current
ripple by 26.6%, 22.5%, and 3.1%in comparison to the respective a fore mentioned
control strategies as shown in Table. 6.3.

6.6.2 Performance validation using vehicular condition

The performance, reliability, and safety of PMSM drive systems for EV are
validated through comprehensive testing to ensure efficient and dependable
propulsion. = The validation process encompasses Dynamic Performance
Evaluation, Load Simulation, and Efficiency and Range Assessment. Dynamic
Performance Evaluation assesses the motor’s torque output, speed
responsiveness, and current draw under diverse driving scenarios, including
acceleration, deceleration, and constant-speed operations, to evaluate
operational efficiency. Load Simulation tests the motor under varied vehicle
loads and road conditions, such as uphill driving or heavy payloads, to gauge
performance under stress. Efficiency and Range Assessment measures energy
consumption across different speeds and driving modes to optimize motor
functionality for maximum vehicle range and minimal energy use.

A standard automotive drive cycle test is employed to validate the viability
and robustness of the proposed ANFIS-MPCC technique for vehicular condition.
The Modified Indian Drive Cycle (MIDC) is the modified form of NEDC(New
European Drive Cycle ) [126] designed for Indian traffic condition .The MIDC
accounts for wider speed profiles is used to assess the performance of the
proposed ANFIS-MPCC across a broad spectrum of speed changes.Such speed
changes are very common in urban drive cycle and this drive cycle test is
conducted at a constant load of 4 Nm and zero inclination.The dynamic
performance of laboratory prototype with the suggested ANFIS-MPCC is tested
with the MIDC. The Motor speed (w;), Electromagnetic torque (T.), Power (P)
and current (I,) are illustrated in Figure. 6.10

Comparative analysis of the energy consumption is also carried out for the
traditional (PI-HCC,ANFIS-HCC and PI-MPCC) and proposed(ANFIS-MPCC)
algorithms with MIDC and is shown in Figure. 6.11 It is observed that the
proposed ANFIS-MPCC resulted in less energy consumption as compared to the
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other methods, thus validating that the proposed ANFIS-MPCC is best suited for
EV applications.

6.7 Conclusion

This chapter introduces an innovative ANFIS-MPCC approach for speed control
of PMSM drives. By leveraging predictive optimization and precise current
tracking, the proposed method minimizes torque ripples through a model-based
cost function, suppresses current harmonics, and adapts dynamically to varying
speeds and loads. Compared to traditional PI-HCC, ANFIS-HCC, and PI-MPCC
strategies, it significantly reduces torque and current ripples, as validated
through simulation and hardware implementation. Experimental results using
the MIDC drive cycle demonstrate a notable reduction in energy consumption by
10.2%, 6.7%, and 2.6% compared to PI-HCC, ANFIS-HCC, and PI-MPCC,
respectively. The ANFIS-MPCC controller offers the following advantages:

1. Under steady-state conditions, torque ripples are reduced by up to 70.9%
at high speed and 64.7% at low speed compared to PI-HCC, with similar
improvements over ANFIS-HCC and PI-MPCC.

2. Smoother dynamic response to speed changes and lower current ripples at
both low and high speeds.

3. Enhanced power quality with harmonic reductions of 52.48%, 45.05%, and
3.3% compared to PI-HCC, ANFIS-HCC, and PI-MPCC, respectively.

These results confirm the superiority of the ANFIS-MPCC method in achieving
enhanced steady-state and dynamic performance, making it a promising solution
for PMSM drives in electric vehicle applications.
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Chapter 7

Intelligent control of PMSM Drive
using ANFIS-SMCC for EVs

7.1 Introduction

PMSMs are widely used in EVs due to their efficiency and high torque density,
but they present control challenges such as nonlinearities, parameter sensitivity,
and load variations [127]. Conventional methods like FOC and DTC suffer from
ripple and poor adaptability under dynamic conditions [128, 129].

Sliding Mode Control (SMC) offers strong robustness, finite-time
convergence, and disturbance rejection, but classical forms face chattering and
limited adaptability. Enhanced variants such as adaptive, recursive, fixed time,
and event triggered SMC have improved flexibility and precision. Hybrid
approaches like ANFIS-SMC further boost adaptability by combining SMC
robustness with ANFIS learning, although real-time implementation remains
challenging.

To address these limitations, the ANFIS-SMC integrates sliding mode’s
robustness with ANFIS-based adaptive tuning. It ensures accurate d—q axis
current regulation under parameter variations and load disturbances, while
mitigating chattering via smooth switching functions. This makes it a scalable,

intelligent solution for resilient EV motor control.

Z"—.I turnltln Page 128 of 166 - Integrity Submission Submission ID  trn:oid:::27535:106576809



z'l_.l turnitin Page 129 of 166 - Integrity Submission Submission ID trn:oid:::27535:106576809

98  Chapter 7. Intelligent control of PMSM Drive using ANFIS-SMCC for EVs

7.2 Adaptive Neuro-Fuzzy Inference System (ANFIS)

Chapter 5 discusses ANFIS, which blends Takagi-Sugeno fuzzy logic with
neural networks to address PMSM nonlinearities. Its five-layer structure handles
fuzzy rule inference and output aggregation using triangular membership
functions for minimal error. ANFIS is trained with a hybrid method (least
squares and backpropagation) on data from dSPACE tools, achieving high
accuracy within 50 epochs.

In this chapter, ANFIS is incorporated into Slidiing Mode Current Control
(ANFIS-SMCC) to improve PMSM performance under parameter variations in
EV applications.

7.3 Sliding Mode Current Control (SMCC)

Sliding Mode Current Control (SMCC) is used to make sure the motor currents
follow their desired values closely, even if there are disturbances or changes in
the system.

First, we define the current tracking errors, also called sliding surfaces.

Sd = Isdref — Lsd, (7.1)

Sq = isq,ref - isqr (7.2)

where ig4 of = 0 (for maximum torque per ampere) and iy, ref is calculated from
the reference torque.
The control voltages for the d- and g-axes each have two parts: an “equivalent”

part and a “switching” part:

Ugg = usd,eq + Usd swr (73)

Usqg = Usgeq T Usg,sw, (7.4)

The equivalent control terms are:

. . disg ref
Usdeq = Rsisg — erlsq + L%, (7.5)
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disq,ref
dat '
The switching control terms help the system quickly correct errors and handle

Usgeq = Rsisg + wrLisg + wrps + L (7.6)

disturbances:
Usd sw = kg sat ((Sp_d) ’ (7.7)
usqlsw — kq Sat (;_q) ’ (7.8)
q

where k; and k, are control gains, and ¢; = ¢; = 0.1 are small values that define
the “boundary layer” to reduce unwanted high-frequency switching (chattering).

The saturation function sat(-) is defined as:

1 if% > 1,
SY_)s i s
sat (4)) $ if —1< 5 <1, (7.9)
-1 if% < -1,

This function makes sure the control action is smooth near zero error, which
helps reduce chattering. The chosen boundary layer (¢ = 0.1) keeps current errors
within about 0.1 A during normal operation.

The SMCC framework, detailed in Section 7.3, tracks reference currents iy ycf
and ig; ref[130]. The PMSM current dynamics are discretized with sampling time

Ts = 5ups:
. RTs )\ . .
i+ 1) = (1= 55 140 + Teon (g4
= (7.10)
=+ f”sd(k)
, RTs )\ . .
i+ 1) = (1= 552 ) i) — TeorRlica(h)
Ten(Opr T (7.11)
sWr f
—— 1 tre®
A Sliding Mode Observer (SMO) estimates currents [131]to enhance
robustness:
d{ R o o u . it et
d_std — —flsd + wylsg + %d + kg sign(isg) + ksisg, (7.12)
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d{ R~ ~ w lP u . ¥ ks
d_? — _fzsq — Wylsg — rTf + % + kg sign(isg) + ksisg, (7.13)

where 7,y = igy — iy, fsq = isg — fsq, and k; = k; = 100, ks = 50 are observer gains.
The discretized SMO equations are:

e+ 1) = 8a(6) + T (=50000 + 0,007 (0

0 (7.14)
u .
+Ts ( de + kasign(isa(k)) + kslsd(k))
o o Rs ~
oo () (7.15)
+ T ( SqL +k slgn(zsq( ) + ks lsq(k))
The SMO minimizes the cost function:
o & 2 o ~ 2
8= (1sd,ref - st,p) + (qu,ref - qu,p) ’ (7.16)
where predicted currents are:
~ R T 2 o T
ld,p = (1 — SL 5) Isq + Tswyisg + fusd, (7.17)
2 R;T. 2 2 Tsw 1P T.
lsq,p - (1 — %) lsq - Tswrlsd - STTJ[ + fusq. (7.18)
Rotor angle prediction supports control:
. (k+1) = 6.(k) + w, Ts. (7.19)

7.4 Integration of ANFIS-SMCC for Torque and

Current Ripple Minimization

This section presents the mathematical framework and design of the Adaptive
Neuro-Fuzzy Inference System-Sliding Mode Current Controller (ANFIS-SMCC)
to minimize torque ripple (Tyjpple) and current ripple (Ljpple) in a 2kW PMSM)for
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Usd =Usd,eq +Kd - Sat(Sd /¢d)

isd,ref =0 Sd =i sd,ref =i sd Usq =Usg,eq +kq : sat(sq /¢q)
isq,ref, Sq =i sq,ref —i sq s ‘k SLIDING
Sd,Sq ANFIS d MODE
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FIGURE 7.1: ANFIS-SMCC Control Architecture

electric vehicle propulsion as shown in Figure 7.1. The approach combines
ANFIS’s adaptive tuning with SMCC’s robust current tracking to handle
nonlinearities, parameter uncertainties, and dynamic load variations. The
framework integrates PMSM dynamics, robust control principles, Fuzzy
Inference Systems, chattering mitigation strategies, computational optimization,
and stability analysis to achieve superior performance over FOC and DTC.

The torque ripple is defined as the deviation from the reference torque:

3 . )
Tripple = Te — Toref = §Pn¢f(lsq - lsq,ref)/ (7.20)

expressed as a percentage of T, ,ef.

The current ripple is:

Iripple = \/(isd - isd,ref)z + (isq - Z'sq,ref)zz (7.21)

in A, where ig, is; are the actual d-q axis currents and isgref, isqref are their

respective references.
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The control objective is to minimize both torque and current ripples by

accurately tracking the reference currents under varying operating conditions.

7.4.1 ANFIS Integration for Adaptive Tuning

To adaptively tune the control gains k; and k; in real time, an Adaptive Neuro-
Fuzzy Inference System (ANFIS) is employed. ANFIS integrates fuzzy logic with
neural network learning to handle system nonlinearities and uncertainties under
varying operating conditions.

Each ANFIS model (for k; and k;) has three inputs: current error (s4, s4), error
derivative (s, $5), and electrical angular velocity w,. Each input is assigned three
Gaussian membership functions, yielding 3° = 27 fuzzy rules per output. These
rules follow a first-order Sugeno model, enabling smooth and differentiable
control surface mapping.

A training data set of 10,000 samples was generated through
MATLAB/Simulink simulations across diverse EV operating scenarios,

including:
¢ Urban, highway, and mixed drive cycles;
¢ Load variations (0-7 Nm torque steps);
* Parameter uncertainties (+20% in R;, L, and ¢ f).

The ANFIS models were trained using a hybrid learning algorithm to minimize
the cost function:

_ T2 2 o
] = w1 Trlpple + wzlripplel w1 = Wy = 0.5.

To ensure generalization, a separate validation set of 2,000 samples was used.
Overfitting was addressed through early stoppage, rule pruning, and RMSE
monitoring. The training and validation RMSE were 0.008 and 0.012,
respectively, indicating strong generalization with low complexity.

This framework allows for real-time adaptation of sliding mode gains while
maintaining robust and efficient motor performance in dynamic electric vehicle

conditions.
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TABLE 7.1: Comparison of Chattering Mitigation Techniques

Technique Torque Current Computation
Ripple (%) Ripple (A) Time (11s)

Sign Function 2.5 0.45 110

Saturation Function 2.0 0.35 120

HOSMC 1.9 0.33 156

ASMC 21 0.36 130

Sigmoid 22 0.38 125

7.4.2 Chattering Mitigation Strategies

Chattering in the Sliding Mode Current Controller (SMCC) was investigated
under practical experimental conditions specifically at a constant rotor speed of
2250 rpm and a load torque of 5 Nm by evaluating five different mitigation
techniques [132, 133]:

e Sign Function: The basic switching control (ugw = ksign(s)) produced a
torque ripple of 2.5 % and a current ripple of 0.45 A, but induced significant
chattering.

¢ Saturation Function: Provided a balanced trade-off between simplicity and
performance, achieving 2.0 % torque ripple and 0.35 A current ripple with a

computation time of 120 ps.

¢ Higher-Order SMC (HOSMOQ): Successfully minimized chattering effects,
resulting in 1.9 % torque ripple and 0.33 A current ripple, though at the cost
of increased computational demand (156 ps).

* Adaptive SMC (ASMOQ): Delivered a torque ripple of 2.1 % and a current
ripple of 0.36 A, with moderate computational complexity (130 ps).

¢ Sigmoid Approximation: Smoothed the control action, yielding 2.2 %
torque ripple and 0.38 A current ripple with a computation time of 125 ps,

but introduced a 10 % overshoot.
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TABLE 7.2: Computational Complexity of ANFIS-SMCC vs. Other

Controllers.
Method/Strategy Execution Memory Performance Impact
Time (us) Usage (kB)

ANFIS-SMCC 120 150 2.0% torque ripple, 0.35 A
current ripple

PI-based FOC 80 50 4.5% torque ripple, 09 A
current ripple

PI-MPCC 200 - 2.5% torque ripple, 0.5 A
current ripple

ANFIS-MPCC 250 - 3.5% torque ripple, 0.6 A
current ripple

Rule Base Reduction 120 100 15% torque ripple increase (to

(15 rules) 2.3%)

Precomputed 100 150 5% accuracy loss

Lookup Tables

Parallel Processing 80 150 No ripple or accuracy impact

7.4.3 Computational Complexity

The saturation function was selected for its optimal balance of ripple reduction
and computational efficiency, suitable for the dSPACE DS1104’s 5ps sampling
period.

The ANFIS-SMCC algorithm was implemented on the dSPACE DS1104 DSP
board:

* Execution Time: 120ps per control cycle, compared to 80 s for PI-based
FOC, fitting within the 5 ms sampling period.

* Memory Usage: 150 kB for ANFIS’s rule base and lookup tables, vs. 50 kB
for FOC.

Optimization strategies included:

* Rule Base Reduction: Pruning to 15 rules reduced memory to 100 kB but

increased ripple by 15 % (to 2.3 %).

* Lookup Tables: The precomputed ANFIS outputs reduced the execution
time to 100 ps with a loss of accuracy of 5 %.
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¢ Parallel Processing: Distributing inference across multicore DSPs could

reduce time to 80 ps.

Table 7.2 confirms ANFIS-SMCC'’s efficiency compared to PI-MPCC (200 ps)
and ANFIS-MPCC (250 ps).

To elucidate the real-time implementation of the proposed ANFIS-SMCC
strategy, the critical timing parameters are defined as follows:

¢ System Sampling Time (T;): The interval at which motor signals (e.g.,
currents iz, isy, rotor angle 6,) are sampled by the dSPACE DS1104’s
analog-to-digital converters. Set to Ts = 5mus, this governs the
discretizations of the Sliding Mode Observer (SMO) and current dynamics
(Egs. 15-20), ensuring accurate tracking of fast-changing signals.

¢ Control Cycle Time: The duration of one complete iteration of the control
algorithm, including signal sampling, computation of ANFIS gains and
SMC control laws, and generation of PWM outputs for the inverter. For
ANFIS-SMCC, this is 120 ps, as validated on the dSPACE DS1104 (Table
V).

* Processor Execution Time: The time taken by the dSPACE DS1104
processor to execute the computational tasks within one control cycle, such
as ANFIS inference and SMC voltage calculations. For ANFIS-SMCC, this
is 120 ps, indicating that computations dominate the control cycle with

minimal overhead for data acquisition or output generation.

Relationships: The system sampling time (T; = 5s) is significantly shorter
than the control cycle time (120 ps), allowing approximately 24 samples to be
collected per control cycle. The SMO updates at 5us intervals to estimate
currents, while the ANFIS-SMCC processes these samples every 120us to
compute control outputs. The processor execution time (120 ps) fits within the
control cycle time, ensuring computations complete before the next cycle begins.
The dSPACE DS1104 imposes a maximum cycle time of 500 s to avoid overruns,
and the 120 ps control cycle time ensures robust real-time performance.
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7.5 Validation of ANFIS-SMCC for EV Propulsion

This study validates the ANFIS-SMCC for a 2 kW PMSM in EV propulsion via
simulation and experimental studies. A 2 kW PMSM, operating at 3000 rpm with
7 Nm torque (4% of the 175 Nm typical for full-scale EVs), was chosen, as shown
in Figure 5. This scaled-down motor enables safe, precise control algorithm
analysis under lab conditions, reducing equipment stress while maintaining
dynamic similarity for high-fidelity validation.

The 2 kW PMSM acts as a dynamic prototype for full-scale EV systems by
preserving non-dimensional metrics like torque ripple, current ripple, and speed
regulation error. Its electrical parameters (pole pairs, stator inductance, flux
linkage) and control sampling rate match larger traction motors. The reduced
power level supports safe testing across diverse conditions, evaluating the
controller’s real-time performance, robustness, and ripple mitigation.

This approach aligns with standard EV motor controller prototyping practices,
ensuring reliable ANFIS-SMCC validation.

Performance metrics torque ripple (Tyipple), current ripple (Iipple), settling
time, steady-state error, and speed ripple are compared against ANFIS-HCC and
ANFIS-MPCC. Robustness is assessed under sensor noise, temperature-induced
parameter variations, and inverter nonlinearities.

Performance was evaluated using:

¢ Torque Ripple (TR):

T = Te — Ty ref, in Nm or %.

ipple
¢ Current Ripple (CR):
Iripple = \/(isd — isd,ref)z + (isq — isq,ref)zl A.

¢ Settling Time : Time to reach within 2 % of reference speed,(sec).
¢ Steady-State Error: Speed deviation (rpm) .

* Speed Ripple (SR): Speed variation, (rpm).
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TABLE 7.3: Simulated performance of ANFIS-based controllers
under test conditions.

Condition Metric ANFIS- ANFIS- ANFIS-
HCC MPCC SMCC

Torque Ripple (Nm) 1.18 0.73 0.48
Speed Ripple (rpm) 0.33 0.16 0.09

Constant Speed  Current Ripple (A) 0.65 0.50 0.35
Settling Time (s) 0.036  0.035 0.034
Steady-State Error (rpm) -422 418  -3.99
Torque Ripple (Nm) 1.16 0.68 0.48
Speed Ripple (rpm) 0.33 0.15 0.08

Constant Torque Current Ripple (A) 0.65 0.50 0.35
Settling Time (s) 0.70 0.68 0.65

Steady-State Error (rpm) -222 218  -2.02

7.5.1 Simulaton Results and Discussion

Table 7.3 summarizes simulated results for two test conditions. For constant
speed (3000 rpm, torque steps 2Nm to 5Nm to 0Nm) Figure 7.2, ANFIS-SMCC
achieved 0.48 Nm torque ripple (59 % reduction vs. ANFIS-HCC’s 1.18 Nm, 34 %
vs. ANFIS-MPCC’s 0.73Nm), 0.09 rpm speed ripple (73 % vs. ANFIS-HCC’s
0.33rpm, 44% vs. ANFIS-MPCC’s 0.16rpm), 0.35 A current ripple (46 % vs.
ANFIS-HCC’s 0.65 A, 30 % vs. ANFIS-MPCC'’s 0.50 A), 0.0345 s settling time (5 %
faster than ANFIS-HCC’s 0.0362s, 2 % faster than ANFIS-MPCC’s 0.0353 s), and
—3.99rpm steady-state error (5% lower than ANFIS-HCC’s —4.22rpm, 5%
lower than ANFIS-MPCC’s —4.18 rpm).

For constant torque (5Nm, speed steps 500rpm to 3000 rpm to —500rpm)
Figure 7.3, ANFIS-SMCC maintained 0.48Nm torque ripple (59% vs.
ANFIS-HCC’s 1.16 Nm, 29 % vs. ANFIS-MPCC'’s 0.68 Nm), 0.08 rpm speed ripple
(76 % vs. ANFIS-HCC’s 0.33rpm, 47 % vs. ANFIS-MPCC’s 0.15rpm), 0.35A
current ripple (46 % and 30 % reductions), 0.65s settling time (7 % faster than
ANFIS-HCC’s 0.70s, 4% faster than ANFIS-MPCC’s 0.68s), and —2.02rpm
steady-state error (9% lower than ANFIS-HCC’s —2.22rpm, 7% lower than
ANFIS-MPCC’s —2.18 rpm). ANFIS-MPCC shows moderate improvements over
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FIGURE 7.2: Performance comparison under constant speed (3000

rpm) with torque variation (2-6 Nm) for ANFIS-HCC, ANFIS-

MPCC, and ANFIS-SMCC: (a) Speed curves with speed ripple (SR);

(b) Torque curves with torque ripple (TR); (c) Phase currents with
current ripple (CR); (d) Stator flux current.

ANFIS-HCC, with 38% to 41 % torque ripple reductions, 52 % to 55% speed

ripple reductions, 23 % current ripple reductions, 2 % to 3 % faster settling times,

zr'j ‘turn|t|n Page 139 of 166 - Integrity Submission

Submission ID  trn:oid:::27535:106576809



z'l-.l turnitin Page 140 of 166 - Integrity Submission Submission ID trn:oid:::27535:106576809

7.5. Validation of ANFIS-SMCC for EV Propulsion 109
ANFIS-HCC ANFIS-MPCC ANFIS-SMCC
S . SR=0.15 SR=0.08
3000
2000} Ho00.6
P
S 10001 f5000.5
3 0
0.4

TR=0.48
5.2

’

pil
=

(b)Torque curve under ANFIS-HCC,ANFIS-MPCC and ANFIS-SMCC

T (Nm)

CR=0.65 CR=0.35
L R=0.65 LR=0.50 .
“/\/ 0\/
10 = 10 10 5
) < <
20 2 0 2 0
--N -—1“ -—N
-10 -10 -10
0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

t(s) t(s t(s)
(c)Phase current under ANFIS-HCC,ANFIS-MPCC and ANFIS-SMICC

-0.2 0 0.2 0.2 0 0.2 -0.2 0 0.2

P (Wb) P (Wb) ¥ (Wb)
{d)stator Flux current under ANFIS-HCC,ANFIS-MPCC and ANFIS-SMCC

FIGURE 7.3: Performance Comparison under contant load of 5SNm

and Speed varitaion from 500 to 3000 to -500 rpm of ANFIS-HCC,

ANFIS-MPCC, and ANFIS-SMCC: (a) Speed curves with Speed

Ripples(SR) metrics, (b) Torque curves with Torque Ripples (TR)

metrics, (c) Phase currents with Current Ripples (CR) metrics, and
(d) Stator flux currents
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FIGURE 7.4: Experimental response under Constant speed 2800 rpm,
while torque steps from 2 Nm to 6 Nm.

and 1 % to 2 % lower steady-state errors.

7.5.2 Experimental Results and Discussion

The experimental setup comprised a 2 kW PMSM coupled to a dynamometer
emulating EV load conditions. A dSPACE DS1104 DSP board implemented the
ANFIS-SMCC algorithm, with rotor position and speed measured via an
incremental encoder (1024 pulses/revolution) . The sampling time was Ts = 5 s,
and initial SMCC gains were set to kd = kq =100, adaptively tuned by ANFIS.
The DS1104 board, with a 250 MHz PowerPC processor and 32 SDRAM,
supported realtime control but was constrained by a maximum execution time of
500 per cycle to avoid overruns, necessitating optimized algorithms like
ANFIS-SMCC (120 per cycle). Experimental results, limited to torque and
current ripples due to minimal simulated variations in speed ripple, settling
time, and steady-state error (owing to identical speed controllers), are presented
in Table 7.4.
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FIGURE 7.5: Experimental response under Constant Torque 5Nm ,
while speed steps from 500 rpm to 2800 rpm.

For constant speed (2800 rpm, torque steps 1 Nm to 5 Nm) as shown in Figure
7.4, ANFIS-SMCC achieved 0.6Nm torque ripple (67 % reduction vs.
ANFIS-HCC’s 1.8 Nm, 50 % vs. ANFIS-MPCC’s 1.2 Nm) and 0.5 A current ripple
(55 % reduction vs. ANFIS-HCC’s 1.1 A, 38 % vs. ANFIS-MPCC’s 0.8 A). This
test, emulating steady EV cruising with varying loads, evaluates torque ripple
(Nm), which affects smoothness and comfort, and current ripple (A), impacting
efficiency. ANFIS-SMCC'’s neuro-fuzzy and sliding mode control outperforms
ANFIS-HCC’s hysteresis-based approach (1.8 Nm, 1.1 A) and ANFIS-MPCC’s
predictive method (1.2Nm, 0.8 A), reducing vibrations and power losses. These
results, detailed in Table 7.4, enhance EV reliability and passenger experience.

For constant torque (5Nm, speed steps 500 rpm to 2800 rpm) as shown in
Figure 7.5, ANFIS-SMCC recorded 0.5Nm torque ripple (71 % reduction vs.
ANFIS-HCC’s 1.7 Nm, 58 % vs. ANFIS-MPCC’s 1.2 Nm) and 0.6 A current ripple
(73 % reduction vs. ANFIS-HCC’s 2.2 A, 45% vs. ANFIS-MPCC’s 1.1 A). This
scenario, mimicking consistent EV acceleration across speeds, tests torque ripple
for smoothness and current ripple for thermal performance. ANFIS-SMCC'’s
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hybrid control excels over ANFIS-HCC (1.7Nm, 2.2A) and ANFIS-MPCC
(12Nm, 1.1A), minimizing disturbances. Table 7.4 highlights these
improvements, supporting EV efficiency and potential broader motor control
applications.

TABLE 7.4: Experimental performance of ANFIS-based controllers
under test conditions.

Condition Metric ANFIS- ANFIS- ANFIS-
HCC MPCC  SMCC
Constant Speed  Torque Ripple (Nm) 1.8 1.2 0.6
Current Ripple (A) 1.1 0.8 0.5
Constant Torque Torque Ripple (Nm) 1.7 1.2 0.5
Current Ripple (A) 2.2 1.1 0.6

7.5.3 Analysis of Practical Constraints

To evaluate the real-world applicability of the proposed control strategies,
robustness was assessed under practical operating conditions specifically at a
constant speed of 2250 rpm and a load torque of 5 Nm. The results, which
highlight performance consistency under these representative conditions and

across various disturbance scenarios, are summarized in the following section.
Table 7.5.

¢ Sensor Noise: Gaussian noise (¢ = 0.05rad) increased ANFIS-SMCC’s
torque ripple from 2.0 % to 2.2% (10 %) and current ripple from 0.35A to
038A (8.6%), outperforming ANFIS-HCC (3.8%, 0.70A) and
ANFIS-MPCC (2.9 %, 0.53 A).

¢ Temperature-Induced Variations: A 30 % increase in Rs (1.93(Q) to 2.51())
raised ANFIS-SMCC’s torque ripple to 2.3% (15 %) and current ripple to
0.40 A (14.3 %), compared to ANFIS-HCC (4.0 %, 0.72 A) and ANFIS-MPCC
(3.0%, 0.55A).

¢ Inverter Nonlinearities: A 2 s dead-time increased ANFIS-SMCC'’s torque
ripple to 2.4 % (20 %) and current ripple to 0.42 A (20 %), vs. ANFIS-HCC
(4.2%, 0.75 A) and ANFIS-MPCC (3.1 %, 0.56 A).
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TABLE 7.5: Comparison of Torque and Current Ripple under
Practical Constraints

Constraint Metric ANFIS-SMCC  ANFIS- ANFIS-
HCC MPCC

Sensor Noise Torque Ripple (%) 2.2 (10%) 3.8 29

(c =0.05) Current Ripple (A) 0.38 (8.6%) 0.70 0.53

Temp. Variations  Torque Ripple (%) 2.3 (15%) 4.0 3.0

(30% Rs) Current Ripple (A) 0.40 (14.3%) 0.72 0.55

Inverter Torque Ripple (%) 2.4 (20%) 4.2 3.1

Nonlinearities

(2 us delay) Current Ripple (A) 0.42 (20%) 0.75 0.56

The proposed ANFIS-SMCC controller exhibits clear advantages over
conventional and advanced strategies, as validated by simulation and
experimental results (Tables 7.3 and 7.4). Its control law u = wuanpis + Usmc,
where ugyic = k - sign(s), ensures robust tracking, while ANFIS adaptively tunes
gains k; and k; in real time to suppress torque and current ripples.

Experimentally, ANFIS-SMCC reduces ripple standard deviation by 35-55%
vs. ANFIS-HCC and 25-35% vs. ANFIS-MPCC (e.g., torque ripple: 0.6 Nm vs.
1.8Nm and 1.2Nm) as shown in Figs. 7.4 and 7.5. Under sensor noise, thermal
variation, and inverter nonlinearity (Table 7.5), it shows only 10-20% ripple
increase, compared to 30-80% for other methodsdemonstrating strong
robustness.

Unlike static-gain PI controllers that are sensitive to parameter variations.
Additionally, the sliding mode controller with a saturation function mitigates
chattering while ensuring convergence, outperforming the hysteresis-based
switching in ANFIS-HCC. Combined, these features yield better disturbance
rejection, smoother signals, and lower ripple under real-world EV conditions.
The inverter operates at a fixed 10kHz switching frequency, with current
measured via Hall-effect sensors and filtered using 2 kHz low-pass analog filters

to suppress switching noise.
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7.6 Conclusion

The ANFIS-SMCC controller offers a robust and adaptive solution for PMSM
control in EV by combining the disturbance rejection of Sliding Mode Control
with the learning capability of ANFIS. This hybrid approach ensures precise
current tracking, reduced torque and current ripples, and resilience to parameter
variations and load changes.

Validated through simulation and experimentation, ~ANFIS-SMCC
demonstrates smoother motor operation and improved energy efficiency
compared to traditional methods. Its compatibility with real-time platforms
makes it suitable for practical EV deployment.
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Chapter 8

Conclusion and Future Scope of work

8.1 Conclusion

This thesis presents a comprehensive investigation into enhancing PMSM drive
performance for EV applications through three novel intelligent control
strategies: ANFIS-based Hysteresis Current Control (ANFIS-HCC), Model
Predictive Current Control (ANFIS-MPCC), and Sliding Mode Current Control
(ANFIS-SMCC). The following itemized contributions summarize the core

outcomes and their significance:

1. Enhanced Dynamic Performance and Robustness: The ANFIS-SMCC
controller effectively handles dynamic disturbances and uncertainties such
as load variation and thermal drift. It maintains high current tracking
accuracy and shows only 10-15% performance degradation under adverse
conditions, compared to 30-70% in traditional controllers.

2. Torque and Current Ripple Mitigation: The proposed ANFIS-HCC,
ANFIS-MPCC, and ANFIS-SMCC controllers significantly minimize torque
and current ripple, reducing torque ripple by up to 60% and ensuring
smoother operation under variable speed and load conditions. This is
validated through both simulation and experimental testing using IM240
and MIDC drive cycles.

3. Adaptive Intelligence over Fixed-Gain Control: Unlike conventional fixed-
gain PI or FOC controllers, the ANFIS-based strategies incorporate adaptive
fuzzy tuning. The ANFIS-MPCC controller, for example, improves tracking
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accuracy by 25-30% using ANFIS-tuned prediction weights, offering real-

time adaptability without manual retuning.

4. Tolerance to Sensor and Parameter Variations: The proposed controllers
are resilient to rotor position inaccuracies, sensor noise, and stator resistance
drift. ANFIS-SMCC incorporates saturation-based switching and adaptive
neuro-fuzzy gain control, ensuring robustness against parameter changes
up to +30%.

5. Real-Time Hardware Implementation and EV Suitability: All controllers
are successfully implemented on a dSPACE DS1104 platform with a PMSM
and VSI setup. The real-time execution remains within the 120 us control
cycle limit, demonstrating feasibility for embedded EV applications.

6. Energy Efficiency and Thermal Stability: The reduction in electromagnetic
ripple leads to improved energy efficiency and motor thermal behavior.
Specifically, the controller achieves up to 10% energy efficiency
improvement under urban drive cycles, enhancing the vehicle’s range and

sustainability.

7. Simplified Implementation with Intelligent Adaptation: The ANFIS
control architecture uses pre-trained rule bases and look-up tables,
significantly simplifying real-time implementation. — These controllers
eliminate the need for complex dynamic modeling or real-time parameter

tuning.

8. Overall Contribution and Significance: The thesis presents a unified,
intelligent control framework for PMSM drives in EVs. The ANFIS-HCC,
ANFIS-MPCC, and ANFIS-SMCC controllers deliver substantial
improvements in performance metrics such as ripple suppression, dynamic
response, energy efficiency, and robustness, thereby closing the literature
gaps and pushing forward the state-of-the-art in intelligent EV motor

control.

In summary, the proposed ANFIS-HCC, ANFIS-MPCC, and ANFIS-SMCC
controllers collectively offer intelligent, efficient, and robust solutions for EV
propulsion systems. By addressing challenges related to dynamic load handling,
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ripple suppression, and real-time implementation, this research contributes to
the development of smoother, cleaner, and more energy-conscious electric
mobility platforms.

8.2 Suggestions for Future Work

Future research should focus on optimizing the computational complexity of
ANFIS-MPCC and ANFIS-SMCC using rule pruning, lookup tables, and
hardware acceleration to enable real-time deployment on embedded EV
platforms. All three strategies, including ANFIS-HCC, should be validated
under extreme conditions such as high temperatures, steep gradients, and
inverter faults to ensure robustness. Integrating reinforcement learning or hybrid
Al methods could further improve adaptability, especially in ANFIS-SMCC.
Scaling these controllers for high-power PMSM drives and refining their cost
functions using multi-objective optimization would enhance performance across
commercial EV applications. System-level integration with battery management,
regenerative braking, and vehicle-to-grid frameworks is essential for full EV
compatibility. Finally, environmental assessments quantifying energy savings
and reduced emissions can strengthen the sustainability case for adopting these
ANFIS-based intelligent controllers.
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