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Abstract

Nowadays, the popularity and demand for electric vehicles have increased, and much effort

has been devoted to the creation of high-performance EV drives. This is primarily to reduce

environmental pollution caused by emissions from internal combustion engine (ICE)-powered

vehicles, and to replace fossil fuels with renewable energy sources because of their rapid

depletion. Electric motors are the key components of electric vehicles; thus, their selection is

important due to their effects on the performance of the entire system. Many types of electric

motors have been analyzed and evaluated for the use electric vehicles. Switched Reluctance

Motor (SRM) are suitable for high-speed drive application due to the absence permanent

magnet and winding in the rotor. SRM have a numerous of advantages over other electric

motors due to their robust structure, low cost, ability of fault-tolerant and resilience. In

spite of these advantages, SRM suffers from high torque ripple which will result in undesired

vibration and acoustic noise. When taking into account the needs of traction application,

the most significant and difficult SRM concerns are torque ripple minimization and reference

speed tracing. An adequate control scheme is essential for the drive to have a good dynamic

and transient response and also to tracks the reference speed while minimizing the ripple

torque of the SRM. In this thesis, a fuzzy logic controller is designed to increase system

performance by reducing torque ripple and eliminating the speed reference tracking problem.

The designed controller enables the actual speed to follow closely with the reference speed

in 0.047 seconds. It shows 59.04% and 53.47% improvement in rise time compared to the PI

controller and conventional FLC, respectively. Simulation results were obtained using the

MATLAB/Simulink environment for the effectiveness of the study.

Keywords: Electric vehicle, Switched reluctance motor, Direct torque control,

Fuzzy logic control, MATLAB/Simulink
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Chapter 1

Introduction

1.1 Backround

The globally dominant mode of road transportation relies over internal combustion engine

vehicles (ICEs), fueled by gasoline or diesel. However, their extensive use poses a significant

and challenging problem. The primary concern surrounding ICE vehicles is their contribu-

tion to climate change. ICE vehicles emit greenhouse gases and other harmful substances

into the air, contributing to global warming, ozone layer depletion, and adversely impacting

human health problems [1]. Although they are exposed to resource depletion and environ-

mental degradation. However, critical analysis is needed to find solutions to those problems.

There has been a growing interest in developing and adopting alternative technologies in

recent years.

Electric vehicles (EVs) have received mainstream interest due to their immense contribu-

tion to the environment and economy. EVs are the way forward for green transportation

and for establishing clean energy by reducing the use of depleting energy resources. They

contribute numerous benefits by significantly clearly overshadowing the internal combustion

engine by lowering pollutants like nitrogen oxides (NOx), leading to lower carbon dioxide

(CO2) emission [2]. Also, EVs offer several attractive features of low maintenance, reduced

noise pollution, fostering high efficiency, and reduction of transportation charges among in-

dividuals [3] [4].

By diversifying energy sources and reducing tailpipe emissions, EVs are capable to improv-

ing energy security while safeguarding the environment. As discussed in [5], the reason for

Electric vehicles to serve as superior than internal combustion engine vehicles (ICEVs) can

be attributed to their electric motor and efficient power train capability.
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With great concern for electrification, an essential component of electric vehicles is the elec-

tric motor [6]. Different types of motor drives are used as traction motors like DC motors,

induction motors (IM), switching reluctance motors (SRMs), and permanent magnet syn-

chronous motors (PMSM). Electric motors with high torque density and low mass are well

suited for direct drive applications. Conventional induction and DC motors have dominated

the variable-speed electric drive fields due to their robustness and flexibility. A permanent

magnet synchronous motor is extensive as a drive for EV applications [7]. Due to the lim-

ited availability of rare earth minerals, these drives are more expensive. SRM provided a

high-performance drive without the use of these rare earth elements as a promising option.

It grasped the eyes of researchers as the best alternative to permanent magnet synchronous

motors [8].

Switched reluctance motors are characterized by their simple and robust construction, ca-

pability for high speed operation, and benefits such as low cost and high reliability, making

them widely utilized in electric vehicles and various other applications [9]. SRMs are demon-

strated to be reliable and economical in harsh environments because of the lack of winding

enduring magnet within the rotor. However, the torque pulsation is large because of its dou-

ble salient structure and nonlinear magnetic saturation, which results in poor motor speed

control. As a result, SRM’s performance needs to be optimized and its accuracy further

increased.

There are different power converter topologies exist for the SRM R-dump, C-dump con-

verter, Buck-Boost converters, and asymmetric bridge converter [10]. Speed response, cost,

and torque ripples are the primary constraints on converter planning. and controller for

SRM. Mainly, the current overlapping is the major issue associated with the above convert-

ers. The AHB converter is preferred for applications where simple and precise torque control

is required, and it is suitable for high-performance applications.

Fuzzy logic controllers offer the unique advantage of integrating experience, logical reasoning,

intuition, and heuristics into the system rather than relying solely on mathematical models

[11]. They excel in modeling complex nonlinear functions, providing improved results when

handling imprecise data. By leveraging knowledge and experience, fuzzy logic controllers

enhance system performance by capturing the underlying characteristics of the system. In-

telligent control techniques address uncertainty through the use of IF-THEN rules, which

establish relationships between inputs and outputs.

The Direct Torque Control method was first put forth for the induction motor in the 1980s

[12] [13]. In comparison to conventional current control methods, the most popular control

2
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method for switched reluctance motors (SRMs) is direct torque control (DTC) which reduces

torque ripple. Simple construction, quick dynamic torque response, and reduced machine

parameter dependence are only a few benefits of direct torque control. Since this approach

chooses the voltage space vector based on the torque and flux linkage errors, there is no need

for a current controller.Noise reduction, reduced mechanical vibration, and low torque ripple

can all be accomplished with proper torque control in the SRMs.

In performing simulation to evaluate the design system, if the results are suboptimal, modi-

fications are made by adjusting the controller’s parameters or refining the fuzzy rules. This

iterative process continues until satisfactory results are achieved, all without altering the

system design.

For EVs to be appropriate for long-distance travel their batteries must have a high energy

density in order to increase the vehicle’s driving range. [14]. The extended cycle life, high

effectiveness, broad operating temperature, and affordability in commercialization are its

meeting requirements [15]. Numerous battery kinds have been produced, such as lithium-

ion batteries (LIBs), lead-acid, nickel-based, and sodium-based batteries [16]. [17].Since

LIBs have better qualities than the others—such as greater energy density, specific power,

recyclability, less weight, longer cycle life, lower self-discharge rates, and quicker charging

times—they are the most popular energy device for electric vehicles (EVs) [18] [19].

This thesis work presents the study and design of speed control of SRM using a controller of

fuzzy logic control and torque control using DTC to minimize torque ripple for BEV applica-

tions. The efficiency of the developed method has been demonstrated through simulations.

1.2 Statment of the problem

Switched reluctance motors (SRMs) are suitable options for high speed performance ap-

plications like electric vehicles (EVs) due to their simple design, high reliability, and cost-

effectiveness. However, SRM drives face challenges like high torque ripples and acoustic

noise, which stem from their doubly salient structure and can negatively impact both mo-

tor and vehicle performance and efficiency. While conventional control methods have been

used for SRM drives, they struggle to manage the motor’s nonlinear and dynamic behaviors.

This highlights the need for alternative control approaches that can improve SRM drive

speed response and reduce torque ripples for EV applications.

3
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1.3 Objective of the Thesis

1.3.1 General Objective

The main objective of this thesis is to provide a fuzzy logic control that minimizes torque

ripple for the electric vehicle application while allowing the switched reluctance motor to

track its reference speed.

1.3.2 Specific Objective

This thesis specifically aims to:

■ Study a dynamic mathematical model of a 6/4 SRM

■ Design FLC

■ Reduce torque ripple

■ Implement the system in MATLAB

1.4 Methodology

The methodology for meeting the goals relies on a comprehensive review of existing works

of literature regarding SRMs, speed controllers, torque ripple mitigation techniques, and

collecting data regarding electric vehicles. Establish a brief description of the Mathematical

and dynamic modeling of the switched reluctance motor and the electric vehicle dynamics,

which are studied and verified using theories. Fuzzy speed control and Direct torque control

are designed. to validate the proposed study Simulink model is built and simulated using

MATLAB. speed controller using Fuzzy logic control.

1.5 Scope of the Study

The thesis emphasizes the MATLAB Simulink carrying out the speed controller using fuzzy

logic control and hysteresis-based flux and torque controllers of switched reluctance motors

for propulsion EVs. Furthermore, it uses the direct torque control technique to minimize

the function of the high torque fluctuations. comparative studies and analysis are held with

PI and FLC to show how well the designed SRM drive
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1.6 Relevance of the Study

The study greatly advances the possibility of improving the effectiveness and efficiency of

electric vehicles (EVs) through regulating the speed and mitigating the torque ripple of

switched reluctance motors (SRMS). The research uses FLCs, a robust solution for non-

linear and under varying operational conditions with improved speed response and precision.

The research shows that SRMs are a suitable option and are highly competent with other

conventional motors. Also, the result gives smoother acceleration and better overall energy

management in electric vehicles. Further, this study augments the enhancement of green

technology through an optimized electric drive system for the transition into sustainable

transportation. Eventually, such work could lead to future studies in the field for building

up EVs with a wide range of speed applications

1.7 Outline of the Thesis

This thesis is subdivided into six chapters. In Chapter One, the study is presented, along

with a brief overview of the topic and background informations. Chapter Two presents the

theoretical foundation, including an overview of electric vehicles (EVs), motor classifications,

and comparisons. It also reviews existing literature on speed control for switched reluctance

motors (SRMs) and explores torque minimization techniques. Chapter Three focuses on the

methodology, detailing the foundational concepts, operational principles, and modeling of

the SRM. Chapter Four examines controller design techniques for speed control and torque

minimization, with a detailed analysis of the designed controller. Chapter Five discusses

the results and provides an evaluation of the performance of the suggested controllers in

comparison. Finally, Chapter Six provides a summary of the results and suggests possible

avenues for further investigation in the conclusion of the thesis.
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Chapter 2

Literature Review

2.1 Chapter Overview

This chapter explores the theoretical background of the classification, the key components

of electric vehicles (EVs), and the various electric motors used in EV propulsion. A detailed

comparison is made between these motors, focusing on performance and efficiency. Control

strategies for Switched Reluctance Motors (SRMs) are reviewed and compared. Additionally,

relevant research on SRM speed control, with a focus on fuzzy logic controllers is examined

to form a basis for the following sections.

2.2 Electric vehicles and their classification

Electric vehicles are run solely on electric propulsion. In a typical manner, there is a possi-

bility to clarify EVs into five kinds based on the electricity employed as the vehicle energy

source. These are namely: battery electric vehicles (BEV), hybrid vehicles (HEV), plug-in

hybrid vehicles (PHEV), and fuel-cell electric vehicles.

I. Battery Electric Vehicle (BEV)

These vehicles are fully powered by electricity stored in batteries. High-potential packs

of batteries are used to propel the vehicle. BEVs have no internal combustion engine

(ICE) or fuel tank. They are capable of being charged through the use of an external

power source. Most BEVs make use of bigger packs of batteries because their range is

closely correlated with their battery capacity. [20].
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II. Hybrid Vehicles (HEVs)

HEVs are propelled by an electric motor in addition to an internal combustion engine

(ICE). A plug-in charger is not required in HEVs. The electric motor is powered by

regenerative braking, which charges the battery while the internal combustion engine

(ICE) operates on gasoline or diesel. Because of this method, HEVs have been very

efficient in city driving because the engines shut off completely when the vehicles are

not moving [21]. The electric motor assists the ICE to improve fuel efficiency and

reduce emissions.

III. Plug-in Hybrid Vehicles (PHEVs)

The advancement of the HEV with a plug-in charger and increased battery capacity

that enables it to recharge the battery from the power grid is known as a plug-in hybrid

electric vehicle. [22]. These vehicles, alike Because its primary power source is electric

propulsion, HEVs have larger batteries and plug-in capability. They have a short range

when powered solely by electricity, and when the battery runs low, they can transition

to an ICE vehicle. Either an external power source or the ICE can be used to charge

PHEVs.

IV. Fuel Cell Electric Vehicles (FCEVs)

An electric motor in a fuel cell electric vehicle is driven by electricity that is generated

by a battery and a fuel cell. A fuel cell transforms hydrogen gas, which serves as

the power source, into electrical energy [23]. These vehicles need to be refueled with

hydrogen at a special station, but it only takes a minute to refuel. Water vapor is the

only emission from FCEV.

V. Extended Range Electric Vehicles (ER-EVs) vehicles that integrate the at-

tributes of the plug-in hybrid electric vehicle (PHEV) and a battery electric vehicle

(BEV) are called extended-range EVs. They can go farther on electricity alone since

they have a bigger battery pack than PHEVs. However, a tiny gasoline engine pro-

duced electricity and drove the electric motor to increase the vehicle’s range in the

event that the battery ran out.
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2.3 Key Parts of Battery Electric Vehicles (BEVs)

Various subsystems are combined and work together to provide power, control, and safety

for the electric vehicle. Some main components such as energy storage systems (ESS),

powertrains, power electronics [24], vehicle control systems (VCs), and thermal management

systems (TMS).

The four primary subsystems of electric vehicles are the motor driver, traction motor, battery

pack, and control units. To maximize knowledge and improve participation in the study, it

is essential to comprehend the essential components of an electric vehicle.

Figure 2.1: vital components of EVs [25]

Auxiliary Battery: provides fixed power necessary for electric vehicle systems and acces-

sories to work.

Traction battery pack: The battery pack is the core component of an electric vehicle. It’s

made up of numerous lithium-ion battery cells, which store electrical energy. The capacity

and density of these batteries determine the car travel range.

Onboard charger (OBC): OBC is mounted inside the electric vehicle which is responsible

for charging of EV battery anywhere through a single/three-phase AC supply outlet. Power

can be provided by a rectifier followed by DC chopper to control the voltage and current

based on the demands of the EV and charge the battery.

Electric traction motor: Electric motors are used in electric vehicles to drive the wheels

by electromechanical energy conversions.

Charge port: a port, where the plug-in charger of the vehicle connects to recharge its

batteries of traction pack.

DC chopper: widely employed to provide regulated and utilized for the application devices

that work in the DC source.
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Power electronics: control the electric current from the traction battery pack and the

electric motor.

Transmission: Electric cars typically use a single-speed transmission or a simplified multi-

speed transmission because electric motors can produce significant torque at low RPMs.

Unlike conventional vehicles, there is no need for complex multi-gear transmissions.

2.3.1 Electric vehicle batteries

Batteries are the key source in the electrical system that supplies the motor for vehicle

propulsion. High-priced batteries account for half of the entire cost of EV, which makes

them expensive. [26] [27]. Electric vehicle (EV) batteries are essential in determining both

the performance and driving range of EVs. The energy density of these batteries has an im-

pact on acceleration and overall performance, while power density determines how far a car

can go on a single charge, which dictates the distance. Kilowatt-hours (kWh), the battery’s

capacity, has a direct impact on how much energy is available for driving.

Efficient batteries convert stored energy into power with minimal loss, thus improving per-

formance. Moreover, the weight of the battery impacts vehicle handling and efficiency. Fast

charging capabilities and effective thermal management systems are also crucial for main-

taining optimal performance and extending the driving range of EVs. Lithium-ion batteries

(LIBs), lead-acid, nickel-based, and sodium-ion batteries were among the battery types de-

veloped and promoted for electric vehicles. [28] [29] [30] [31].

Nickel metal hydride batteries (NiMH): The size of these batteries is compact and

have good power/energy density as compared to other batteries types. Nevertheless, these

batteries need regular maintenance and show poor performance at very high and low tem-

peratures, limited service life, and a high self-discharge rate [32].

Nickel-Cadmium (Ni-CD): Batteries perform better in high-temperature operating sit-

uations and are appropriate for deep drain cycle applications. They are small and light in

weight [33]. However, Due to their poor energy density and significant levels of hazardous

metals, Ni-CD batteries are not ecologically benign and are not widely used in EV applica-

tions.

Lithium-Ion (Li-ion): The energy density of these batteries is high due to the use of

lithium-ion phosphate and Lithium-ion polymer. It has a broad operation with various tem-

perature ranges, the capability of rapid charging, and a relatively long life cycle, which makes

it most suitable for EV applications.

9



Speed Control of SRM for EVs using FLC-DTC

2.3.2 Traction Motor

Electric motors perform a crucial function of electric vehicles (EVs) in wheel-driving by

electromechanical energy conversion. The recent growing interest in EVs requires a reliable,

cheap, and efficient motor drive for propulsion purpose. The major requirements for the

selection of motors used in vehicle propulsion are mentioned in the literature and selected

based on the below requirements [34] [35] [36]:

➢ Torque-speed characteristics (high torque required in low speed for startup and uphill

motion; a broad range of speed; including fixed torque and constant region of power;

a rapid torque change; a high performance in speed and torque).

➢ High power-torque per unit volume, that is, compactness

➢ High power density

➢ Excellent dependability and durability during a range of vehicle operating circum-

stances

➢ cost-effective

➢ Operation within harsh environments such as dust, water, and hot and cold tempera-

tures

Mainly, four types of motors are used in EV applications DC motor, PMSM, IM, and SRM

[37]

2.3.2.1 DC motor

Brushed DC Motor Drives: Since they have easy speed control and speed-torque

characteristics that meet traction requirements, they have been a popular choice for electric

propulsion. Brush DC motors face several disadvantages, including rapid wear and tear

due to the friction between the brushes and the commutator. This interaction also causes

arcing and electrical noise, which can interfere with other electronic devices. Additionally,

the mechanical limitations of the brushed and commutator restrict the maximum speed of

these motors Citroen Berlingo is an EV that utilizes the DC machine. However, it has a

large heavy structure, low efficiency, and reliability. The need for brush maintenance reduces

its competitiveness in the EV market.

Brushless DC Motor Drives: Because of the BLDCM relies on an electronic commutator
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rather than a mechanical one, brushless DC motors are reliable with comparing DC motors

[38]. Simple structure, high starting and braking torque, robust overload capability, broad

speed regulation range, and minimal electromagnetic interference are the primary advantages

of BLDCM [39]. However, because of their limited capabilities for field weakening, these

motors are naturally constrained to a short constant-power zone.

2.3.2.2 Induction motor (IM)

An induction motor has rugged, simple construction, low maintenance, low cost, and zero

cogging torque [40] and is one of the most developed competitors in the EVmarket. Neverthe-

less, it has narrow torque-speed characteristics due to its breakdown torque characteristics.

Its cooling process is complicated as heat is generated in the rotor copper bars. Also, the

IM has low fault tolerance due to magnetic coupling between distributed stator windings.

Low efficiency and low power factor, especially at light loads, along with low inverter uti-

lization, are major shortcomings that have yet to be resolved. BMW X5, Renault Kangoo,

and Chevrolet Silverado use IM for their traction motors.

2.3.2.3 Permanent Magnet Synchronous Motor (PMSM)

The high power density of the (PMSM), which results from the intrinsic PM excitation, is

one of its notable characteristics. With great efficiency, the PMSM provides a broad speed-

torque range. As such, it is regarded as the primary traction motor. [41].

The PMSM is adopted as the propulsion motor in the Nisan Leaf, Hyundai Sonata, Honda

Accord, and Toyota Prius, which is one of the best-selling EVs. However, PMs are prone

to demagnetization, thereby it has low fault tolerance. Due to supply constraints and rising

costs for rare earth materials, the market is now forced to look for appropriate substitutes for

motors. Ferrite permanent magnets do not represent an alternative to rare-earth magnets.

They only offer one-third of the residual flux, can be easily demagnetized, and have a lower

torque density than rare earth PMs [42]. Consequently, research is focusing on magnet-free

machines.

2.3.2.4 Switched reluctance motor (SRM)

SRMs are a new type of motor. One of its many obvious features is that it has a simpler

structure than any other motor. The stator is covered in simple concentrated windings,

whereas the motor’s rotor is composed entirely of pure (laminated) steel and lacks slip
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rings, windings, and permanent magnets. The reluctance motor is suited for use in electric

vehicles due to its high starting torque, broad speed range, and strong inherent fault tolerance

capability. [43].

SRMs are employed in high-speed applications, within high temperatures, and can operate

in harsh environmental conditions [44] [45]. The Holden Commodore is an example of an

electric vehicle that utilizes SRM. However, as a disadvantage, the vibration and the acoustic

noise are large [46].

2.4 SRMs Overview

Based on the motion’s characteristics, SRMs can be broadly divided into two categories:

rotational and linear.

i. Linear switched reluctance motor

They are intended for linear motion requiring uses and has the feature of a long rotor

with a single-step arranged stator. They are used for railway and marketplace machine

tools for catering purposes.

ii. Rotary switched reluctance motor

A structure exibits double-salience stator and rotor poles and a large output torque

in rotary SRM. However, SRM based on rotating machines distinguishes between the

radial field and the axial length of the motor. along the magnetic field orientation.

Radial field SRM refers to the magnetic field route that runs along with direction

perpendicular to the shaft. The motor is referred to as an axial field SRM when the

flux path or direction aligns with the rotor’s rotation, or axially.

Figure 2.2: Classification of SRMs
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2.4.1 Advantages and Disadvantages of SRM

2.4.1.1 Advantages of Switched Reluctance Motor

SRMs have distinct features that position them as a strong rival to the current DC and

AC motors in applications requiring high speeds. Switched reluctance motors (SRMs) offer

several advantages briefly elucidated as follows:

➢ Simplified Construction:

• SRMs have a stator with only phase windings, whereas the rotor is made of steel

laminate and is devoid of permanent magnets and conductors.

➢ Wide speed range:

• As the rotor has no coil on it thus SRM has less inertia and hence can possess

the motor’s higher speed.

➢ Robustness:

• Due to the rotor being free from of windings and magnets, it becomes highly

mechanically robust and can be used for swift operations

• Since the generated torque is precisely proportional to the square of the currents,

it is not impacted by the phase current polarity; the current direction is not

important.

• Cooling of the SRM is very easy due to the major contribution of losses at the

stator windings alone.

➢ Higher efficiency:

• The rotor of an SRM is made of steel lamination with no permanent magnets or

conductors, and the stator is made up of solely phase windings.

• As there is no magnet in the rotor, the maximum allowable temperature becomes

high. It can be operated in any harsh environment.

➢ Cost savings:

• The rotor of SRMs is made of steel lamination devoid of permanent magnets or
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conductors, whereas the stator is made up of solely phase windings., which is low

cost compared to other motor types.

• As one of the brushless machines, it provides a superior performance when com-

pared with DC machines from the maintenance point of view.

• SRM requires a simpler cooling system due to the stator side being the primary

source of high heat instead of the rotor. The stator is easier to reach than the

rotor, making cooling provisioning simpler.

• Since the current corresponds only with the stator windings, heat exists only

with the stator, and it can be easily cooled down. Each phase stator winding is

separated electrically, which neglects mutual inductance.

➢ Reliability:

• An electrical failure in one phase generally has no effect on other phases since the

windings are electrically independent of one another and have very little mutual

coupling. The SRM has this particular feature.

• Because the phases are electrically independent, the SRM’s inherent flexibility in

selecting any number of phases contributes to its excellent dependability in the

event that one or more fail while the system is operating.

• Due to their phase independence, SRMs have high fault tolerance. Such feature

are not the case for other types of motors This leads to higher reliability of SRM

2.4.1.2 Disadvantages of Switched Reluctance Motor

Although SRMs provide numerous advantages, they are still suffering from some drawbacks:

➢ Torque ripple:

• When compared to other kinds of machines, the double saliency structure and the

independent phases’ discrete torque production lead to a greater torque ripple.

➢ Acoustic noise and resonant vibration

• The radial electromagnetic force in SRMs varies rapidly, which causes noise and

vibration mostly on the stator teeth.

14



Speed Control of SRM for EVs using FLC-DTC

2.5 Related works on Speed controlling of SRMs

Several studies looking into methods and algorithms to control switched reluctance motor

speed have been published.

In [47], Presents the study and analysis of the PI-based SRM. The researcher performed a

comprehensive investigation and simulation under different conditions. The designed con-

troller minimizes torque fluctuation using current and speed regulation and the simulation

verifies their theoretical relation. It emphasize the capability of the motor to replace in-

duction motors with its simple design and Cost-effectiveness. However, the analysis does

not address the advance of transient responses. In [48], the PID controller has been ap-

plied to accomplish the least time domain of ISE for controlling the motor speed and the

PSO algorithm is employed to identifies controller parameters. It is implemented on MAT-

LAB/Simulink and shows robust results.

A study in [49], has proposed the fast terminal SMC speed control method. A comparison

study is held in the intended study with PI and conventional SRM, which significantly shows

the designed controller behaves finite-time and quick response in reference speed tracking

with load disturbance. A chattering effect existential and further study need.

Non-linear systems can modeled easily using linguistic variables in FLC. The authors in [50],

proposed the FLC current control and compared with traditional hysteresis current control,

shows tolerance for inconsistent switching frequencies. FLC is employed to maintain the

current of the motor to follow its reference. The generated error in the current and the

change is fuzzified with triangular MF transformed to linguistic variables and 81 rules used

to maps for output actions. The Center-of-Area is used to convert this output into crisp

PWM control. Minimum current ripple and torque fluctuation is obtained in the study.

However the work conducted is applicable solely to lower-speed (1000RPM) SRMs.

Comparative analysis and design of FLC studied in [51]. The study indicated that the

FLCs adjusted a set of voltage variance by tracking the output voltage of the converter and

evaluating with reference to generate an actuating signal. simulation performed and shows

comparison result between FLC and PI regarding speed, torque, and current. The analysis

finalizes the designed controller provides minimal torque ripple and diminished steady-state

errors. However, the controller robustness under load variation and parameter change are

not adequately explored.
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A study has been present in [52], utilised the FLC to regulate the motor speed. The SR motor

behavior analyse and demonstrated in MATLAB/Simulink. The study result showed that

comparsion with typical PID controller, under loaded conditions, the proposed controller

outperformed well for a various speed and had lower speed fluctuation. The researcher as-

sumed SRM drives normally function and outlined the genetic algorithm for improved speed

controlling.
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Chapter 3

METHODOLOGY

3.1 Chapter Overview

The chapter comprehensively shows several methods by which the thesis was realized, ex-

plores the theoretical frameworks, and provides an in-depth study of the mathematical and

dynamical modeling procedures of the switched reluctance motor. In addition, vehicle dy-

namics are analyzed and conducted. Besides the optimal computation of battery of the

vehicle detail conducted and designed.

3.2 Outline of the Method

The following strategies and methods are employed to achieve the general and specific objec-

tives. Closely interrelated works are reviewed first. After that, the 6/4 SRM mathematical

model is in-depth studied. Afterward, the torque control technique is designed using a direct

torque control. The fuzzy logic controller is then made to regulate the motor speed. Later,

the proposed system is integrated from both FLC and DTC using MATLAB software. After

that, an analysis and evaluation of the system’s simulated performance are conducted. The

overall flow structure of the thesis is depicted in Figure 3.1.
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Figure 3.1: Block diagram for the general flow of the thesis

The general block design for the fuzzy logic controller speed controller of the SRM is displayed

in Figure 3.2. Two loops are used: the inner loop regulates torque to reduce ripple, and the

external loop employs FLC to regulate the motor’s speed.

Figure 3.2: Schematic diagram for the proposed system

To control the speed of SRM, the reference speed ωref is compared with the actual speed ω,

thus the generated error is fed to the speed controller. A fuzzy logic controller is employed

as a speed controller. It receives speed error as input, and its output is torque. This torque

(Tref ) is compared with the motor torque within a two-level comparator. FLC is used as

a nonlinear function approximation, producing a suitable change to keep the speed. in its

reference.
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DTC consists of a flux estimator, a switching table, and a three-level torque and two-level

flux controller. Using the lookup table, the torque is determined and the flux is approximated

using the three-phase SRM model. Based on the sector in which the stator flux is placed,

the torque and stator flux demands by the torque and flux comparator, respectively, an ideal

voltage vector is selected. Optimal switching vector look-up table selection for every feasible

stator flux linkage space vector position. Which region is excited determined by the flux

vector depends on the angle of the computed flux.

3.3 SRM Basic Features

Switched Reluctance Motors (SRMs) are known for their simplicity, consisting of stator

winding coils that are concentrated on the prominent stator poles and the steel laminate

stack rotor that voids magnets and winding in their salient poles. Typically, the stator coils

are distributed over the opposite diametrically stator poles and make a series one phase [53].

They are excited in sequence to produce continuous rotation of the rotor.

SRMs are identified by Ns for the stator poles, Nr for the rotor poles, and (m) for the

number of phases, where the phases (m) are given by the number of stator pole pairs (i.e.,

m = Ns

2
). The motor geometry consists of arcs of the rotor poles βr, and βs arcs of the stator

pole, which describe the paths of the flux, determining the inductance changing of regions,

and how much torque the motor can generate in the phases. The motor is referred to NS/Nr

pole numbers in SRM conventional naming. A three-phase, 6/4 pole SRM cross-section is

shown in Figure 3.1.

Figure 3.3: Geometric structure of 6/4 SRM

The six salient stator poles are configured with phase per two poles and with four salient rotor

poles. The windings in the stator are arranged and equally distributed in the circumference

of the motor and are grouped to form three phases.
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The phases and number of rotor poles determine the required number of ”strokes,” or ex-

citation cycles, of a stator phase coil pair for a single complete rotation of the rotor, as

illustrated by Equation 3.1. For a 6/4 SRM with a 30◦ stroke angle per phase. Which shows

the angular distance that the rotor moves during one phase excitation cycle as Equation 3.2

S = mNr (3.1)

ε =
1

m

2π

Nr

(3.2)

τrp =
2π

Nr

(3.3)

where S, m, ϵ, τrp represent the strokes, phases, stroke angle, and rotor pole pitch respec-

tively.

The parameter of the rotor pole pitch is important uses in the design for SRMs, repre-

senting the angular displacement between adjacent rotor poles, as defined by Equation 3.3

This parameter profoundly influences torque generation, magnetic flux alignment, and motor

operation efficiency.

3.4 Principal Operation of 6/4 SRM

A switched reluctance motor operates by the minimum reluctance principle. The nearest

rotor poles are pulled to the location with the lowest reluctance when the winding on a pair

of stator poles is turned on. The torque generated by this attracts and the rotor align to

the minimum stator reluctance.

If the rotor teeth are in an intermediate position between opposition and conjunction, and

if a current is imposed in a phase of the stator, then the teeth of the rotor will move toward

a stable position. They will thus be positioned at the conjunction. The minimum magnetic

reluctance in the rotor generates a force that tries to align the rotor pole with the closest

stator pole when energizing the stator.

Figure 3.4 presents a 6/4 SRM cross-sectional perspective. Smooth rotation will be achieved

by providing the appropriate current to each phase winding at the corresponding rotor

angle. The excitation occurs sequentially, transitioning from one phase to the next as the

rotor rotates.
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Figure 3.4: Operation of 6/4 SRM

Assume b and b′ are the rotor poles are perfectly oriented to the B and B′ stator poles

illustrated in Figure 3.4-(i). The phase current cannot generate any phase torque in the

aligned position. Due to the coincide of those poles, switching action de-energizes the first

phase B.

When a current is applied to the stator phase winding A, flux is determined by means of

poles A and A’ of the stator. A and A′, and it causes a force that pulls the rotor pole a and

a′ towards stator poles as demonstrated in the Figure 3.4-(ii).

Once the poles are aligned, the phase A stator current turns off, then the coil of stator C

and C ′ is energized, pulling b and b′ towards the nearby stator pole clockwise, as depicted

in Figure 3.4-(iii). The continuous A-C-B excitation sequence of SRM produced the torque

to rotate in clockwise.

3.5 SRM Characteristics

3.5.1 Relation between Inductance and rotor position of 6/4 SRM

A switched reluctance motor inductance depends with rotor position and begins to rise as

the rotor poles get closer to the stator poles. As the phase inductance rise and fell, the

positive and negative torque generated. Figure 3.5 demonstrates the optimal change in

phase inductance with the rotor’s location for a switched reluctance motor.

When the stator winding of the motor is activated, torque is generated. Consequently, the

stator pole draws the closest rotor pole into alignment in the minimum reluctance region

and maximum inductance [54]. Current direction does not affect the torque direction, is just

dependent on dL
dθ
.

Four regions can be identified from the graph given in the Figure3.5 and detailed briefly

below:
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Figure 3.5: Ideal constant excitation characteristics: (a) phase inductance, (b) inductance
profile, (c) phase current, and (d) phase torque

I. Region 1 ( 0 - θ1, θ4-θ5): Both the rotor and stator poles are not overlapped in

this section called an unaligned position. Flux in this region is obtained through an

air gap, which results in the highest reluctance or least inductance. Therefore, torque

production is not held in this region. The value of the inductance is minimum and

denoted by ‘Lmin’.

II. Region 2 (θ1 - θ2): The inductance increases linearly with rotation when the rotor

leading edges touch the poles of the stator, and this process halts once poles fully

overlapped in θ2. As a result, the inductance rises and becomes positive. A positive

torque is produced when a current is applied to the coil at this area. When the pole

overlap is finished, this area comes to an end.

III. Region 3 (θ2 - θ3): During this period, both stator and rotor poles are completely

overlapped, then it is called an aligned position, and the phase inductance reaches

its maximum and remains constant at this point, which is also called the maximum

inductance (Lmax), and the least reluctance position is reached. Since the inductance

remains unchanged, there is no torque generation in this region even with excited stator

pole.

IV. Region 4 (θ3 - θ4): In this area, the rotor separates from the stator pole (the overlap is

complete), begins to decrease, and keeps going until θ1−θ2. except that the inductance
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decreases during the rotor position increase, thus causing the region’s inductance to

slope negatively. When the machine operates in this area, a torque negative occurs,

meaning that the variable reluctance machine acts a generator.

Thus, from the above discussion, if the stator is excited in the positive inductance region

when operating in motoring mode, the motor contrary to in the area of negative inductance

when the stator is excited, the motor works in the regenerative. The summary of SRM

Torque production as a function of inductance variation is given in Table 3.1

The rate of change of inductance with rotor position is approximated in a linear piecewise

function as:

∂L

∂θ
=


LMax−LMin

θ2−θ1 if θ1 ≤ θ < θ2

LMax−LMin

θ4−θ3 if θ3 ≤ θ < θ4

0 elsewhere

(3.4)

Here, the relevant defining positions for the ideal SRM are given as follows:

θ1 =
1

2

[
2π

Nr

− (βr + βs)

]
(3.5)

θ2 = βs + θ1 (3.6)

θ3 = (βr − βs) + θ2 (3.7)

θ4 = βs + θ3 (3.8)

θ5 = θ4 + θ1 =
2π

Nr

(3.9)

Where βr, βs, and Nr are rotor pole arcs, the stator arc and rotor pole respectively.

Table 3.1: Summary of SRM torque production as a function of inductance variation

Rotor Angles Alignment Inductance Gradient Generated Torque

0− θ1 Non-coincident dL
dθ

= 0 No torque

θ1 − θ2 Coincident dL
dθ
> 0 +ve torque

θ2 − θ3 Non-coincident dL
dθ

= 0 Zero torque

θ3 − θ4 Misalignment dL
dθ
< 0 -ve torque

θ4 − θ5 Non-coincident dL
dθ

= 0 No torque
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3.5.2 Flux Linkage-Current Characteristics of SRM

The flux linkage of SRM is characterized by rotor position and current as nonlinear functions

due to hysteresis and nonuniform airgap [55].

The curve of magnetization is obtained utilizing the finite-element method (FEM) [56].

Based on the SRM’s physical dimensions and properties. Typically, this computation re-

quires the following information: rotor and stator pole arcs, length of air gap, lamination

dimensions, magnetic properties, stator winding size, and number of turns. However, the

manufacturer does not provide these building instructions unless you design SRM yourself.

The second method is measuring the curves of magnetization based on the flux equation, a

direct method of measurement called experimental measurement [57]. For every rotor po-

sition value, the one winding of the stator is subjected to a voltage source. And then the

curvesares obtained from the noted current and voltage. This procedure takes a long time

and requires a unique setup.

Analytical approximation is the last method of obtaining the curve. Analytical functions

use normally available or readily measurable parameters. Calculating the curves using the

primary parameters that are often accessible or readily quantifiable would be both practical

and preferred.

Due to the motor’s nonlinear nature and doubly salient structure, the motor has a tendency

to become saturated. Thus, it is difficult to estimate the SRM flux linkage features. Figure

3.6 displays the SRM magnetization curves. Each curve corresponds to a certain rotor angle

value that fluctuates between the aligned position (the highest curve) and the unaligned

position (the lowest curve).

Figure 3.6: Ideal flux linkage characteristics of SRM
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3.5.3 Torque Current Rotor Characterstics

The Interaction between torque production and current provided to a switched reluctance

motor at various rotor positions is depicted in Figure 3.7. This is called the static torque

curve. It can be obtained from a curve of co-energy as a rotor angle function with different

current values integrating numerically the magnetization [58].

Figure 3.7: Torque current rotor characteristics of SRM

The phase torque SRM is directly proportional to the current squared of the current. During

the current increase, the torque initially rises rapidly to reach its peak. After reaching its

peak, the torque of the motor slightly decreases due to magnetic saturation.

3.5.4 Speed Torque Characteristics

According to the ranges of varying speeds, Figure 3.8 illustrates how the generation torque

can be divided into three distinct regions: the power drop region, the constant torque region,

and the constant power region.

Region I: The area below the base speed is the first distinguishing feature, that is the

constant torque region. ωb is the fastest speed at which the nominal voltage may produce

the greatest torque and current. The lowest speed at which the motor can run at its rated

power is known as the base speed. The phase current’s amplitude can be changed to sustain

operation in this area. The torque varies with the square of the current, and the flux is

proportional to the voltage at a certain speed.
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Figure 3.8: Speed-Torque characteristics of SRM

Region II: Controlling the motor on speeds higher than the basic speed is done in the

second area. the inherent feature of the SRM while it is running at a fixed supply voltage

and various switching angles. Both the torque and the flux are proportional to the square

of the current and flux, respectively. In this, the average current delivered to the phase is

reduced, the motor speed rises above the base speed, and a steady voltage is applied across

the winding until the turn-off angle. A certain point is reached when the current pulse takes

up half of the inductance cycle for each phase as the conduction angle increases. In this area

T ∝ 1/ω, the torque and speed are inversely related.

Region III: The third region is the high-speed range, which consists of switching fixed

angles and constant supply voltage. Increasing the angle of conduction is limited in practice.

Each pulse ends with a non-zero flux level because the angle of turn-off matches the turn-on

angle for the subsequent cycle. The phase winding’s net flux rises in this scenario until

saturation. This corresponds to a rotor speed. Motor running above this speed implies a fall

in torque production as 1/ω2.

3.6 Modelling of SRM

3.6.1 Mathematical Modeling

SRM operates on the least reluctance principle; wherever the reluctance is minimal, the flux

path closes [59]. Because of the saturation in depth of the magnetic circuit, the non-uniform

distribution of flux at the motor’s end, and the non-linearity of the flux density, the param-

eters of the motor phase winding’s flux, inductance, and current will vary periodically with

the rotor position angle θ and exhibit a nonlinear relationship.
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The SRM’s linear analytical model can be expressed using differential equations for elec-

tromagnetic torque, voltage, and flux. The electromagnetic field theory explains how the

electrical, magnetic, and mechanical energy of SRM are related.

The following presumptions are made in light of the 6/4 SRM case: Each phase is similar,

the eddy current is neglected, and there is constant phase resistance.

3.6.1.1 Voltage equation

Each phase is independently excited, and all of the phases have the same structure. Conse-

quently, as the phases change, resulting mathematical equations remain the same and express

a single phase.

SRM each stator phase voltage is determined by adding the voltage drop in resistive and the

flux linkage’s rate of change, as shown in Equation 3.10

Figure 3.9: SRM equivalent circuit per phase

vph = Rsiph +
dλ(iph, θph)

dt
+ e (3.10)

Where vph, iph, Rs, λph, and θph are phase voltage applied to the converter, current, stator re-

sistance, flux linkage, and position of the rotor angle per phase respectively. Since variations

in the rotor position and phase current affect the flux value, Equation 3.10 can be modified

to provide the following formula, which illustrates how the applied voltage, flux-linkage, and

position are interrelated:

vph = Rsiph +
∂λ

∂iph

diph
dt

+
∂λ

∂θph

dθph
dt

+ e (3.11)
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3.6.1.2 Flux equation

The flux equation is described using the current and inductance relationship:

λ (iph, θph) = Ls (iph, θph) · i (3.12)

where Ls(iph, θph) is the stator phase voltage self-inductance

Equation 3.12 being substituted with Equation 3.11 to get

Rsiph + Ls (iph, θph)
∂i

∂t
+ iω

∂Ls (iph, θph)

∂θ
(3.13)

The mechanical speed in Equation 3.13 is determined by the rotor position change with

time ω = ∂θ
∂t
. Consequently, the phase voltage is made up of three parts: the induced back

electromotive force (back-emf), the phase inductance’s voltage drop, and the resistance’s

voltage drop.

Equation 3.14 emphasizes how the speed perceived directly is related with back emf:

e = ωi
∂L (i, θ)

∂θ
(3.14)

vph = Rsiph + Ls (iph, θph)
∂i

∂t
+ e (3.15)

3.6.1.3 Torque equation

The generated electromagnetic torque of the motor in the independent phase is the rate of

co-energy with the angular state of the rotor given by the expression:

Tph =
∂Wc (θ, i)

∂θ
where i = constant (3.16)

Where Tph is the phase torque, andWc is the co-energy of the magnetic in the phase winding.

The magnetic field co-energy Wc described under the area of the curve is:

Wc =

∫ iph

0

λ (iph, θph) di (3.17)

where i and λ are the current and flux-linkage respectively.

Substitute Equation 3.17 into Equation3.16 and then the familiar simplified relationship for

SRM torque T is obtained as:
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Figure 3.10: Flux linkage-current characteristics

Tph =
∂Wc (θ, iph)

∂θ
=

∫ iph

0

∂Lph (iph, θph)

∂θ
iph diph =

1

2
iph

2dL

dθ
(3.18)

Where ±dL
dθ

indicates the motoring/generating modes. As a result, the current and the

change rate of inductance change determine the produced torque.

The SRM torque’s direction is independent of the current’s direction and is determined by

the inductance curve’s trend. The three-phase SRM total generated instantaneous torque is

obtained over integrating:

Te =
m∑
k=1

Tph(k) (3.19)

Where Te is the total generated torque (electromagnetic torque) and k is the phase number

of the motor.

3.6.1.4 Electromechanical equation

The electro-mechanical equation governing the motor behavior is defined as follows:

Te − TL =
J dω

dt
+Bωm (3.20)

where Te, TL, J , B, and ωm are the rotor torque (electrical torque), mechanical load, system

inertia, rotor damping, and mechanical rotational speed respectively.
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3.7 Dynamic Modeling of SRM

The primary objective of modeling the motor is to obtain and express the non-linear func-

tion with the mechanical output (T , ω) and the input of electrical (V , i). The torque of

conventional motors can be expressed as the motor current and its components. In contrast,

SRM motor torque depends nonlinearly on the rotor’s angular position and phase current.

Additionally, the rotor angle and flux linkage affect the phase current.

It is necessary for the SRM model to sufficiently and accurately depict both static and dy-

namic performances [60]. [61]. The equation of voltage, the equation of torque, and the

equation of mechanics consist in the dynamics of reluctance motors. The electrical model

for one phase and mechanical sections are configured in the modeling of SRM and depicted

in Figure 3.11.

Figure 3.11: Dynamic model of SRM

SRM has its operating principle Considering the variation of reluctance and highly non-linear

characteristics. Therefore, it is not usual to model this motor through an equivalent circuit

as done for other motors. The most common way to model this type of model is through

LUT tables (look-up tables) that show the torque and flux profiles in relation to the rotor

position and current information.

λj =

∫
(v − ri) dt (3.21)
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For the model to work, magnetization and torque characteristics must be acquired. The

phase voltages are inputs for the SRM model, and Equation 3.21 is used to obtain the flux-

linkage. The magnetization characteristics λ (i, θ) calculate the non-linear stator current i

(λ, θ).

Based on the torque characteristics and flux linkage determined by FEA, look-up tables are

created from the machine model. The flux-linkage characteristics table includes flux values

for various rotor locations and current levels. The torque characteristics table shows torque

values for various rotor locations and current levels. The torque, current, and angle (T -i-θ)

lookup table is called TTBL, while the flux, current, and angle (λ-i-θ) lookup table is called

ITBL.

The total of the individual torques produced in each phase is the SRM electromagnetic

torque. Because the magnetization curves are not linear, the generated torque is a non-

linear function of the rotor position and current.

3.8 SRM Simulink Model

With MATLAB/Simulink, the dynamic, electromechanical, and linear modeling of SRM is

theoretically implemented[62]. There are two tables that exist from magnetization data as

depicted in Figure 3.12. Table of current (ITBL) used in the mode circuit and the torque

table (TTBL) get the touch electromechanical for each phase.

Figure 3.12: Simulink model of SRM

The MATLAB/Simulink model of the SRM consists of an electrical and mechanical model.
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Input voltages are fed to the electrical model and measured by using a connector. The

magnetic flux is calculated by integrating the voltage drop in the winding resistance and the

input voltage difference. The controlled current source is used to inject the current produced

by the non-linear current lookup table ITBL (i(ψ, θ)) in the stator windings.

To compute the lookup tables ITBL and TTBL needed by the chosen model, a specific

function is called prior to the simulation commencing. A specific model provided by the user

FTBL lookup table uses the interpolation of cubic spline to create ITBL, while TTBL is

acquired by numerical integration. The current lookup table is obtained using the analytical

expression for the generic model.

The overall torque generated by the motor’s acquired nonlinear function TTBL (Te(i, θ))

is used to calculate the electromagnetic torques generated by each stator winding. Those

characteristics are obtained from the characteristics of magnetization required for modeling

and can be achieved using either finite element method.

3.9 The 6/4 SRM Power Converter Topologies

SRM operation is relatively simple due to its ability to operate with unidirectional currents.

In SRM drive the control is achieved by using a single switch. Whereas in AC motor drives

minimum of two switches are required. Also, before undergoing regeneration the phase wind-

ing had to be de-magnetized [63] and a path had to be provided for de-magnetizing energy

during commutation of the respective phase Moreover, the switch and phase winding are

sequentially in the Motor drive but the series connection of switches with the phase winding

is not possible in AC motor drives due to damage that may occur during the shoot-through

faults.

In addition, the switched reluctance motor phases are independent and continuous uninter-

rupted operation is possible in the event of one winding failure [64].

3.9.1 Necessity of the power converter in SRM Drive

The power converter allows the SR motor to be powered from the DC source externally. It

consists of a control loop for speed and torque. The signals from the controller are traced

by the power converter, and based on those commands the motor phase gets energized and

de-energized at suitable time intervals.

In addition to transferring energy, the power converter regulates the phase current to meet
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the drive’s precise specifications. To regulate the performance of the SRM, the outer speed

loop consists of a rotor position sensor, which senses the encoder. Excitation of the phase

winding of the motor at the area of increasing inductance is necessary for the motoring mode

of operation.

The following requirements must be met when choosing a particular power converter:

■ During increasing the inductance profile, the current energizes the winding

■ During this energization, increased generated torque should be obtained, which is

achieved by modifying the current

■ During commutation, the stored magnetic energy has free-wheel through the load or

feedback to the DC source.

■ Quick de-magnetization capability

In this respect, many researchers have developed various power modulators including Asym-

metric bridge converter, Resistive dump(R-dump), Capacitive dump(C-dump), R-dump with

for demagnetization type, C-dump for de-magnetization type, series, and parallel type etc.

But in this thesis work, an ASC is employed for its complete phase independence, very good

performance, simple control efficiency, high fault tolerance, and less current ripple.

3.9.2 Asymmetric Bridge Converter

The Asymmetric bridge converter is a well-known configuration converter topology, which

includes a pair of switches and diodes per phase to attain the unipolar switching scheme.

Figure 3.13 presents the three-phase asymetric converter. Improving the noise and reducing

the current ripple are the primary benefits of unipolar switching. The current control method

is favored over the voltage control method in an ASB converter to properly regulate the phase

current.

The constant current reference is used in the phase current control loop in the SRM, and

the real phase current is contrasted with it. With a permitted current change ∆i, an error

is created and analyzed by the hysteresis controller; if the limits of error exceed the range,

both switching gate are shut off at once. The current route is then taken to the DC supply

by the freewheeling diodes.

33



Speed Control of SRM for EVs using FLC-DTC

Figure 3.13: Three-phase AHB converter

Asymmetric H-bridge converters can be operated in three different modes:

• Mode 1: Magnetization or Conduction Mode consider phase A for operation,

both S1 and S2 are ON switch status to energize Phase A. Consequently, the current

passes through Vdc and make a loop with phase A and the two switches as shown

in Figure 3.14-i. Consequentially, the current flow magnetizes the phases; this mode

is called magnetization mode. The voltage across the energized phase is called the

magnetization voltage, and it is equal to +Vdc.

Figure 3.14 Operating modes of SRM with AHB converter

• Mode 2: Demagnetization or Commutation Mode: Figure 3.14-ii indicates the

last mode of operation is called demagnetization mode, where both S1 S2 are turned

OFF with forward bias D1 D2. In this mode, current passes through the D2, phase

A D1, and supply. The voltage is equivalent to −Vdc. During demagnetization, the

energy stored is returned to the origin, which can recharge the supply.
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• Mode 3: Freewheeling Mode The switch S1 is switched off when the current exceeds

the reference phase current, which causes the diode D2 to become forward-biased. The

direction of phase current freewheels through phase A, S2, and D2. Figure 3.14-iii

depicts the freewheeling mode and the voltage VDc = 0 due to no energy returned

3.10 Dynamic Analysis of Electric Vehicles

The drivetrain of a vehicle is an asset of Series parts that distribute power to the vehicle’s

driving wheels. An electric vehicle is generally perceived as simpler and comprises a battery

acting as source of energy and the driving mechanism uses an electric motor.

Typical electric vehicle configurations are shown in Figure 3.15. As can be observed, the

electric motor rotates creating torque to drive the gearbox and differential to supply power

to the wheels. Speed reduction and associated torque multiplication are held by employing

a single-speed gearbox.

Figure 3.15 Electric vehicle drivetrain configuration [65]

A differential is required between the left and right traction wheels to allow them to rotate

at slightly different speeds during turns. This enables the outside wheels to spin faster than

the inside wheels, facilitating smoother turns. In an electric car, engaging the reverse gear

can be easily achieved by altering the power phase sequence.

The tractive needs of the power train are ascertained according to a basic model of vehicle

kinematics [66]. Various forces working against EV are represented by the model, as seen in

Figure 3.16. They are primarily divided into four categories.
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Figure 3.16 Forces appearing on the vehicle body, uphill movement

Selecting the appropriate power rating of the motor and other motor characteristics requires

calculating the net force required to move the vehicle.

The force needed to overcome the resistive forces and to drive the wheel is called the resultant

force. It is obtained as:

Fres = Fr + Fd + Fa + Fg (3.22)

Where Fr, Fd, Fa, and Fg represent the rolling resistance, the air drags, the acceleration

resistance, and the gradient resistance respectively.

3.10.1 Rolling Resistance Force

It prevents (opposes) tires from rolling. The friction between the EV tires and the pavement

is the source of the force. Maintaining the highest feasible tire inflation will help to reduce

this force [67]. Table 3.2 presents the specification parameters of EVs. The force of rolling

resistance is obtained using:

Fr = Kr ·mg · cos(θ) (3.23)

Frr = 0.01× 870 kg× 9.81
m

s2
× cos(17◦) = 81.6N

Where Kr, m, g and θ are the rolling resistance coefficient, the gross vehicle mass in kg, the

gravitational constant equal to 9.8 m/s2, and the angle of elevation in degree respectively.

The power through required to overcome 81.6N resistive force:

Pr = Fr ∗ V = 81.6N× 90, 000m

3600 s
= 2.04 kW (3.24)
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Table 3.2 Specification parameters of EVs

Parameter Symbol Value Unit

Maximum Power P 22 kW

Maximum vehicle speed V 90 km/hr

Vehicle mass M 870 kg

Frontal area Af 2.688 m2

Radius of wheel r 0.2764 m

Rolling coefficient Kr 0.01 −

Aerodynamic coefficient Cd 0.25 −

Aerodensity ρa 1.2041 kg/m3

Acceleration due to gravity g 9.81 m/s2

Efficiency of the transmis-
sion gear system

η 0.9 −

Gear ratio i 6 −

Maximum gradient angle θ 17 deg

3.10.2 Gradient Force

The resistance a vehicle experiences when ascending a hill or overpass or when moving down

a slope is known as its gradient resistance (Fg) [68]. It is a pulling force required to overcome

the resistance that an incline or decline in the road surface possesses. A moving vehicle on

a slope experiences a gravitational force component, and this force either assists the vehicle

in moving downhill or resists it in moving uphill.

The force due to the gradient was determined using Equation 3.25:

Fg = mg · sin(θ) (3.25)

with Fg being the gradient force in N, m being Gross of the vehicle mass in kg, g is gravita-

tional acceleration in m/s2 and θ being angle of elevation in degree.

Fg = 870 kg× 9.81
m

s2
× sin(17◦) = 2495N
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The power required to resist the gradient (pulling) force, assuming the vehicle climbs a

17-degree gradient at a speed of around 15-20km/hr, is:

Pg = Fg ∗ V = 2495N× 20, 000m

3600 s
= 13.9 kW

3.10.3 Aerodynamic Drag Force

A force known as aerodynamic drag (Fd) opposes the motion of a vehicle moving through

the air at a specific speed. The air in front of the vehicle compresses due to its movement,

but it is unable to disperse right away, resulting in a high-pressure area. However, the air

behind the car is unable to swiftly fill the space created by its speed, creating a low-pressure

pocket.

A high-pressure zone at the front pushes against the vehicle’s motion, while a low-pressure

zone at the back drags it backwards. These two pressure zones are created while the vehicle

moves. The friction between the airstream and the electric vehicle (EV) generates the

aerodynamic force, which functions as a resistive force [69].

The aerodensity in ρa in kg/m3, the vehicle’s frontal area Af in m2, and velocity of the

vehicle V may all be used to express it:

Fd =
1

2
· ρa · Cd · Af ∗ (V + Vw)

2 (3.26)

where V , Vw, Cd are the vehicle’s velocity (V = 0 duetoinitial), velocity of the wind, and

drag coefficient.

Fd =
1

2
× 1.2041

kg

m3
× 0.25× 2.688m2 ×

(
23.6

m

s

)2

= 225.3N (3.27)

and the overcome power is:

Pd = Fd ∗ V = 77.9N× 90, 000m

3600 s
= 1.95 kW (3.28)

Figure 3.17 illustrates that the aerodynamic force grows proportionally to the square of the

car’s speed. According to Equation 3.26, the drag force is directly related to the sum of the

wind speed and the square of the car’s speed. As the car’s speed rises from 0 km/hr to 85

km/hr, the force increases from 0 to 77.9 N.
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Figure 3.17 Aerodynamic drag force plotted against the car’s speed in km/hr

3.10.4 Acceleration Force

Newton’s second law determines the acceleration force (Fa), which allows the vehicle to go

from a motionless position to a specified speed in a certain amount of time. The rolling

resistance, gradient force, and aerodynamic drag are the main forces affecting the vehicle

when it is traveling at a constant speed.

Acceleration force, which is required for the electric vehicle to accelerate or decelerate, may

be represented as follows using Newton’s second law: [70]:

Fa = m
dv

dt
(3.29)

Fa represents acceleration force, m denotes the mass of the vehicle, and v is the vehicle

speed.

When designing vehicle dynamics, additional forces must also be taken into account, such as

the equivalent inertial force during acceleration (which includes both linear and rotational

inertias caused by the vehicle’s mass and rotating parts like the gear train and wheels),

aerodynamic lift force, wheel force, and others. Typically, these forces are relatively small

compared to the primary forces previously mentioned and are estimated to contribute no

more than 1.5 kW. As a result, the total tractive power needed to propel the vehicle is the

combined sum of all these power components.

PT = (2.094 + 13.9 + 1.9 + 1.5) kW = 19.34 kW
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It is not appropriate to choose an electric motor with an output power rating of 19.34 kW.

The power losses that take place when power is transferred to the wheels must be taken into

consideration. Therefore, the following formula is used to calculate the necessary mechanical

power output to move the vehicle:

Pdriving =
Pmax

ηtransmission

=
19.34 kW

0.9
= 22 kW

and the power in HP:

Pdriving(hp) =
Pd

745.699872
=

22 kW

745.699872
= 140 hp

Figure 3.18 Power consumed versus Speed of the vehicle (km/hr)

Thus, the required Pdriving used to select the motor. Because the road gradient angle θ is 0

while a vehicle is traveling on a level road, its sine value is zero, and so the gradient force

is zero. Rolling resistance, aerodynamic drag, and acceleration force are the only factors

affecting the vehicle as a result. Given a fully loaded vehicle accelerating at 1.8 m/s2 on

a level road in Figure 3.18, the power required to resist these pressures is 22 kW, which is

less than the maximum power that was predicted. The car can accelerate from rest to its

maximum speed in 13 seconds with this configuration.

Based on the calculated total applied force and power requirements, the motor specifications

are described in Table 3.2.
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3.11 Battery Sizing

The battery is a core component of an electric vehicle, which serves as the main source of

energy. To ensure that crucial and the design should satisfies the energy demands of the

vehicle.The common battery technologies seen in electric vehicles to date are lithium-ion

(Li-ion), nickel metal hydride, nickel cadmium, and lead acid. batteries [71]. Because of

its high running voltage levels, high power density, broad variety operating temperature,

long maintenance life, reduced self-discharge rate, and absence of memory influence, Li-ion

battery technology is regarded as outstanding to all different battery technologies [72].

The battery capacity, quantified in kilowatt-hours, defines the energy available for driving.

Table 3.3 Parameters for calculation of battery sizing

SPECIFICATIONS VALUE

Li-ion cell

Rated voltage 3.7V

Capacity 2500mAh

Charging voltage 4.2V

Weight/cell 45g

Energy density 9.13Wh

Motor

Nominal voltage 240V

Power 22kW

Vehicle

Maximum speed 90km/hr

Expected range of travel 150km

To calculate the required battery pack rating for the chosen 22 kW traction motor and select

the lithium-ion battery with parameters from Table 3.3. given the motor’s required voltage

of 240V, we must determine the battery size needed to power the motor at the fastest speed

the car can reach at 90 km/h with an expected range of 150 km.

The current drawn by the traction motor at different operating conditions or peak current

demand can be calculated as:

Current demand =
power

voltage
=

22 kW

240V
= 91.6A
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Battery cell capacity energy is typically expressed in Wh, which tells the amount of energy

that a battery cell can store is determined by:

Battery Power = Battery cell capacity× Battery cell voltage (3.30)

Battery power = 2.5× 3.6 = 9Wh

Wh/Kg, a measure of battery cell energy density, indicates how much energy is stored per

single unit weight. fore More energy with a smaller weight is indicated by a higher energy

density. It is computed as follows:

Energy density =
Cell energy

Cell mass

=
9Wh

0.045 kg
= 200Wh/kg

(3.29)

The total stored energy within a battery pack is determined by:

Total energy of the Battery pack = supply voltage ∗ current drawn

vehicle speed
∗ distance

= 240V× 91.6A

90 km/hr
× 150 km = 37 kWh

(3.30)

The overall connected series cell voltage in a battery pack is the sum of individual cells,

while the capacity (in Ah) remains the same.

Number of cells in series =
240V

3.7V/cell
= 65 cells (3.31)

In a battery pack, a string refers to multiple cells connected in series. The string of energy

content is the product of the total voltage of the string and capacity. Here’s the formula for

that:

The string content of energy = Number of cells in series× battery cell Energy

= 65× 9 = 585Wh
(3.32)

To find the number of strings in a battery pack, the cells are arranged in series the total

energy of the battery pack divided by each string’s content of energy.

Number of strings in battery pack =
battery pack total energy

Energy content of each string

=
37 kWh

585Wh
= 63.24 ≈ 64 strings (Approx.)

(3.33)
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Ampere-hours (Ah) is the unit for Battery pack capacity and can be calculated by deter-

mining the total energy battery pack with its cell capacity

Battery pack capacity = 64× 2.5

= 160Ah
(3.34)

And, the number of total cells in a pack is the product of cells and string :

Total number of cells = 64× 65

= 4160 cells

The battery pack total is computed by summing the total masses of individual cell:

Battery pack mass = 4160× 0.045 kg

≈ 188 kg (Approx.)

Each cell’s peak current in the configuration of parallel results in battery pack:

Peak current = (crate× Cell capacity)

= 2× 2.5Ah

= 5A

(3.35)

The peak current of the pack determined:

Peak current of the pack = peak current× Number of strings

= 5× 64 strings

= 320A

(3.36)

The peak power delivered by the battery pack can be calculated by 3.37

peak power = peak current× Voltage

= 320A× 240V

= 76.8 kW

(3.37)
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Chapter 4

Controller Design

4.1 Chapter Overview

This chapter covers the detail design, the basic structure, and thorough explanations of fuzzy

logic controllers (FLC). It also covers the speed controller design for switched reluctance

motors, presenting each step of the algorithms involved. Furthermore, it elucidates the

principles of DTC, detailing the acquisition of of components, including voltage voltage

space vectors, switching table design, and sector determination.

4.2 Fuzzy logic controller

An intelligent computational method for complicated and nonlinear framework systems that

offers a robust structure and simple solution. It doesn’t require precise knowledge of a

mathematical model. It uses basic measurement to represent an ambiguity languages such

as artificially or naturally to meaningfully. The theory of the Fuzzy set employs linguistic

values to express vague concepts. Randomness characterizes the uncertainty of an event’s

occurrence, while fuzziness describes its ambiguous nature.

Fuzzy logic control is established on fuzzy sets, which are described by their unclear and im-

precise outlook, abstract concepts, and absence of unambiguous boundaries. Every element

inside a fuzzy set relates to a certain degree, as determined by the membership function.

This membership function translates crisp inputs into a normalized or fuzzy domain, with

characteristic function values ranging between 0 and 1.

A fuzzy set is a direct extension of a classical set, mathematically defined by assigning each

element in a universe of discourse a membership value ranging from -1 to 1 through mem-
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bership functions. It consists of a collection of IF-THEN rules that make uncertain and

vague predictions using fuzzy reasoning models, such as the Sugeno (or TSK) and Mamdani

models. Sugeno-type systems can model any inference system with linear or constant out-

put membership functions, whereas the Mamdani model generates either linear or nonlinear

outputs.

The capacity of fuzzy logic systems to make wise judgments and execute suitable control

actions to integrate expert knowledge into the system architecture to effectively manage

ambiguous, partial, and indistinct information has attracted a lot of attention.

A fuzzy logic controller uses experience, intuition, and reasoning instead of relying solely on

mathematical models. It produces output based on input values as human-like thinking and

eliminates control issues in systems. FLC is a distinct technique for managing uncertain and

imprecise nonlinear systems [73].

4.2.1 FLC’s fundamental structure

The classical set characteristics function assigns either a binary set for every element within

universal set, indicating whether they belong within crisp set being considered. Different

levels of membership within the set members handled within the fuzzy set. Experience and

problem specificity are the keys to determining the membership function. Different kinds

of membership functions are frequently employed in fuzzy set theory for step of converting

crisp input toward fuzzy inputs.

Figure 4.1 illustrates the four steps of the fuzzy logic controller: Fuzzification of the input

values, rule Base, fuzzy expert engine, and Defuzzification.

Fuzzification
Fuzzy

Inference Engine
Defuzzification

Fuzzy Rule Base

Membership
Function

Membership
Function

Crisp Inputs Crisp Outputs

Figure 4.1 Basic Parts of Fuzzy Logic Control
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i. Fuzzification

The initial step in designing a fuzzy logic controller and includes transforming a precise

or real value into a fuzzy variable. Crisp input values are translated into linguistic

variables. Impreciseness, vagueness, and ambiguity of the real-life is the occurrence of

uncertainty. A membership function is a useful tool for expressing this ambiguity.

ii. Fuzzy rule base It is the core part of the controller. All the necessary stores in-

formation to regulate the system, and it is derived from the skilled operator. As a

result, it is regarded as the core component of the controller as it enables the controller

to independently make wise judgments and use the fuzzy rule base to determine the

appropriate control actions.

The two components of the fuzzy rule are IF (antecedent)-THEN (consequent), where

the IF section establishes the condition and the appropriate corrective control action

is explored in the consequent part. The quantity of input, output, and membership

functions associated with each variable determines how many rules are in a rule base.

iii. Fuzzy Inference Engine An essential component of a fuzzy logic system, it generates

output decisions or outcomes by using fuzzy rules to examine input data. Among fuzzy

inference models, the Mamdani inference is the most popular. The process of inference

involving aggregation, implication, and accumulation results in the development of a

fuzzy multiplier the output determined by the logical rules. Therefore, the inference

model generates an outputs for every rules that is activated.

Multiple rules in the fuzzy rule base will be activated as the process’s crisp measurement

(input) will be a component of multiple membership functions (fuzzy set). Next, the

inference engine determines the appropriate control actions by utilizing the provided

fuzzy rule base.

µFRi(p, q, r) = t(µpl(p), µql(q)) ∧ µrl(r) (4.1)

= (µpl(p)Λµql(q))Λµrl(r)

Where, FRi express the ith the rule base for fuzzy rule, which has n rules, T-norm

operator(t) used for the normalization for fuzzy output for ith rule inference system.

The implication of mamdani fuzzy rule antecedent section is computed using T-norm

operator.
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iv. Defuzzification The fuzzy inference engine’s fuzzy output needs to be Transformed

into output of crisp for supervision and system control. Defuzzification is the procedure

that converts the controller’s inaccurate output into a clear value. The center of gravity

is the defuzzification technique frequently employed. With ui standing for the output

center MF and (∆e, e) as the value of crisp output regarded as the minimal value, the

crisp output is provided by:

u(∆e, e) =

∑n
i uimin(µxl(∆e), µyl(y))∑n
i min(µxl(∆e), µyl(y))

(4.2)

4.3 Speed controller design of SRM using FLC

FLC is used for developing control algorithms in various applications of nonlinear, uncertain,

and imprecise characteristics. It provides better results than conventional control methods

by the general methodology of fuzzy of set, where the MF is in the range of 0-1, making it

feasible to construct processing systems.

Controlling the speed of SRM is difficult due to its nonlinear characteristics. However, the

fuzzy controller is made to effectively regulate and sustain speed. Figure 4.2 shows that

the fuzzy controller system utilizes the crisp input variables are error speed signal (E) and

change of rate speed error (CE). reference current (Iref ) is the defuzzification crisp output.

Speed error and rate of change speed error variables are described as follows:

E(k) = ωref (k)− ω(k)

CE(k) = E(k)− E(k − 1)
(4.3)

Where ωref , ω (k), E (k), and CE (k) are the reference speed, actual speed, speed error, and

error of change rate respectively.

Step 1: Fuzzification of the input variables

Fuzzification is the initial phase of converting the crisp inputs into linguistic variables

by using the Membership function and their ranges. The input linguistic variable

represents the error of speed amount and the change of error signal. Seven linguistic

variables are selected for every input fuzzy set: NL, NM, NS, ZE, PS, PM, and PL are

Negative Large, Negative Medium, Negative Small, Positive Small, Positive Medium,

and Positive Large along with their MF are depicted in Figures 4.3a and 4.3b.

Similarly, the o/p fuzzy set has seven specified variables, as shown in Figure 3.4c.
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Figure 4.2 Block diagram of a speed control of SRM using FLC

Using a surface viewer, the output variable’s dependence on the variables of the input

is assessed.

Step 2: Design Rule base

Following the fuzzification of variables for inputs and outputs, the base of fuzzy rules

is established according to Table 4.1. Mamdani fis is employed due to its intuitive

nature and it allows the description of the expertise in a human-like manner. Also, its

characters are highly accurate. According to the rule tables and 49 (7 × 7) IF-Then

rules are determined based on choosing the proper reference torque, two inputs are

needed: error of speed and change of speed as illustrated in Appendix B.2.

Step 3: Defuzzification

In the defuzzification process, the resulting fuzzy values are converted to numerical

values (crisp o/p). The variables in the output are represented by constants with a

digitalized name of [-1 1] which are interpreted as a negative large - positive large.

Output Variables for defuzzification are chosen according to the rule base. In this

procedure, the centroid-type defuzzification technique is applied.
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(a) (b)

(c)

Figure 4.3 MF for (a) Error input speed, (b) Change error input speed (c) Output

current reference

Table 4.1 Fuzzy rule base matrix

Error
Change error

NL NM NS ZE PS PM PL

NL NL NL NL NL NM NS ZE

NM NL NL NL NM NS ZE PS

NS NL NL NM NS ZE PS PM

ZE NL NM NS ZE PS PM PL

PS NM NS ZE PS PM PL PL

PM NS ZE PS PM PL PL PL

PL ZE PS PM PL PL PL PL
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4.4 Direct Torque Control (DTC) and its Principle

SRM has intrinsic simplicity in structure and less price. Due to its doubly salient structure,

magnetic saturation, and reluctance variation, it has inherent torque ripple in its output

torque. The control of this drive is difficult if the torque ripple is not reduced.

DTC has certain good features such as a simple algorithm, it does not require bidirectional

current, knowledge of motor parameters, and a set of motor equations. In addition to this,

it successfully removes the torque ripple in output torque characteristics by controlling the

motor torque and flux with a hysteresis controller. DTC computes torque and flux in the

stator coordinate using a space of voltage vector. [74].

4.4.1 Fundamental concepts of direct torque control in SRMs

In SRM, torque generation relies on the principle of reluctance. Because of the nonlinear

behavior of magnetic saturation, its instantaneous torque is expressed as :

T (θ, i) =
∂λ(θ, i)

∂θ
i (4.4)

Whereλ, i, and θ are flux linkage, phase current, and rotor angular position respectively.

Unipolar drives are commonly used in SRMs, resulting in a consistently positive current

flow in each motor phase. From expression Equation 4.4 the torque is directly linked to the

variation of ∂λ/∂θ exceeding zero, and the generation torque also be T (θ, i) positive.

When a flux vector is improved with the movement of in the same direction of rotor position,

a variation positive torque is generated. In the delayed flux vector with θ, a negative torque

is produced, for the movement in opposing direction.

The flux variation in negative and positive with the θ is termed as the deceleration and

acceleration of flux. As a result in a novel of DTC Approach there are two principles [75]:

i. The motor maintains a constant amplitude for its stator vector flux linkage.

ii. Torque controlling is maintained in decelerating and Accelerating the flux vector.

The modified voltage equation in single-phase is expressed as:

λ⃗s =

∫ t

0

(V⃗s −Rsi⃗s) dt+ λ⃗0 (4.5)
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Where λ⃗0 and i⃗s are the initial phase flux vector and the current vector of stator respectively.

In most cases, the resistance is little. Considering that the initial flux is always zero (λ⃗0 = 0)

when the motor is started, and due to small resistance in the resistor the voltage dropped is

ignored; in the small time of interval, Equation 4.5 stated as:

∆λs(θ, i) = V⃗s∆t (4.6)

Notably, Equation 4.6 shows that the stator flux vector’s variation is proportional with

the voltage’s amplitude and the time variation product and demonstrates how the stator

flux vector varies in the same direction as the space voltage vector when applied to a single

phase. As revealed by Figure 4.4 DTC of SRM comprises flux comparators, a switching table,

hysteresis-based torque, and flux-linkage vector position data to produce voltage vectors of

optimal for regulating the magnitude of electromagnetic torque and stator flux linkage.

Figure 4.4 Basic elements of DTC in the SRM
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4.4.2 Voltage vectors and Switching table of 3-phase

A power converter’s switch can be in one of three states while it is operating. This is

represented by the symbol ’1,’ and a positive voltage is provided to the winding when both

switches are turned on. When one switch is in the ”0” position during the freewheeling

stage, no voltage is supplied to the winding. A negative voltage is provided to the winding

when both power switches in the stator phases are off, which is represented by the voltage

state of ’-1’. Figure 4.5 displays the equivalent switching states of a single-phase winding,

where S stands for the switching state. The switching table may be created as indicated in

Table 4.2 by looking at the vectors and using the two DTC concepts.

Three different states of voltage are applied in every SRM phase. Hence, the setup of

the state voltage vector (Vn) consists of one row and three columns in its structure as

Vn = (VA, VB, Vc), where VA, VB, and Vc are states of voltages applied to phase A, B, and

C Correspondingly. For three-phase SRM, 120◦ spaces equally phases, and three axels are

achieved over the concentric axels of the phases during tracing. As reflected in Figure 4.5

each phase is sectioned into positive and negative parts, located at the axel portion and the

half of the other axel respectively.

Figure 4.5 Definition of voltage space vector for 3-phase SRM

VA, VB, and VC SRM vectors belong define the positive three-phase voltage vector of the

windings state is 1, Similar to -1 state indicates the −VA, −VB, −VC voltage vector. For

state 0, the voltage vector is zero
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The AHB converter has 33 = 27 possible switching state combinations. In the DTC algorithm

applied to a three-phase SRM, only six voltage vectors with equal magnitude are defined

separated by π/3 radians (60 deg). They are the fundamental voltage vectors and are located

in the middle of the six zones as depicted in Figure 4.5.

Figure 4.6 Clarke transformation of three-phase voltage

Individual phase flux linkage magnitude changes with time, but the direction stays constant

along the stator pole axis. In order to resolve these vectors, the three-phase SRM’s phase

flux components are transformed into a stationary two-axisα− β reference frame. As shown

in Figure 4.6, the flux vector may be computed by projecting the flux vectors onto orthogonal

stationary frame.

Clarke transform is used to transform the particular three-phase SRM flux (λa, λb and λc)

into a flux vector of two-frame orthogonal α - β (λα, λβ) stator flux as:

λα = λa − λb cos 60
◦ + λc cos 60

◦

λβ = λb sin 60
◦ − λc sin 60

◦
(4.7)

The two-axis orthogonal flux vector of the stator magnitude of the equivalent flux vector

(|λs|) and angle of the rotor (δ) Which are outlined as:

λs =
(
λ2α + λ2β

) 1
2

δ = arctan

(
λβ
λα

) (4.8)

53



Speed Control of SRM for EVs using FLC-DTC

Assume the stator’s flux vector are Placed in the Sth sectors (S= 1, 2, 3, 4, 5, and 6). Voltage

vector selection is determined jointly with the sector and by the adjustment torque and flux

linkage direction. To raise the stator flux’s amplitude, the voltage vector’s VS, VS+1, VS−1

can be employed, and VS+2, VS+3, VS−2 are applied for decreasing the flux’s. So, the stator

flux’s when enhanced by VS+1 and VS−1 and reduced by VS+2 and VS−2 affects the torque’s.

Since VS+1, VS+2 vectors move the stator flux linkages in the rotational direction and they

contribute to raise within torque. However VS−1and VS−2 decrease both the flux’s against

the opposite direction and the torque.

As a result, the switching tables are set up as shown in Table 4.2. V0 and v7 are null vectors

which does not affect the flux, but voltage vectors V1, V2, V3, V4, V5, and V6 are the active

voltage vectors applied to the optimal switching table.

Table 4.2 General Table Selection of DTC

Voltage vector Increase Decrease

Stator flux Vs+1, Vs−1 Vs+2, Vs−2

Torque Vs+1, Vs+2 Vs−1, Vs−2

Table 4.3 The designed Switching Table

Hysteresis error Sectors

S1 S2 S3 S4 S5 S6

Hψ = 1 HTe = 1 V2 V3 V4 V5 V6 V1

HTe = 0 V7 V0 V7 V0 V7 V0

HTe = −1 V6 V1 V2 V3 V4 V5

Hψ = 0 HTe = 1 V3 V4 V5 V6 V1 V2

HTe = 0 V0 V7 V0 V7 V0 V4

HTe = −1 V5 V6 V1 V2 V3 V4
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Chapter 5

RESULTS AND DISCUSSIONS

5.1 Chapter Overview

The present chapter explores and investigates the overall Simulink model of a fuzzy logic

controller speed control-DTC-based system, analyzing and contrasting its simulation out-

comes under various circumstances. MATLAB R2021a Simulink software models, tests, and

verifies the study. In this chapter, a comparative analysis of results is performed regarding

the proposed PI, Fuzzy, and FLC with DTC. Designed controllers with specified parame-

ters are discussed with Performance comparison, load variation, parameter variation, and

different reference speed tracing are performed.

5.2 Simulation Model for System Drive

The overall system model built in MATLAB Simulink model comprises control loops of

torque and speed as outlined in Figure 5.1. The parameters used in the simulation are

detailed in Appendix A.

To enhance system performance, two loops are performed in the designed system. The

external loop consists of a speed controller for comparison of reference speed with the motor

response, and its generated error is fed to FLC block. The speed controller output control

is provided to the torque comparator by acting with motor torque.
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The flux estimator, the two and three-level comparator, the sector selector, and the optimal

switching table are installed in the inner loop of the system to regulate the output torque.

After comparing the intended flux and torque values with the actual measured values, the

switching table receives this control signal produced by hysteresis flux and torque control,

which identifies the proper switching state. The calculated flux angle defines the region in

which the flux vector is energized, and the output signal corresponds to the input provided

to the switching table.

Figure 5.1 Block diagram of the overall system

In the simulation test conducted for this thesis, the motor’s reference flux is maintained at

a fixed value of 0.35 Wb. The flux and torque controller band limits are set to ±0.486 Wb

and ±0.001 Nm, respectively. During the test, the motor operates at a constant speed of

2000 rpm.
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5.3 Analysis of System without Controller

During the absence of a speed controller, the motor operates in open-loop modes. Flux

variation observed from Figure 5.2 due to quick rapid excitation of the motor during the

period (1 to 1.025 sec). Speed response of the system is displayed in Figure 5.3, it exhibits

a high overshoot. The desired values attained at 0.18 sec and the system overshoot is more

than doubled the reference speed, which is extremely high. When there is no control over

the speed at the prespecified load, the motor operate at a higher speed due to a rapid

phase excitation from the AHB converter resulting in producing a low reluctance in the

instantaneous period because of the system’s simple configuration. The speed of the vehicle

with the prespecified load is depicted in Figure 5.4

Figure 5.2 Phase Flux of the Motor

Figure 5.3 Speed response without a controller at no-load conditions
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Figure 5.4 Response of the vehicle speed

5.4 Speed Control using PI Controller

The speed response for the PI controller without load and load torque are shown in Figure

5.5. For a three-phase SRM with a 2000 RPM desired value, the PI controller is reaching

the steady state condition at the time of the 0.1 sec response of improved overshoots and

rise time. The hysteresis current controller limits the phase current in a specified range

and provides gate signals to the converter. After reaching the stable operating point, the

steady-state error is also small. The peak overshoot is minimal when the speed is changed.

In variable-speed drive applications, the system responds quickly and maintains a constant

speed due to changes in load disturbance. Figure 5.5 shows a slightly significant change in

speed in load variations. Likewise, the speed response and load torque are depicted in Figure

5.6 and Figure 5.7 respectively.

Figure 5.5 speed response of using PI control
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Figure 5.6 Response of torque using PI control

Figure 5.7 The response of the Vehicle speed using PI

Figure 5.8 Load torque of the system
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5.5 System Response of Fuzzy logic control using DTC

The designed system simulated for constant speed 2000 rpm with the flux reference of a

motor of 0.35 Wb, the flux, and torque controller band limits are adjusted with ±0.486 Wb

and ±0.001 Nm respectively. Table A.1 provides the SRM specifications. Various simulation

results of the fuzzy logic controller and DTC using SRM are simulation results of DTC

demonstrated in the different accompanying figures.

Figure 5.8 shows the speed output using the designed system Compared with fuzzy logic

control. Using the DTC technique, the fuzzy logic controller enables the actual speed to

follow closely with the reference speed in approximately 0.047 seconds. However, 0.098

seconds of rise time and 0.127 seconds of settling time were measured in FLC controller. The

introduced designed controller 53.47% improves in faster response over conventional FLC.

The motor speed and vehicle speed responses are shown in Figures 5.9 and 5.10 respectively.

Figure 5.9 Speed response of designed controller

Figure 5.10 Response of the vehicle speed
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Figure 5.11 displays the electromagnetic torque response, while Figure 5.12 reveals that the

load torque reaches its lowest value. This minimal load torque condition permits the motor

to accelerate, thereby increasing its rotational speed.

Figure 5.11 Torque response for the designed controller

Figure 5.12 The load torque on the motor

The input of the motor is a battery that rates 91.6 A, and then the output current of

the motor is depicted in Figure 5.13. The force generated by the vehicle power train that

overcomes resistive forces and enables the vehicle to accelerate is shown in Figure 5.14.

During the vehicle’s in initial acceleration state, a high traction force is required to overcome

inertia and net forces exerted on the vehicle. Once the vehicle attained a constant speed,

the traction force reduced and diminished force stayed to opposing aerodynmic drag force

and rolling resistance force.
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Figure 5.13 The output current of the motor

Figure 5.14 Traction force of the vehicle

The evaluation of PI, FLC, and FLC combined with DTC regarding rise time, settling time,

and torque ripple percentage is shown in Table 5.1. It is evident from the table that the

speed and dynamic responses are enhanced, resulting in reduced rise and settling times.

Table 5.1 Performance Comparison of Different Controllers

Controller Torque Ripple Rise time (s) Peak (rpm) Settling time(s)

PI 38% 0.112 2067 0.859

FLC 25% 0.098 2012 0.127

FLC with DTC 11% 0.047 2000 0.049
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5.5.1 Responses for speed change and rapid speed reference vari-

ations

The designed controller is evaluated under a different speed change scenario. The rapid

change in reference speed is evaluated and illustrated in Figure 5.15. The speed of the motor

has been raised from 500 rpm to 1000 rpm with time t = 1s. During this circumstance, the

designed controller was enhanced to keep the speed at the desired value. The speed of the

vehicle for speed variation is presented in Figure 5.16. The designed controller is tested for

different kinds of reference speed changes, and the motors enable them to operate according

to the given rapid input variations. Figure 5.17 shows the capability of the motor for rapid

reference speed variation.

Figure 5.15 Variable speed response for the designed controller

Figure 5.16 vehicle response for speed change
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Figure 5.17 Motor response for rapid Reference speed variation

The speed responses for vehicle mass variation are demonstrated in Figure 5.18. For a

prespecified mass of the vehicle the motor achieves its target speed in 0.047 seconds, while

increasing the vehicle mass by 25% shows a moderate speed compared with a GVW speed

and stabilizes at 0.097 seconds. At 50% mass, the motor struggles with inertia, taking 0.389

seconds to reach the 2000 RPM reference speed. The full (100%) mass configuration slows

the acceleration and is highly opposed the delivered motor torque.

Figure 5.18 Motor speed response for vehicle mass variations

5.6 Simulink result for Power train model of EVs

To understand the data related to the battery, motor parameters, and forces acting on the

vehicle powertrains modeled and depicted in Appendix B.1. The cell numbers in parallel

and series which is useful for designing the battery pack, estimating how the resistive force
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acts on the vehicle, the change in wheel speed, and speed of the motor requirement based on

the effective gear ratios, and the battery pack remain after one complete cycle and battery

capacity in Ah are detailly explained.

Figure 5.19 (a)-(d) outlines the forces acting on the vehicles. The acceleration force shown

in Figure 5.19 (a) describes the deceleration when the speed drops from high speed to lower

and the positive shows the strong acceleration. The aerodynamic force is similar according

to the velocity profile input, due to it being proportional to the square of the velocity as

elucidated in Figure 5.19 (c). The gradient force is zero due to there is no slope angle and

the rolling resistance is constant as it does not depend on the velocity input as depicted in

Figure 5.19 (b) and (d) respectively.

Figure 5.19 Traction force of : (a) Acceleration; (b) Rolling resistance; (c) Aerodynamic;

and (d) Gradient

For the given velocity input, the wheel speed is around 148 RPM as depicted in Figure

5.20 (a), with the effective gear ratio from the motor capable of giving 800 RPM as a

demonstration in Figure 5.20 (b). The vehicle speed response provided in Figure 5.20 (c) is

a valuable top speed of 3.8 m/s.
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Figure 5.20 Speed response of (a) wheel; (b) motor; and (c) vehicle

The motor experienced a peak torque of 43 Nm at an operation speed of 800 RPM, and

22 Nm is the distributed torque on the wheels to meet the desired efficiency needs. Figure

5.21 exhibits the motor’s electrical torque output alongside the torque demand required at

the wheel. The analysis shows that accelerating the wheel to 120 RPM demands an initial

high starting torque of 43 Nm. Following deceleration, the motor torque drops to zero and

remains absent until the vehicle attains a speed of 4.2 m/s.

66



Speed Control of SRM for EVs using FLC-DTC

(a) (b)

Figure 5.21 Torque response of (a) motor and (b) vehicle

The state of charge remaing after completing the cycle is 99.85%, so around 0.15% of charge

is used in one complete cycle and illustrated in Figure 5.22

Figure 5.22 Battery SOC
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this study, a fuzzy logic control (FLC) approach was developed to minimize torque ripple

in electric vehicle (EV) applications while ensuring accurate speed tracking for switched

reluctance motors (SRMs). The fuzzy logic controller was implemented using MATLAB

software by integrating FLC with direct torque control (DTC) to regulate motor speed. The

control system operates with two loops: an inner loop that manages torque to reduce ripple

and an outer loop that utilizes FLC for motor speed regulation.

Based on the simulation results, the following conclusions were drawn:

• The proposed fuzzy logic controller with DTC significantly enhances system perfor-

mance by improving speed tracking and minimizing torque ripple.

• The controller enables the actual speed to closely follow the reference speed within

approximately 0.047 seconds, demonstrating a 53.47% improvement in rise time com-

pared to conventional FLC methods. Moreover, the designed controller was enhanced

during rapid speed reference variation to keep the speed at the desired value.

• For a three-phase SRM with a target speed of 2000 RPM, a higher electromagnetic

torque of 22 Nm and 3.8 Nm load torque. which reaches its lowest value. This minimal

load torque condition permits the motor to accelerate, thereby increasing its rotational

speed

• Responses for rapid speed reference variations, a The speed of the motor has been

raised from 500 rpm into 1000 rpm with time t = 1s. During this circumstance, the

designed controller was enhanced to keep the speed with the desired value.
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6.2 Recommendations

The results under different conditions demonstrate that the fuzzy logic-based DTC controller

achieves faster reference speed tracking with reduced torque ripple, outperforming conven-

tional controllers in both response time and speed stability. In this thesis, DTC compares

the intended flux and torque values with the actual measured values and the switching table

receives this control signal produced by hysteresis flux and torque control, but it is recom-

mended to use intelligent control to avoid distortion in sector change and minimize sampling

time.

Optimal torque production in switched reluctance motors (SRMs) relies on accurate rotor

positioning. The disadvantage of position sensors is that they increase the size of the motor

and additional manufacturing costs, which further reduces the efficiency and reliability of

the system. So, sensor-less position control methods that implement the advanced control

strategy are required.
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Appendix A

The 6/4 SRM parameters from MATLAB/Simulink Library is outlined in below table.

Table A.1 Motor Specification

Parameter Symbol

No. of stator poles 6

No. of rotor poles 4

No. of phases 3

Stator resistance 0.05 ohm/phase

Friction 0.001 N·m·s

Inertia 0.05 kg·m2

Inertia position and speed 0 rad,0 m/s

Unaligned inductance 0.6 mH

Aligned inductance 23 mH

Saturated aligned inductance 0.15mH

Maximum current 450 A

Maximum flux linkage 0.486 Weber-turn
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Appendix B

B.1

Figure B.1 Simulink model of EV Power train model

B.2

Figure B.2 Rule editor graphics
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