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Abstract

Hybrid Electric Vehicles (HEVs) offer a promising solution to mitigate the
transportation sector's environmental impact by reducing greenhouse gas emissions.
This thesis aims to enhance the performance and control systems of HEVs. A
comprehensive investigation of permanent magnet synchronous motor (PMSM) motor
control strategies was conducted. Lyapunov stability theory-based backstepping
control is the most effective way to track motor speed accurately and efficiently, which
is essential for HEV dynamics. This study explored advanced energy management
strategies for HEV systems to optimize energy utilization. A hybrid energy storage
system was investigated using a rechargeable battery, supercapacitor, and solar energy
integration. After evaluating several Maximum Power Point Tracking (MPPT)
algorithms, it was found that the Perturbation and Observation (P&O) method
performed better at maximizing the power extracted from solar panels.

Moreover, a comparative analysis of DC-DC converter topologies revealed the
Super-Lift converter as the most efficient for voltage level conversion. The extracted
power from the solar panel is increased to 15% when using P&O with a Super-
lift Luo converter. Multi-level inverters were used to ensure smooth operation and
reduce torque ripple. The torque ripple decreased to 0.083%. A fractional PID
controller was employed for intelligent energy management. To further improve the
capabilities of HEVSs, this thesis investigated the viability of autonomous operation. An
Adaptive Model Predictive Control (AMPC) strategy was developed and simulated to
enable precise path tracking for Autonomous Hybrid Electric Vehicles (AHEVS).
Simulation results demonstrated exceptional path-tracking accuracy of 99.2%,
highlighting the potential of AMPC for safe and efficient autonomous driving. The
proposed control strategies and energy management system were rigorously evaluated
through MATLAB/Simulink simulations. The results show essential improvements in
energy economy, motor performance, and overall HEV system performance. This
thesis advances HEV technology by offering practical options for improved motor

control, efficient energy management, and autonomous capabilities.
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Chapter One: Introduction

Chapter One: Introduction

1.1 Overview

Increasing oil prices and rising rates of carbon monoxide (CO) and

carbon dioxide (CO;) emissions suddenly led to dangerous levels that harm
the ecosystem, global warming, health issues, etc. Researchers, scientists, and
policymakers were compelled to shift their attention to green technology,
which can reduce and eliminate adverse environmental effects [1]. Thus, the
21st century will be remembered as the Century of Technology Evolution,
with the automotive industry serving as the primary focus. Autonomous
hybrid electric vehicles (AHEVSs) are the convergence of two groundbreaking
trends in the automotive industry: autonomous driving and hybrid electric
propulsion. These vehicles combine the benefits of both technologies, offering
the potential for enhanced safety; autonomous systems can react faster and
more precisely than human drivers, potentially reducing accidents
significantly. Improved fuel efficiency: It combines an internal combustion
engine (ICE) or fuel cell (FC) with an electric motor (EM) powered by a
battery to provide the best of both worlds for transportation. Compared to ICE,
FC, and electric vehicles (EVSs), these benefits include long-range, high fuel
efficiency, dependability, and low emissions [2].
HEVs can be divided into three primary categories based on recent
developments: internal combustion engine hybrid electric vehicles (ICHEVS),
fuel cell hybrid electric vehicles (FCHEVs), and all-electric vehicles (EVs).
Table 1.1 compares the various attributes of each drivetrain.
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Table 1.1: Technical Features of EVs, HEVs, and FCHEVs [3].

Flywheel

Flywheel

Characteristics EVs HEVs FCHEV
Propulsion Electric motor Electric motor & :
Electric motor based.
System based. ICE.
Battery, Super Fuel tank Battery,
Y 'p . y Fuel cell, Battery,
Energy Storage Ultra-capacitor, Ultra-capacitor,

Super-capacitor.

Energy Source
Infrastructure

Electric charging
facility.

Electric power,
Refueling station.

Hydrogen cylinder,
Hydrogen refiner, and
refuelling station.

Advantages

Zero emission
Quite Smooth
operation Energy
efficient
Independency from
petroleum product
Commercialized.

Low emission
Higher fuel
economy Long
driving range
Reliable
Commercialized
Durability.

Ultra-low emission,
competent driving
range, highly efficient
Independence from
petroleum products,
reliable durability, and
high cost.

Drawbacks

the limited range

for driving, Weak
dynamic reactions,
and the long time
needed to recharge.

Complex system
Costly Bulky
Increased
component.

Slow dynamic response
Not commercialized
Sophisticated electronic
controller.

Major Issues

Size and weight of
battery pack
Infrastructure for
the charging
station.

Size and weight of
battery pack &
ICE Integration of
components.

Cost of fuel cell
Infrastructure for
hydrogen conditioning,
storage, and refilling
system.

The principle of working for an autonomous vehicle (AV) is to use

powerful processors to run the software and sophisticated algorithms,

actuators, sensors, and machine learning systems to sense its surroundings.

That gives the process controller an input signal to make the appropriate

decision. As shown in Table. 1.2 there are numerous levels of autonomous

driving [4].
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Table 1.2: Levels of Driving Automation [4].

Basic 1 2 3 4 5
Level
No Driver Partial Conditional High Full
automation | assistance | automation | automation | automation | automation
Manual The The vehicle | Environment | The vehicle | The vehicle
control. vehicle | can perform | al detection | performsall | performs
The human fea'tures a | steering and | capabilities. driving all driving
performs single acceleration | The vehicle under tasks under
all driving | automate |  Humans | can perform specific all
tasks d system can still most driving | circumstanc | conditions.
(steering, (e.g_., it monitor all tasks, but es. Zero
acceleratio | monitors tasks and human Geofencing human
n, braking, speed take control | override is is required. | attention is
etc.). through | atany time. | still required. | Ahuman | required.
cruise override is
COﬂthl). still an
option.
The human monitors the driving The automated system monitors the
environment. driving environment.

1.2 Research Background

The following are summaries of the hybrid electric vehicle technologies:

1) Propulsion System: Traction motor(s) make up the propulsion system.
Electric motors in HEVs come in four primary types:

Brushless DC motors (BLDC), Induction motors(l.M), Permanent magnet
synchronous motors (PMSM), and DC motors. While each of these motor
types has unique qualities, an HEV must meet three critical criteria: high
torque/power density, high efficiency, and continuous power and torque
across a wide speed range. Moreover, compactness, cost, reliability, and

robustness are the other criteria for electric motor selection. Besides the
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electric motor specifications, development for the ICE is also possible, for
example, by reducing the engine's size and limiting its speed range to improve
emissions and fuel economy [5].

2) Power Converters: General power electronic circuits are rectifiers, DC/DC
converters, inverters, etc. One of the main components of the HEV is the
electrical power transmission characteristic of the entire system. These
characteristics include determining the current type (AC or DC), temperature
concerns, magnetic influences, frequency effects, voltage value, cable size,
safety measures, and overall transmission efficiency. All parameters must be
considered during the design stage due to the high electrical power
transmission. It includes safeguarding system components like batteries,
supercapacitors (SC), and photovoltaic (PV) panels from unfavourable
situations and fluctuations during the bidirectional energy conduction from
EM/ICE or EM/FC to batteries and SC [6].

3) Energy Management System (EMS): This is the "head" of the entire
system; in addition to driving performance, comfort, and safety, it manages
the hybrid system to ensure optimum fuel efficiency and minimum emissions.
The hardware device operates the controller techniques and applies the
algorithm [7].

4) Energy Storage System (ESS): The fuel tank and the electrical storage unit
are the two main storage components of an HEV. The storage of electrical
energy is essential to hybrid technologies. It is necessary for regenerative
braking, electric-only propulsion, electric propulsion assistance, and charging
during coasting. Energy is stored using SC and batteries. However, the
capacitor's high specific power (W/kg) makes all the difference against the
battery’s high specific energy (Wh/kg). Lead/acid, nickel/cadmium,

nickel/metal hydride, zinc/bromine, lithium-ion, and lithium polymer are just

4
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a few of the many types of batteries available. Energy storage capacity,
precisely its specific energy value, provided peak power, cycle life, efficiency,

self-discharge value, and cost, are all deterministic design factors [8].

1.3 Applications of the Research Thesis in Different Sectors

The following are summaries of the applications of the thesis in different

sectors:

a) This thesis can benefit the automotive sector by allowing effective speed
controllers for EVs and integrating those controllers into their
manufacturing procedures. It could result in more efficient,
environmentally friendly EVs with improved performance and range.

b) The thesis on accuracy speed controllers can help advance EV technology.
It may lead to developing new, creative control algorithms, power
electronics components, and motor designs that can improve electric
vehicles' overall efficiency and performance.

¢) The accuracy speed controller study also has applications in the renewable

energy sector. Controlling the motors ' speed can help improve the
efficiency of renewable energy systems, such as wind turbines and solar
panels.

d) The thesis on accuracy speed controllers can also be applied to robotics. It
can aid in developing the highest accuracy control algorithms for robotic
systems—Ilike industrial robots and drones—that utilize electric motors.

e) The thesis focuses on accuracy speed controllers, which can also be applied
in education and research. It can teach students and researchers about
control systems, power electronics, and motor design and serve as a basis

for further research and development.
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f) AHEV can transport passengers through airport terminals smoothly and

effectively while cutting emissions.

g) These vehicles can be deployed for search and rescue operations in
hazardous environments or for transporting medical supplies and personnel
during emergencies.

h) Companies can optimize scheduling, fuel efficiency, and driver costs using

autonomous hybrid electric vehicles for delivery fleets or service personnel.

1.4 Benefits of Autonomous Hybrid Electric Vehicles

Hybrid electric vehicle technology and autonomous driving promise
various real-world uses and could completely transform transportation in
several industries. Here are some key areas where these vehicles could shine
[91:

Public Transportation:

a) Self-driving buses and shuttles: Imagine a network of AHEV buses
operating on defined routes, offering clean, convenient, and on-demand public

transportation with reduced traffic congestion and emissions [10].

b) Accessible mobility: People with disabilities or limited mobility can
benefit from personalized door-to-door services delivered by autonomous
vehicles, increasing their independence and opening up new service options.

Logistics and Delivery:

a) Autonomous delivery vehicles: Contactless delivery of groceries,
packages, and goods can be facilitated by AHEV, which can enhance

efficiency and shorten delivery times [11].
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b) On-demand logistics: Companies can use these vehicles to move goods
around cities flexibly and effectively, improving inventory control and
reducing emissions [12].

¢) Supply chains that are automated: By incorporating AHEV into supply
chains, real-time tracking is enhanced, logistics are streamlined, and
transportation expenses are reduced [13].

Personal Transportation:

a) A fleet of AHEV taxis could offer on-demand, shared transportation,
reducing car ownership and traffic congestion while promoting cleaner
travel[14].

b) People can rent or buy driverless HEVs for their use, taking advantage of
the ease of self-driving technology while using less petrol and emitting fewer
emissions.

c) Accessible vehicles can offer safe and reliable transportation for older
adults, children, and individuals with specific needs, increasing their
independence and mobility.

4) Environmental:

a) Adaptive hybrid electric vehicles combine the increased range of gasoline
engines with the reduced emissions of electric motors. That has the potential
to significantly lower air pollution and greenhouse gas emissions, as shown in
Fig 1.1.
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Transportation energy consumption Autonomous Hybrid Electric Vehicle case

28 Autonomous Battery Electric Vehicle case
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Fig.1.1: Three Predictions of Transportation Energy Usage from 2010 to 2050 [15].

b) Increased energy efficiency: AHEVs can switch between gasoline and
electric power to improve their energy use depending on the driving situation.

That may result in less reliance on fossil fuels and increased fuel
economy[16].

1.5 Problem Statement

1. Current traction motor control algorithms in AHEVs have limited
efficiency and performance. It is essential to design a high-performance
motor speed controller.

2. Designing a hybrid energy storage system (HESS) with optimal energy
management from various sources (FC, grid, PV panels) while considering

battery life and efficiency is challenging.

3. Integrating the HEV with an autonomous controller makes the vehicle
tracking path one of the challenges.
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1.6 Aims of the Thesis

1. Enhance the performance of HEVs by designing an accurate motor speed
controller.

2. Design high-performance HESS with accurate EMS to handle any
scenario.

3. Investigate the feasibility of converting HEVs into autonomous vehicles by
exploring the potential of adaptive model predictive control (AMPC) for path
tracking and vehicle control.

4. Develop a comprehensive system integrating advanced motor control,
optimized HESS management, and autonomous vehicle control
functionalities.

5. Evaluate the performance and efficiency of the proposed system through
simulations and potentially experimental testing.

6. Contribute to the advancement of HEV technology by providing insights

into potential improvements and future research directions.
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1.7 Thesis Objectives

Designing an AHEV involves several steps. Here is the overview of the
process:
1. Designing a speed controller is to determine the specifications of the
electric motor used. The motor's maximum speed, torque, and power rating
must be understood.
2. To adjust the motor's speed must be determined next. Several options
include Proportional—integral-derivative (PID) control, slide mode control,
model predictive control, and backstepping control.
3. To develop a speed controller with extra capabilities, like the capacity to
function as a sensorless controller. That has numerous advantages, such as
lower complexity, cost, and maintenance. That procedure occurs when an
observer replaces the physical sensor, such as a sliding mode observer
(SMO). After designing the controller, it is essential to test the speed
controller to ensure it functions as expected.
4. To investigate the suitable energy source and development, batteries, and
FC must be ideal for AHEV. Then, SC was added to protect the batteries while
regenerating and experiencing high load demand. Furthermore, depending on
the charge controller, appropriate MPPT algorithms and PV panel parameters

are necessary.

1.8 Research Thesis Methodology Procedures

To achieve the objectives mentioned above, the work steps to carry out
the proposed project are as follows: the proposed autonomous hybrid electric

vehicle's work steps in Fig.1.2:

10
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Identify the vehicle's specifications,
Step 1 taking into account the model, electric
motor, and HESS.

v

The MPPT controller, DC/DC controller,
Step 2 energy management systems, and battery

chargers are components that support HESS's

outstanding performance.

/

Step 3 Design speed controller for the electric

motor.

v

Step 4 constructing several multi-level inverter types.

¥

Inegrate the components
Step 5 system(HESS+MLI+motor speed

controller).

v

Integrate a high performance controller for

Step 6 converting the propped vehicle into an

autonomous one.

Fig.1.2: The Proposed Autonomous Hybrid Electric Vehicle's Work Steps.
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1.9 Thesis Organization

This thesis's subsequent section is divided into four separate chapters.
The thesis background, utilizing a mathematical model that includes all the
parts and motors used in this investigation., is presented in Chapter Two. In
Chapter Three, the thesis methodologies and algorithms are presented in full,
together with all the drawings and the corresponding mathematical equations
that aid in the development of the vehicle. The comparative results and the
effect of each method on the AHEV, depending on the different scenarios,
were shown using MATLAB Simulink, with a detailed explanation to discuss
the results and indicate the system's best and most efficient method. All of this
was presented in chapter four. The conclusion of this work and suggestions

for further thesis are listed in chapter five.

12
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Chapter Two:

Backgrounds and Literature Review

2.1 Introduction

The advantages of hybrid electric drivetrains and autonomous
technology are combined and named by AHEVs. These vehicles use advanced
sensors and algorithms to navigate and make judgments while driving
autonomously, negating the need for human participation. The use of hybrid
electric powertrains in autonomous vehicles offers several advantages. First,
hybrid electric powertrains improve fuel efficiency and reduce emissions
compared to traditional ICE. Additionally, combining electric motors with SC
and batteries allows smoother and quieter operation, enhancing the overall
driving experience. Through regenerative braking, kinetic energy is converted
to electrical power and stored in the battery and SC.

Furthermore, integrating autonomous technology with hybrid electric
powertrains enables more efficient energy management and optimization. As
AHEVs are a promising technology with the potential to improve
transportation, they will soon play a significant role in altering the
transportation industry. While numerous challenges exist, ongoing research
and development efforts pave the way for their successful implementation.
Understanding the background, existing literature, and future thesis directions
is essential to achieving AHEVs' full potential and developing a more

environmentally friendly and effective transportation future.

13
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2.2 Architecture of Hybrid Electric Vehicles

The essential elements of hybrid electric vehicles are:
1. FCHEV contains a Gasoline tank, Converter, Battery, SC, EM, FC, and

control methods.
2. EVsinclude an EM, Battery, SC, DC-DC converters, charger, and Control
methods.
This thesis will focus on developing the previous types of HEV by adding PV
panels supported by the MPPT techniques, which can enhance the system's
efficiency and reduce power consumption.

Three groups can be formed from these components:

a) DriveTrains physically combines the electric drive and the power supply
(ICE, FC, charger).
b) Modest energy storage capacities, including battery and SC, are critical to
the HESS.
¢) Control systems include EM, FC, and EMS. Vehicle designs might vary
depending on how these parts are integrated and in what sizes. Drivetrain
designs primarily include series, parallel, and power split configurations based
on component integration. The architecture of HEVs is divided into three
groups: series HEVs [17], parallel HEVs [18], and the combination of parallel
and series HEVs[19]. Plug HEVs have a similar architecture to HEVs, except
for a substantial onboard battery that offers excellent efficiency and energy
density. Making an appropriate charger is crucial, and several varieties are
available, including off-board and on-board. A solar-driven HEV has a similar
construction to a Plug HEV, except for an extra photovoltaic (PV) panel for
battery and SC charging during sun irradiance. PV panels can provide as much
power as possible using the MPPT algorithms [20].

14
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2.3 Electric Motors

Many efficient motors and generators are required to reach the
demanding standards for efficiency, power density, and drivetrain cost in
HEVs. In recent years, traction systems for EVs have improved, particularly
with the advancement of drive-control power converter topologies. Fig. 2.1
lists the different motors used in traction and their classification [21]. Table
2.1 summarises the literature on the motors used in EVs and HEVs for traction
[22]. An EM type known as a traction motor provides propulsion for vehicles,
including trains, EVs, and HEVs. The EM in HEVs supplements an ICE, FC,
or HESS's power and efficiency with EM. Although industrial motors are
typically optimized at rated conditions, EMs are usually utilized in
applications that need to start and stop frequently, high acceleration and
deceleration rates, High-torque, low-speed hill climbing, high-speed driving
at low torque, and a wide operating speed range, such as HEVs. During the
regenerative braking techniques, motors also operate as generators in type

PMSM and BLDC motors, returning energy to the energy source [23].

15
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Motors for EVs, HEVs and PHEV

T~

Commutators Commutatorless
| | I I

Self-existed Separately Switched PM PM Synchronous

existed Reluctance Hybrid Brushless
Induction Reluctance |

series

Wond rotor 1
PM-existed Field existed Squirrel cage Wond rotor PMrotor | |

Fig.2.1: Categorization of EM for Applications in HEVs.

Table 2.1: Five Commonly Used EMs for EV/HEV Applications [24].

Brushless . Switched Induction
Category DC Series Motor | PMSM Reluctance Motor
Type DC DC AC DC AC
The
Eamil Synchronous | commutator, | Separately Synchronous Squirrel
y excited PM separately excited unexcited cage
excited
PO L PM DC PM Induced Induced
rotor
POWErto | o sed pc DC AC Pulsed dc AC
stator
Overall cost High Low High Medium Medium
Weight Low Heavy Medium Medium Medium
Commutation| Internal Mechanical External .| External
. . . | External electronic .
method electronic | Commutation | electronic elections
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Controller

cost Very high Low High High High
Maintenance I - - -
Requirement Negligible | Brushes wear | Negligible Negligible Negligible
Speed control| Frequency- | PWM or Field PWM Frequency- Frequency-
method dependent weakening dependent dependent
Starting |>175% of the| >175% of the | >200%o0f | Up to 200% of the .
High
torque rated rated rated rated
Limited by
Speed range | Excellent | brushes, easy |Controllable Controllable  |Controllable
control
Efficiency High Low High Less than PMDC High
Application | HEV & EV | HEV & EV | HEV & EV | Normal vehicle |HEV & EV
%Efficiency
with 78 78 90 85 84
electronic
Examples Peugeot Indian NH'CS)‘:’]ZZ’ Holden/recommend| Chevrolet
P (France) Railways Japan Australia (USA)

2.3.1 Permanent Magnet Synchronous Motor

PMSM consists, like any other rotating EM, of a stator and a rotor. The

rotor is the rotating part, and the stator is the fixed part. The rotor of an EM is

placed inside the stator; however, some constructions have an external rotor

or outside stator EM. The magnetic field generated by permanent magnets

(PM) interacts with the rotor's current-carrying conductors to produce torque.

Due to its many advantages over other types of EM, PMSMs are becoming

17
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more and more common for application in HEVs [25]. Fig.2.2 shows the

construction of PMSM with stator and rotor.

|' | Permanent magnets
stator B
[ windings

rotor

Fig.2.2: The PMSM Construction [26].
The rotor consists of PMs and a winding stator. Synchronous motors are

divided based on the rotor design into:

a) Salient pole rotor of motors (L # L,) The direct inductance and the
quadrature inductance are not equal.

b) Non-salient pole rotor of electric moros (Lg; = L,) Both direct and
guadrature inductances are equal. Fig.2.3 shows the rotor cross-section with

various Ld/Lq Ratios.

Ly<lL,

Fig.2.3: Cross Sections of the Rotors with Various Ld/Lq Ratios [27].

18
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The PMSM can be separated into:

a) Surface Permanent Magnet Synchronous Motor (SPMSM).
b) Interior Permanent Magnet Synchronous Motor (IPMSM).
Fig.2.4 shows the construction of PMSM types.

(@) (b)
Fig.2.4: PMSM Types (a) SPMSM, (b) IPMSM [28].

The suggested vehicle does not require high speeds, so the non-salient pole
SPMSM type will be used. The comparison between the two kinds of PMSM

Is apparent in Table 2.2.
Table 2.2 Comparison between Types of PMSM [24].

SPMSM IPMSM
The inductance of the quadrature and Quadrature axis inductance and indirect
direct axes is almost equal. variation are almost equivalent.
Large air-gap small air-gap
minimal saliency ratio Large saliency ratio
They are used in low-speed range Used in high-speed range applications
applications.

The SPMSM, when used in AHEVs, provides several significant
advantages over |.M. Its excellent effectiveness and precise controllability are
two of its main benefits since they swiftly enhance the vehicle's total
performance and energy economy. These motors use PM placed on the rotor
surface, which combines with the stator's magnetic field to produce motion.
Because of its compact and lightweight construction, this motor is ideal for

the weight and limitations on space present in modern driverless vehicles [29].
19
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PMs placed on the rotor surface, which interact with the stator's magnetic
field, are responsible for this efficiency [30]. Mechanical dependability is also
increased because the rotor is robust, and the magnets are not separated by
centrifugal force. SPMSM motors can reduce energy usage by 30% while
using the same amount of power [31].

PMSMs prove their efficiency with IM in HEV applications. Some of its
advantages are less heating, increased power density, and increased
efficiency. It has been noted that armature reaction-induced demagnetization
Is a significant disadvantage of PMSMs [32]. These motors have exceptional
efficiency and power density. The back EMF of the BLDC is trapezoidal,
whereas the back EMF of the PMSM is sinusoidal. That is the difference
between the two types of EMF. In general, the PMSM is recommended for
EV/HEV traction.

Below is the PMSM motor's mathematical model [33][34]:

An equation system like this provides the dynamics of the IPMSM in the (d -
q) reference frame :

Electric Equation is given in (2.1):

dig Ry . . 1
dt L, d +p q(‘)m L, Ug ( )
dai Rg . P 1

q a PM .

—_— = ——1 - -—Uu 2.2
= 1 ia + P om -p om ia- - Ug (2.2)

The formula for electromagnetic torque in (2.3):

T = (5) (3) G = 20 @3)
where ; Aq = Lgig + Apm (2.4)
Ag = Lgig (2.5)

Electric speed equation and mechanical speed relationship in (2.6):
We = z Wm (2.6)

2
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The mechanical equation is as follows in (2.7):

d wm, .
= — 152 Yy iy — Loy - i 2.7)

where is the armature resistor and inductance are R, and L, respectively.

The drive train is a single equivalent mass model based on Newton's second
law. Hence, the one-mass or lumped-mass model is utilized for tiny signal
analysis of PMSM.

iq, Lq are the stator currents for the d-g representation.

p is the number of poles.
Ypy is the permanent flux linkage.

ug, ug are the d-axes and g-axes stator voltage.

J and f,, are viscous friction and moment of inertia of the motor.

w,, and T represents the motor speed and the load's torque, respectively.
2.3.2 Brushless DC Motor

BLDC motors are PMSMs with an electronic commutation scheme and a
trapezoidal back EMF [35]. An EM that operates synchronously and uses DC
power is a BLDC motor. BLDC motors have become known for their
reliability and high efficiency, making them well-liked for various uses, such
as robotics, power tools, HEV, and drones. The windings of a BLDC motor
are placed on the stator, while the PMs are fixed to the rotor. The rotor's PMs
interact with this spinning magnetic field, creating torque that causes the rotor
to turn [36] [37]. The differential voltage equations can be obtained from in
(2.8) using the analogous circuit [38]. Though there are several classification
schemes for BLDC motors, these two are the most widely used ones:

According to rotor design, it has been classified into two types:
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1) Inrunner BLDC Motors: These motors have PMs within the stator windings
on the rotor. Compared to outrunners, they are usually smaller and have faster
top speeds but lower torque [39].

2) Outrunner BLDC Motors: These motors have PMs outside the stator
windings on the rotor. They are usually larger than runners but provide more
torque and slower speeds [40].

By winding configuration, it has been classified into two types.

1) Single-phase BLDC Motors: After comparing three-phase motors, it was
found that these motors are less frequent and only feature one set of windings.
They have less torque and economy and are easier to control [41].

2) Three-phase BLDC Motors: These motors are the most popular variety and
have three sets of windings. They offer higher efficiency and torque compared

to single-phase motors [42].

The ideal BLDC motor type for a given application will depend on its specific
requirements, including size, efficiency, speed, torque, and other factors.

Fig.2.5 depicts the BLDC motor's equivalent circuit.

L-M R .
Va YL AN, @i
L-M R .
Vb YN AN, @ ib
L-M R ic
VC e YY) IVV\! @
Fig.2.5: Equivalent Circuit of the BLDC Motor [43].
Vqa R, 0 O07fiqa d Lo Lap Lea]fla €a
[vb =[0 Ry, Ofjip|+—|Loa Lp Lpc||in|+ eb] (2.8)
Ve 0 0 RILic Lea Lep Lellic €c
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BLDC motors often have salient-pole rotors placed on their surface. The self
and mutual inductances are considered for simplicity. Over time, the coil's
inductance stays constant.

Three-phase stator winding symmetry means that the mutual and self-

inductances will be equal, as given in (2.9) [44] [45]:
ig+i,+i,=0;L,=Ly,=L.=Lg
Lap = Lge = Lpe = Lpg =M (2.9)
R,=R,=R.,=R

The stator winding inductance is La, the mutual inductance is M., and Ra is

the stator winding resistance.

The trapezoidal back EMF equations are as follows in (2.10):
21 21
e, = K.w,F(6,);e, = K.w, F(6, — ?); e. = K,w,F(0, + ?) (2.10)

where, K, Is the voltage factor, w,. It is the motor's electrical angular speed.

Equation (2.11) can be used to express the developed torque.
. 27, . 2T, .
T, = K,w.F(6,)i, + K,w.F(6, — ?)lb + K,,w,F(6, + ?)lc (2.11)

K, It stands for the torque factor. Here is an example of the motor's dynamic

expression in (2.12):

. dwy

Te—BLDC =] dt + B(l)r + Tl (212)

where the viscous friction coefficient is B, the load torque is T}, and the inertia
of the rotor is j. Equations (2.8-2.12) describe the mathematical model of a
BLDC motor.
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2.4 Power Sources for Electric Vehicles

2.4.1 Photovoltaic Panel

Integrating photovoltaic (PV) panels into AHEVS is an exciting concept
with the potential to increase their range, decrease your dependency on fossil
fuels, and assist in developing a more sustainable future. However, several
challenges exist before widespread adoption can occur [46]. Feasibility and

Benefits:

a) Solar panels can generate electricity to supplement the battery, potentially
extending the driving range of the AHEVS, especially during extended periods
of sunshine.

b) AHEVs can decrease fossil fuel demand and greenhouse gas emissions
using solar panels.

¢) In ideal conditions, solar panels could keep the AHEV's battery topped
up, reducing the need for charging from the grid.

Table 2.3 provides the details of the PV panel used in this study. Below: The
PV field comprises parallel and series modules to achieve the required power.
Every module is made up of individual cells. One of this thesis contributions
is utilizing a two-diode model to represent a PV cell, as shown in Fig.2.6
[47][48]. PV system performance can be predicted more accurately using this

model because it is more accurate at low irradiation levels.
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Ini In2 R

~(Diyly =

Fig.2.6: Equivalent Circuit of PV Panel [48].
Table 2.3: Specifications of PV Panels.

Parameters Value
Module Waaree Energies WU-120
Parallel strings 4
Series-connected modules per string. 2
Maximum Power (W) 120.7 W
Cells per module (Ncell) 72
Open circuit voltage Voc(V) 21V
Short-circuit current Isc (A) 8 A
MPP voltage (V) 17V
IMPP (A) 71A

The model was created using the following (2.13) [49]:

G
Iph = [lsc + Ki(Tc - Tref)] ?ef (2.13)

The current at the junction is expressed as follows in (2.14):

V+IRg
alVTl

V+IR; V+IR

)= 1= loolep (7)1 - (50 (219)

The following (2.15) gives the current flowing through the resistance Rsh:

Iy = Ipy — 101[exP(

_ (V+R;I)

Iy = (2.15)

Rsh
whence

1= (I + Ky (T, = Trer)] Gif — I [exp (1220

(V+RgI)
N.K.T ) B 1] B Rsh (2.16)
1) Impact of solar irradiance on photovoltaic panels: The output current will
rise in response to increased irradiance, increasing the output power (P-PV).
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The irradiance is measured in units of (W/m?). Equation (2.17). Provides the

mathematical relationship between power, current, and irradiance

Gl I,  Ppy—
G2 I Ppy_q

(2.17)
2) Influence of temperature on PVV-Panel: Most solar panels' output is assessed
using standard test conditions (STC). It is stated at 25 degrees Celsius, or 77
degrees Fahrenheit. Therefore, the PV panel's output voltage and power drop
as the temperature rises. Here are a few techniques used in hot and cold

climates to manage PV panel temperature changes [50].

VT - %T X nI X Ncell (218)

where: I;: current across the diode (A), I,; and I,, are the diodes 1 and 2's
reverse saturation currents, VT1 and VT2 are the corresponding diodes'
thermal voltages, and al and a2 stand for the ideal constants of the diode.
Several investigators believed that a; =1 and a,= 2.

I current of the short circuit (A), I,: current for diode saturation (A). , I, I,
: PV panel's current Is the diode's reverse saturation current (A),V,: diode
voltage (V), Rs: series resistance (Q2) of the diode, Rsh: Shunt resistance of
the diode (), Vpv: voltage across the diode is (V),Ppy_1, Ppy,—» : the power
of the PV panel (WE), T: the junction's Kelvin cell temperature (K), nl:
Ideality factor of the diode, a value near 1.0, Ki: the short-circuit current's
temperature coefficient (%/K), g : (1.602x10-19 C) of charge per electron, N:
diode's ideality factor,N_.;;: number of cells in a module connected in series,
G1, G2: the irradiance of the PV panel.
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2.4.2 Fuel Cell

More research is being done on FC as a possible replacement for power
sources for AHEVs.Their capacity to produce electricity via the
electrochemical reaction of oxygen and hydrogen makes them perfect for
supplying a steady and dependable power source[51]. Furthermore, FC has
the potential to significantly extend the range of AHEVS, as they can operate

at higher efficiencies than traditional combustion engines [52].

This increased efficiency means that FC-powered AHEVSs can travel longer

distances on a single charge, reducing the need for frequent stops to recharge

or refuel [53]. The benefits of fuel cells for AHEVs include the following:

a) Zero emissions: FCs are a clean and eco-friendly solution because they
only release water vapour. It is critical for AHEVs, which are expected to
help significantly reduce transportation-related emissions.

b) High efficiency: Compared to ICE, fuel cells are highly efficient at
converting hydrogen into electricity with little energy loss. For AHEVS,
this means a more excellent range and less fuel usage.

¢) Quiet operation: Because FC runs quietly, passengers have a calmer and
more enjoyable ride, and urban noise pollution is decreased.

d) Fast refueling: Like gasoline refueling, hydrogen refueling takes only a
few minutes, making it a practical choice for lengthy trips.

Toyota, Hyundai, and Honda are among the leading automakers researching

AHEVs. Though they are still in the early phases of development, these

vehicles portend a bright future for environmentally friendly and sustainable

transportation.

The choice of fuel cell technology for an AHEV will depend on factors,

including the vehicle's range, performance requirements, and cost [54].

27



Chapter Two: Backgrounds and Literature Review

A battery-electric AHEV's range can be increased using an FC. That would
extend the vehicle's range before requiring a recharge. That would be ideal for
long-haul autonomous trucks or other vehicles requiring long-range and fast
refueling [55].

The detailed model matches a particular FC stack according to changes in
variables such as pressures, temperatures, fuel and air compositions, and flow
rates. The Signal variation pane in the block dialogue box allows the user to
select which parameters to modify. These changes have an impact on the
photocurrent slope(4z¢) and exchange current. (i), And also the open circuit

voltage (E,.). Fig.2.7 shows the equivalent circuit of the FC source [56] [57].

. *ife
- NSTA3+1) |———d NAIn(i_fclio) [ —
- ¢ .

AAAA
Intema'I N A‘
Reslistance
V_fc
Controlled
. B = voltage
Fig.2.7:Equivalent Circuit of Fuel Cell.
E,. = K.E, (2.19)
SFK(Prp+Pey)Av s
Eoc = H;h 22— eRrcT (2.20)
RT
AFC = za_F (221)

where: Rg.: 8.3145 J/(mol K),
F: 96485 A s/mol,

z - Quantity of electrons in motion.

28



Chapter Two: Backgrounds and Literature Review

E, : The temperatures and partial pressures of both products and reactants
inside the stack determine the thermal voltage of the cells, also known as the
Nernst voltage (V),

a: Charge transfer coefficient, which is influenced by the type of electrodes
and catalysts used,

Py, : Hydrogen partial pressure inside the stack (Pa),

P,, : Inside the stack, the partial oxygen pressure (Pa).

k: Boltzmann's formula = 1.38 x 10-23 J/K,

h: The Planck constant 6.626 x 10-34 J s,

Av: Volumetric activation barrier factor assuming Av = 1, the activation
barrier (AG) size is calculated, AG: The activation barrier's dimensions,
measured in J/mol, depend upon the catalyst type and electrode used, T:
Operating temperature (K), Kc: voltage steady under the best possible
conditions.

The following (2.22) is how block determines the rates of conversion

(utilization) of oxygen (Uy,,) and hydrogen (Ury,):

Uy = nl, _ 60000RTNis,
92 == =
f n;-?z Zpruellem(fuel)x% (2 22)
U _ n_gz _ 60000RTNifc :
fo2 — _in

n  22FPairV ipm(airyy %

hence:

Pfye; - Tuel supply pressure in absolute terms (atm), Py, - air supply
pressure in its whole (atm), VIpm(fuel): Fuel flow rate (I/min).

Vlpm(air): Airflow rate (I/min), x: The percentage of fuel that is hydrogen

(%), y: oxygen content (%) of the oxidizing agent, N: number of cells.
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2.4.3 Grid Charger

An AHEYV grid charger is a device that links the vehicle to the power grid so
that its battery and SC can be charged automatically [58].

There are two primary kinds of grid chargers for AHEVs [59]:

« AC chargers: The vehicle's battery uses alternating current (AC). However,
AC chargers are more available and less expensive than DC chargers and
generally operate more slowly.

« DC chargers: These chargers use direct current (DC) to charge the battery.
DC chargers cost more and are harder to find than AC chargers, but are
substantially faster.

As its name implies, AC electricity is needed for charging. AHEVs can be
recharged while parked, and because of vehicle-to-grid technology, a vehicle's
battery pack can be recharged anywhere. A detailed description of the grid
charger used in this investigation may be seen in Fig.2.8[60]. The grid charger

characteristics are displayed in Table 2.4.

380/72V I_
1 EL: = w

FreT
ey

Fig.2.8:Grid Charger Model.
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Table 2.4 Grid Charger Specifications.

Parameter Value

Peak amplitude 312V

Freguency 50 Hz

Phase 0
Transformer Primary 380 V
Transformer Secondary 72V
Diode Parameters

Forward voltage 0.8V

Resistance Ron 001 Q

2.5 Energy Storage System

2.5.1 Rechargeable Battery Model

Every AHEV has batteries at its core. They are crucial in powering the
EM, providing energy for the vehicle's autonomous systems, and enabling
regenerative braking [61]. The type of battery used in an AHEV will
significantly impact its range, performance, and overall efficiency. Battery
provision is required in the proposed HESS. The battery can deliver and store
or absorb excess energy in grid-tied mode. The battery and SC supply peak
and off-peak power in a standalone application such as AHEV [62].
The comparison of battery types used in AHEVS is given in Table 2.5. A
modern trend of AHEVSs started with batteries that are based on lithium. The
lithium-based battery is one of the most promising technologies due to its high
energy density, high power density, lightweight design, low cost, non-
toxicity, and ability to charge quickly [63]. This study will employ the
LiFePO, type. The charger device can recharge the battery packs externally

from the power grid and PV panel [64]. The equivalent circuit for the battery
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Is shown in Fig.2.9, which shows several comparisons of various ESS kinds

using four more approaches [65] [66].

Table 2.5 Comparing Different Types of EV Batteries [65].

Battery type Nominal | Energy Specific Life Operation Cost($/
voltage | density energy cycle | temperature kWh)
(V) (Whikg) | (W/kg) (C)
Lead acid 2 35 180 1000 | -15to +50 60
ZEBRA 2.6 90-120 155 1200 | +245to +350 | 230-245
Lithium-ion (Li- 3.6 118-250 200-430 | 2000 | -20to +60 150
ion)
Lithium —ion 3.7 130-225 260-450 | 1200 | -20to +60 150
plumer(LiPo)
Lithium-ion 3.2 120 2000-4500 | 2000 | -45to+70 250
phosphate(LiFeP
04)
Zinc -air 1.65 460 80-140 200 -10to +55 | 90-120
A ratt
|IM A '

Resistance

Controlled
voltage
source

V_batt

E=E0-KQ/Q-It)+Aoxp(_B It )

Integrator

Fig.2.9:Battery’s Equivalent Circuit [67].

The model uses the equations below for the lithium-ion battery type[68] [69].

Equation (2.23) describes the battery voltage (V,4:).

Voat = E — Rpatlpar
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Equation(2.24) provides the controlled voltage source.

Epy = E, — K QD_‘; — + A.exp (=B [ i.dt) (2.24)
« Discharge Model (i* >0)
V, . =E,—Ri- k=i k(=2 )it + Aexp(~Bit)
- Q-it (2.25)

« Charge Model (i* <0)

Viuu=E, — Ri — k i — k(ﬁ)it +Aexp(—B.it)  (2.26)

it+0.1Q
where is:

Eo: steady voltage expressed in volts (V), E: voltage when there is no load (V
K: Polarization resistance is measured in Ohms, or polarization constant is
measured in V/Ah, I*: dynamics of low-frequency current, in A, i: battery
current, expressed in A,i; : extracted amount, expressed in Ah.

Q: The maximum capacity of the battery is expressed in Ah, A: voltage

exponential, given in (V), B: Ah—1, or exponential capacity.
90| ‘

—Discharge curve ||
[_INominalarea

80 S . ! { | : [IExponential area
% |
—‘é 70
>

60

0 05 1 1.5 2 25 3 3.5

Time (hours)
Fig.2.10: Typical Li-ion Battery Discharge Characteristic.
A battery's state of charge (SoC) expresses its charge as a percentage of
its overall charge. The SoC's numerical complement is the depth of
discharge (DoD), such that DoD = 100% - SoC.
For example, if the SoC is [70]:
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e 100% — The DaD is zero %, and the battery is fully charged.

o 75%— The DoD is 25 %, and the battery is 3/4 charged.

e 50% — The DoD is 50%, and the battery has a 50% charge.

e (0% — The battery is 0, and the DoD is 100%.

From the prototype, the battery current value was chosen to be 24 Ah, and
the battery voltage was equal to 72V :

the battery power = 72*24= 1728Wh

the rated power of the motor = 1500 W

The number of hours supplied by the battery is:1728/1500 =1.2 h

The specifications of the Lithium-ion phosphate (LiFePO,) battery in this

study is given in Table.2.6:
Table 2.6 Specifications of the Battery.

Nominal voltage(V) 72V
Rated capacity (Ah) 24 Ah
SoC % 50
Battery response time(S) 0.1 Sec

2.5.2 Supercapacitor Model

Batteries are not the only energy source used in modern energy storage
systems. The battery's power density must be high enough to achieve the peak
power needed. However, they cost more than their equivalents and have a
lower power density. There are still batteries available with higher power
densities. While they are accessible, batteries with a higher power density are
significantly more expensive than those with a lower power density [71]. SC
Is used with the battery in HESS to increase the battery's lifecycle. Batteries
are essential to operating AHEVSs, but SC has become a viable supplementary

technology with unique benefits for some uses.
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Strengths of Supercapacitors for AHEVS:

1) SC provides and absorbs small power increases, making them ideal for
regenerative braking, quickly capturing and storing braking energy for later
use, acceleration bursts assisting the battery in providing peak power for
rapid acceleration, and sudden power demands, Supporting the powertrain
during unexpected events like uphill climbs or quick maneuvers [72].

2) They can charge and discharge much faster than batteries, enabling
efficient energy recovery and utilization.

3) Their lifespan is significantly longer than batteries, reducing replacement
needs and overall cost.

4) They function better in extreme temperatures compared to some batteries
[73].

Potential Applications in AHEVS:

1) Hybrid Energy Storage System (HESS): Combining SCs with batteries can
create a synergistic system where batteries provide long-term energy and
SCs handle high-power demands. It can optimize overall efficiency and
lifespan.

2) Urban Vehicles with Frequent Stops: SCs can be particularly advantageous
for AHEVs operating in urban environments with frequent stops and
starts, where regenerative braking and power bursts are common.

3) Autonomous Features: SCs can contribute to safe and efficient operation
for autonomous-driving features requiring quick responses and power
adjustments [74]. The SC is a support and protection device for the battery:
the SC can handle sudden overloads in the system because of its
characteristics. Fig.2.11 below shows the SC electrical model. The model
consists of an analogous series of resistance. Rg. connected in series with a
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capacitance Cs.. Equation (8) provides SC voltage. V- as a function of
SC's current Iy .

R_sc
| 5¢

MWW —>

[P

C_sc Vi V_sc

N|

Fig.2.11: Supercapacitor Equivalent Circuit [75].
The output terminals of every bidirectional DC-DC converter are connected

in parallel, as seen in Fig.2.12.

DC Link
N '
Battery T_ T
__'_
Bi-directional (\J
Inverter
ST

Bi-directional
Fig.2.12: Conventional SC_Battery HESS Configuration.

A hybrid design overcomes the limitations of considerable DC bus voltage
variations by using multiple DC-DC converters. Several bidirectional DC-DC
converters can wholly regulate each SC and battery. The DC-bus potential is
constant when several bidirectional DC-DC converters are linked in parallel
[76].
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The degree of accuracy varies among models based on the number of
components and the arrangement of the electric circuit; however, model
accuracy increases with circuit complexity.

The mathematical model of SC is given below in (2.27):
Q
Vsc = Vi = Rge * Isc = gsz — Rgc * Isc (2.27)
Equation (2.28) provides SC power.
Q
Psc = gsg * Isc — Rgc * Isc2 (2.28)

employing a storage component called an SC, which comprises many cells
coupled in parallel and series, respectively, by Ns and Np. Equations (2.29) and

(2.30) define the SC stack’s capacity and resistance.

N
Csc = CelemN_I: (2.29)

N
Rgc = RelemN_p (2.30)

Given the element voltage and element current, the stack's voltage and current
are provided by (2.31) and (2.32).
Vsc = Ns-Verem (2.31)
Isc = Np. Lpiem (2.32)
where:

Vsc: supercapacitor voltage (V) , Rg.: SC resistance,ls.-: SC current(A) ,Qs:
the amount of energy that is stored within a cell, Cs.: SC stack capacitor, P:
SC power (W).

Table 2.7 Specifications of the Supercapacitor.

Parameter Value
Bank of Capacitance (F) 29 F
Series resistance 0.15Q
Rated voltage(V) 72V
Number of series capacitors 5
Parallel capacitors 1
Initial voltage (V) 66V
Operating temperature C° 25
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2.6 DC-DC Converter

The PV module and the load are connected via a DC/DC converter. It
is often used in DC power supplies, such as motor drives and PV panels, to
achieve the necessary voltage level by converting unregulated DC input into
regulated DC output voltage [77]. Here, the converter in the PV system
controls the voltage input at the point of maximum PV power, additionally
offering load matching to achieve optimal power transfer. The voltage can be
adjusted through the solar panel by keeping the input energy in the
transformer's inductance for a short while and then releasing it to the output
at a variable voltage. Several DC-DC converter types are employed with PV
panels. This thesis will compare the proposed Super-Lift luo converter and

boost converter.

2.6.1 Super-Lift Luo Converter

New step-up (boost) converters from DC-DC in several models
employing the voltage lift technique were developed from prototypes. The
construction of these converters is simple, has a high power density, is highly
efficient, and has an inexpensive topology for DC-DC voltage-raising
conversion. The Super-lift Luo converter produces fewer output voltage
ripples and a higher voltage gain than the boost Converter. Based on its
capabilities, the Super_lift Luo converter is categorized as a Super-lift Luo
converter and a VVoltage-Lift Converter. The passive components of the Super-
lift luo converter's architecture include two diodes, two capacitors, and an
inductor. Discuss the various Super-Lift Luo converters types, which can be
found in [78] [79]. Fig.2.13 shows an equivalent circuit for the Super-Lift Luo
converter [80]. The Specifications of the Super_lift luo converter are given in
Table 2.8 below.
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Table 2.8:Specifications of Super-lift Luo Converter.

Parameter Value
Input capacitance Cin 3500*107° F
C, 550*10°° F
Output Capacitance Cout 57010 > F
Inductance 100*107° H

The Super-Lift Luo converter can function effectively by keeping to the
following premise:

a) The resistance to the load (R,y¢py¢) NEEds to be high.

b) The switching time must have a time limit.

¢) The values of the capacitors Cy;and C,, must be high.

d) There must be a low duty ratio (6) value.

| .
Input R lHnput

N —_— l-output
DT ' ) N
D1 D2
——c R load .
L1 { 1 T 2 bad T

-

AAA
wyy

=
- Voutput
-

'

1
I
O
N
A

T u{ 1 === (2

@&

(a) (b)

l-output

<.

-
- Voutput
<-

!

JL
L
0
N

(c)
Fig.2.13:(a)Equivalent Circuit Super-lift Luo Converter During (b) Turn On (c)
Turn Off.
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Equation (2.33) provides the voltage gain equation for the super luo converter.

G, = Youtpue _ (i:g)n (2.33)

Vinput

Voutput and Vippye Are, respectively, the Super-Lift Luo converter's input and
output voltages. The Gain G, depends on the number of stages (n) and the duty
ratio (6). When switch Q is in the off position, V;,,,,,¢ is the input voltage used
to charge the capacitor Cs — 1. Concurrently, as the inductor current
I, _,discharges, there is a slight voltage drop of AV¢,_;. When the inductance
I s_, value is high; One takes into account the average inductor current (,Ls-
—1.). Equation (2.34) gives the voltage across the capacitor (Cs — 1).

Ves1 = Vinput — AV (2.34)
Equation (2.35) gives the capacitor voltage when the converter switches from

the off to the on state when the transition state is adjusted to the on state.

1-6
Cs—1

1 T
AVCS_I = a f6T ILS—l dt = TILS_1 (235)

Equation (2.36) gives the overall current that passes through the inductor. And
capacitor, which is the input current during turn-on.

Linput on = ey 1o T 1Lg 1 on (2.36)
Equation (2.37) provides the input current as the current passage via the
inductor and capacitor when switch Q is open and the input current during the
off-time.

Linput off = Icg_y_opr T 11g 1 ofy (2.37)
The (2.38) and (2.41) calculate the output current, a dependent parameter that
is based on the current and duty ratio(6) of the capacitor.

6Tle, , oo = (1 =8)Tlc (2.38)

Iinput_off = ICs—1—off = ILS_l (2.39)
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1-6 I,
Iinput_on = ILS_l + (T) ILS_1 = 5_1 (2.40)

leyron = (52) 1, (2.41)

The average input current is the total input current in both the on and off

modes divided by the duty ratio.

Iinput = 61input_on + (1 - 6)1inputoff = (2 - 6)1Ls_1 (2.42)
Vinput _ ,1-6,2 Voutput _ ,1-6\2
Iinput N (2—5) loutput o (2—6) Routput (243)

Equation (2.44) gives the output voltage ripple as a function of the resistance
(Routput) and capacitor (Cs_5).

_ Joutput(1=8)T _ (1-8)Voutput
AVoutput =

(2.44)

Cs2  fCs—2Routput
Raising Cs_ 2 reduces the ripple voltage to a minimum. Capacitor Cs_1 has a
higher value than capacitor Cs_2, which is made feasible using duty ratio d
values smaller than unity.
2.6.2 Boost Converter

The conventional boost converter has a wide range of power electronic
applications, like solar power systems and controlled DC power supplies.
Increasing the desired load's DC output voltage from a low DC input voltage
is beneficial. There are two current operating modes for the converter. There
are two types of current modes: continuous (CCM) and discontinuous (DCM).
The traditional boost converter can function at many power levels and in any
current mode in power applications, and every setting has unique variation
features [81]. Table 2.9 provides the details of the boost converter used in this

study.
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Table 2.9. Specifications of the Boost Converter.

Parameter Value
Input capacitance Cin 3500*107° F
Output Capacitance Cout 570*107° F
Inductance 100*107¢ H

The diode is reverse-biased when the switch is closed. Kirchhoff's voltage law
Is implemented around the path, including the closed switch, inductor, and

source given in (2.45) [82].

v =V=Lg (2.45)

The current change in the inductor comes from calculating the current change
from (2.46).

% — i_TL — V? (2.46)
Finding the value of Ai; While the switch is closed,

. V(8T
(AiL,) closed = L (2-47)

When the switch is opened, the diode becomes forward-biased., providing a

channel for the inductor current. It prevents the inductor current from
changing instantly. The voltage across the inductor is constant when the

output voltage Vo in (2.48):
dip

VL:VS_VOzLdt

(2.48)
Since the inductor current changes constantly, it must vary linearly when the
switch opens. The following is how the inductor current varies when the

switch is open in (2.49):

Ny AL VsV,
A (1-6T L (2.49)
when calculating Ai,
_ 1-8)T
(AIL)open = (Vs - VO) ( L ) (2.50)
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From (2.49) and (2.50), there must be no net change in inductor current to

achieve steady-state operation.

(AiL)closed + (AiL)open 0 (2.51)
V(ST 1-8)T = '

From (2.51), the calculation of V,,

v
vV, ==
0 1-5

(2.52)

I, by calculating the average inductor current and using various substitutes,

this can be expressed as follows in (2.53):

[ = Vs _VE_Volo
L™ (1-6)2R ~ VR~ Vg

(2.53)

The average values of (2.54) and (2.55) and the variation in current are used

to calculate the maximum and minimum inductor currents.

_ Ai, Vs V6T
Imax - IL + 2 (1-6)2R + oL (2.54)

Ai, Vg Vs8T

I - 2 (1-8)2R 2L

Imin -

(2.55)

In the boost converter, the lowest feasible combination of switching frequency
and inductance for continuous current is so. It is helpful to express L in terms

of a desired Ai,, as given in (2.56).

§(1-6)%R

Linin = — o (2.56)

It is helpful to express L in terms of a desired Ai;,, from a design standpoint.
V6T V¢

Lyoost = AL = AiLf (2.57)
An expression for ripple voltage is given in (2.58).

AVo _ &

. = "G (2.58)

With the switching frequency denoted by f. As an alternative, describing

capacitance as the ripple in the output voltage yields.
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)
C=—v—— 2.59
R/ )i (2.59)
The equivalent series resistance (ESR)-caused voltage ripple is:
AV, gsr = Aicre = I, maxIc (2.60)
The boost converter equivalent circuit is given in Fig.2.14[83].
. WL T v N
T > -

L ml . L +
Q) o x 2e() T 3

(a) (b)

5
Al
N
A
¥
§

(©)
Fig.2.14:The Boost Converter :(a) Circuit; (b) Circuit Equivalent for the Closed
Switch (c) Circuit Equivalent for the Open Switch.

2.6.3 Bidirectional DC-DC Converters

The bidirectional DC-DC converters are designed to increase the
accuracy of EMS. In bidirectional power flow, dependability, weight, cost,
and power density are crucial elements, such as AHEVS. It regulates the EMS

charge and discharge processes [84].
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In HESS, where multiple energy storage technologies like batteries and SCs
are combined, bidirectional converters play a crucial role. These converters
act as the bridge between different storage units and the DC bus, enabling
two-way power flow:

a) Charging: Power from external sources (e.g., solar panels, wind
turbines, grid) is converted and directed towards the most suitable storage
unit based on factors like charging rate and depth of discharge.

b) Discharging: Stored energy is efficiently extracted from the chosen unit
and converted to match the desired voltage and current levels for powering
loads or injecting power back into the grid.

Here's a breakdown of why bidirectional converters are essential in HESS:

Benefits[84]:

a) They allow independent control of charging and discharging for each
storage unit, optimizing energy utilization based on demand and source
availability.

b) By minimizing conversion losses and enabling optimal
charging/discharging strategies, they contribute to a more efficient energy
storage system.

Types of Bidirectional Converters:

Different converter topologies are used depending on the specific HESS

configuration and requirements. Some common types include:

1) Boost converters: Increase voltage from lower storage voltages
(e.g., supercapacitors) to match the DC bus voltage.

2) Buck converters: Decrease voltage from higher sources (e.g., solar panels)
to match storage unit voltage.

3) Buck-boost converters: Can both increase and decrease voltage, offering
greater flexibility. For this thesis, it will use this type.
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A diagram of the type of buck-boost bidirectional DC-DC converter
implemented in this concept is presented in Fig.2.15[85]. Remember that the
SC and battery both contain independent bidirectional DC-DC converters.
Switches 1 and 2 type mosfet in the converter switch the output if specific

logic-related conditions are satisfied.

S1

|

-
S2 c2 E Rload

AMA

Fig.2.15: Buck-Boost Bidirectional DC-DC Converter.

Switches S1 and S2 are controlled by the fractional order PID (FOPID)
controllers to turn ON and OFF according to the controller duty cycle during
charge and discharge operations[86].

The system maximizes energy economy and improves overall system
performance by utilizing intelligent energy flow balancing and keeping the
battery and SC within their specified SoC ranges.

The Capacitors are used to reduce voltage rise. Each energy storage device in
this design contains a bidirectional DC-DC converter to measure and compare
system frequencies, hence improving the controllability and resilience of
charge/discharge processes. Higher prices are a drawback, but overall savings
should outweigh this. Battery charging occurs via independent bidirectional

DC-DC converters while the supercapacitor is discharged [87].
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2.7 Inverter

Inverters are circuits that change DC power into AC power. In some
situations, the regulated full-wave bridge converters can act as inverters;
however, an AC source has to be present previously. When just a DC voltage
source is available, the goal is to produce an AC voltage. An uninterruptible
power supply(UPS) is used for inverters, adjustable-speed AC motor drives,
and operating AC appliances  from a  battery  bank.
In an AHEV, the inverter manages The flow of power through the EMs that
power the vehicle from its numerous energy sources [88].

As technology for autonomous vehicles advances, the inverter will play an
even more crucial role in providing effective, dependable, and secure
operation.

The full-bridge converter in Fig. 2.16 is the primary circuit for converting DC
to AC. The closed switches determine the output voltage (\Vo).; it may be
either VVdc, Vdc, or zero.

The current waveforms given by (2.61) will change into the following at a
steady state [89]:

M + (Imin - %)e_t/‘[

R
ih(t) = =T/.) (2.61)
Ve Ve 2
e (1 28) -
_r
Vic A—e 2t
Imax = —Inin = L( ) (2-62)

R 1+e 27

\/% Jy 2@®d®) = J% 1572 12 + (i — M)e‘t/f]2 dt (2.63)

R
Py = Vy.l (2.64)
Where:
t=L/R ,T=1/F (2.65)
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i,(t): aload current expression.

I.: the DC source's average current (A).

S1 \ J ial s3 N\ a3
Vdc . Yo .
| -
sa ¥ iad 2. N V¥ a2
(a)
21
5
. Vdc . Wi
Ve S E Ve ==
) 54
(b) (c)
vdr___|_ 'il WO b |i|
T - T .
(d) (e)

Fig 2.16:(a) Full-Bridge Converter (b) S1 and S2 Closed (c) S3 and S4 Closed; (d)

S1 and S3 Closed (e) S2 and S4 Closed.
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2.8 Vehicle Structure

Honda mini HEV vehicle combines modern technology and
environmentally friendly driving, which sets the standard for creative and
environmentally friendly transportation. The vehicle minimizes its
environmental impact while providing a smooth driving experience due to its
efficient and performant design. The battery, control unit, and 1.5 kW motor
are contained within the automaker's Variable Design Platform, upon which
it is constructed. It is the skateboard design that Honda has been promising
for more than ten years, with a body that can be removed and customized and
numerous interior and exterior configurations. The Micro Commuter's
lithium-ion battery has a range of 60 miles and a maximum speed of 50 mph.
A 2023 Honda vehicle prototype was used in this study [90]. The vehicle

prototype is shown in Fig.2.17.
Table 2.10 Vehicle Parameters.

Parameter Value
Mass 500 kg
Number of wheels per axle 2
Gravitational acceleration 9.81™M/ ,
. . k
Air density 1.18 g/m3

Fig.2.17: Prototype of Micro Honda — Hybrid Electric Vehicle.
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2.8.1 Tire Modelling

The Tire block models the tire with the longitudinal behavior specified
by the Magic Formula, an actual formula with four coefficients of the fitting.
Table 2.11 presents the tire dynamics for both constant and varied road
conditions.
The tire's motion when rolling over the road parallels its longitudinal
direction. The Tire-Road Interaction (Magic Formula) block forms the
foundation for this structural block[91]. It can provide parameters like rolling
resistance, inertia, and tire compliance to improve the tire model's accuracy.
The tire is modified by the Tyre (Magic Formula) block to become an
uncomfortable wheel-tire combination that is in contact with the ground and
subject to sliding. The tire drives against the ground while enduring contact
friction when torque is delivered to the wheel axle, which transfers the force
of that pushback onto the wheel. This movement moves the wheel forward or
backward. Fig.2.18 shows the forces operating on the tire. Table 2.11 explains

the values and variables of the tire model.

vh‘re

Fig.2.18: Tire Model in Vehicle [92].
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Roll and Slip:
Tires do, however, react to slippage by creating a longitudinal force.
V. =1,Qr (2.66)
when tires do slip, though, they react by creating a longitudinal force,F,.
In (2.68), the wheel slip velocity is given in (2.67).
Vex = 11—y (2.67)

The wheel slip is:

VS X

ksiip = 17,5 (2.68)
k1i,= -1 for a sliding wheel that is locked. kg;,,=0 for ideal rolling.
At Low Speed, Slip
For low speeds, as defined by (2.69):

Vel < [Vinl (2.69)
the wheel slip becomes:

2Vsx
kslip == vz (2.70)
(Vth+V_;z)

where: Fz: tire's vertical load, Fx: the force applied longitudinally to the tire
at the point of contact, r,, : Radius of the wheels, V,. : Rear wheel longitudinal
speed, Q: Wheel rotational speed, V;,: Velocity of wheel slip, K: a slip of the

wheel, V;;,: Wheel hub threshold speed.
Table 2.11: Specifications of Tire Model Employed in the Thesis.

Parameter Value
Rated vertical load 3*103N
Peak longitudinal force at rated load 35*103 N
Slip at peak force at rated load 10%
Longitudinal stiffness 105 N/m
Longitudinal damping 400 N/(m/s)
Tire inertia 0.25 Kg*m?
Initial velocity 0 rad/sec
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2.8.2 Simple Gear

A machine's gears transfer rotation or motion from one section to
another. Several gear teeth often come into contact with the other gears in the
gearbox. By transferring power to the differential, gears assist in regulating
rotational speed and power. An automobile's gearbox system typically
includes many gear combinations of different sizes. The follower (F) to base
(B) tooth ratio (NF/NB) in this thesis is (7.2).Fig.2.19 shows the structure of

a simple gear scheme [93].

Fig.2.19:Simple Gear Scheme [94].
The two connected axes are subject to kinematic constraints imposed by the
Simple Gear block[95]:

IF'pWF = I'gWpg (271)

The ratio of follower to base gear is given in (2.72):

Np

ke =7 =7 (2.72)

B
Reducing the two degrees of freedom to one independent degree yields the
torque transfer equation.
9rBTe + Tr — Tipssea = 0 (2.73)
For the ideal case, T;y550q = 0

where:ry : the follower gear's radius, w : the follower gear's angle of velocity.
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rg : the base gear's radius,wg: the base gear's rotational velocity.
N : number of times teeth the base gear has, N : number of times teeth are
in the follower gear, 75 : the torque applied, 7 : the torque produced.

Tiosseq- the friction-related loss of torque.

2.4.3 Differential Gear

Placed in between the drive wheels is a gearbox known as the
differential. Both a front and a rear differential are found in four-wheel drive
vehicles. Variations in wheel speed are made possible via a differential from
one another by transferring power from the source to the axle that drives the
wheels; when cornering compared to the inner wheel, the outer wheel must
travel a longer distance. Without a differential, both wheels would be locked
together, causing them to scrub and wear excessively. The differential solves
this by enabling each wheel to spin at its required speed. The outer wheel must
go far more when turning than the inner wheel. Both tires would be locked
together in the case of a differential, which would scrape and wear the wheels
excessively. That is resolved by the differential, which allows each wheel to
spin at the specific speed needed.Fig.2.20 shows the structure of a differential

gearbox [96].
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The longitudinal axis torque reduces the lateral axis torques so that the net
power flow equals zero[98] [99]:

Ws1Ts1 T WsaTsz + WpTp — Prosses = 0 (2.74)
Combining the kinematic and power limitations results in the ideal case,
which is given in (2.75):

(ws1Ts1+Ws2Ts2) (275)
wWs1Ts1

gpTp = 2
where:
T¢; and tg,: the torques in the lateral directions, T, : the torque applied
longitudinally, P, sss : the loss of power, g, : the gear ratio for the

longitudinal driveshaft. wg,, ws, is the velocity of sun gear shafts 1&2.

54



Chapter Two: Backgrounds and Literature Review

2.9 Literature Review

Weichao Zhuang et al.2020 [100] examined three alternative HEV
configurations: split, series, and parallel that were scaled to keep comparable
all-electric ranges (AER), performance, as well as towing capability to track
fuel and electrical energy usage (Wh/km).

2.9.1 Control of Electric Motor

Cai-Xue Chen et al.2016[101], this paper presented an SMO-based
backstepping control strategy for speed sensorless PMSM. Initially, a
thorough dynamical model and space-state equation for the PMSM in the d-q
frame are developed. The slide model control approach is used to estimate the
electromotive force of a PMSM under a static frame, and the phase loop lock
method is utilized to estimate the rotor's location and actual speed.

Sen LI. 2017 [102] explained the uses of electric motors in hybrid and
electric vehicles. Every type of controller has been thoroughly detailed, along
with its internal components, operation, and various control techniques.

Faisal Amin et al.2017 [103] evaluated the basis for investigating the
PMSM dgq model and its principle. Researchers produced more accurate
simulation results because instead of being built on mathematical building
blocks, the PMSM model is based on electronic components. The simulation's
modules—including the PWM generator and inverter—are also created from
scratch rather than using pre-made Simulink blocks.

Nisha G.K et al.2017 [104] displayed that induction machines with
FOC can operate similarly to independently excited DC motors by isolating
field control from torque control. In this study, the characteristic control of an
induction motor is achieved by effectively altering its design to control the

magnetizing current to provide maximum torque in the field weakening zone.
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Kumari Suman et al.2018 [105] analyzed the PMSM drive's
performance to regulate the speed of the PMSM. The sliding mode
controller(SMC), PID, and PI of the PMSM drive have been designed. The
SMC method is meant to manage the PMSM drive system's speed without
depending on the machine's specifications or the impact of external
disturbances.

Marcel Nicola et al.2020 [106], this study used the PMSM field-
oriented control (FOC) technique, which takes all the benefits of employing
Pl-type controllers but is more superficial. However, the PMSM's nonlinear
model naturally limits the control performances, the requirement for high-
dynamics, wide-range speed, and load torque control, as well as the parameter
uncertainties put on, primarily by changes in the rotor-load moment of inertia
and the load resistance.

2.9.2 Hybrid Energy Storage System

Yuqging Yang et al.2018 [107], this paper thoroughly analyzed battery
sizing standards, procedures, and uses in different renewable energy systems.
The uses of storage systems have been divided into groups according to the
particular battery storage that will be a part of a renewable energy system. It
contrasts with other studies that only considered one type of renewable system
or structured the battery sizing procedures as an optimized component in
renewable systems.

Praveen Vankadari et al.2021 [108], A thorough examination of a
light-electric vehicle design with a propulsion system powered by a BLDC
and an ESS made up of a battery or SC has been completed in this proposed
system. A simulation is conducted using foundational knowledge about EVs
to comprehend the driving dynamics of EVs. Next, to obtain a clear
representation of the calculation of several constraints in an EV throughout its
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operation, each component and its modeling with control techniques are
established.

Institute for Customer Insight et al.2021 [109], the paper further
explains how much energy will be needed to meet the rising demand and
stresses that the most significant barrier to the growth of EVs will be the
production of EV batteries. It also provides several articles on HESS systems
and applications.

Fengchen Liu et al.2021[110], this research proposed a novel
approach to energy management for urban electric vehicles by utilizing
supercapacitors in conjunction with batteries. Using a couple of bidirectional
DC-DC converters, the DC bus is connected to these two sources in parallel,
giving each source independent control over its power flow. Considering
vehicle dynamics when applying load torque to the shaft motor is necessary.
Energy management strategy can be distributed between the two sources
according to each source's current state of charge as well as the displacement
state of the vehicle during stops, accelerations, drives up and down slopes,
and decelerations.

Zineb Cabrane et al.2021 [111] created a HESS for photovoltaic
systems using batteries and SC. Batteries and solar cells are two separate
storage mediums that must have their energy distributed to create an energy
management strategy. Thus, a new dimension in Pl controller design is
presented to manage the buck-boost converters coupled to batteries and SCs
and stabilize the DC bus voltage.

2.9.3 Maximum Power Point Tracking Techniques

Pratik Shantaram Gavhanel et al.2017 [112] this paper uses the
enhanced leader particle swarm technique, a modified version of the EI-PSO
(particle swarm optimization) method. This work simulates MPPT in partially

57



Chapter Two: Backgrounds and Literature Review

shaded conditions. The suggested ELPSO approach offers several benefits
over PSO, including quick convergence, improved dynamic performance,
simplicity in use, and great effectiveness. Siemens S75 is made accessible in
three distinct scenarios to evaluate the simulation results of the PV panel using
the recommended methodology.

Jubaer Ahmed et al.2018 [113], this work proposed the MPPT method
of perturbing and observing (P&O) PV system. The goal is to reduced the
steady-state oscillation, tracking direction separation, and global peak
identification ability under partial shading.

Kriti Jain et al.2018 [114] presented the application of the P&O and
incremental conductance controller (INC) MPPT algorithms and compared
results for output parameters. The comparison shows that the MPPT of a PV
array may be tracked more quickly and efficiently using the INC technique.
The system is modeled using MATLAB/SIMULINK.

Sadeqg D. Al-Majid et al.2019 [115], in this paper, prevented a vital
training error in the system. It is suggested that an artificial neural network
ANN-MPPT method be used based on a sizable practical training data set. For
a year, experimental testing of a photovoltaic platform created by Brunel
University in London produced such data. The PV system's available power
Is at MPP, which is the output of the ANN model, and the temperature and
radiation levels of the weather are selected as the input variables.

Hoejeong Jeong et al.,2019 [116], this paper presented several DC-
DC converter circuit topologies used in solar photovoltaic (PV) applications.
This study outlines the three types of DC-DC converters, buck, boost, and
buck-boost, which can be connected to solar PV systems for various
applications. The application of DC-DC converters for MPPT in solar PV
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systems is also presented in this research. It will discuss each topology's
benefits and drawbacks regarding price, parts, efficiency, and limitations.

Hossein Gholizadeh et al.2021 [117], in this study, developed and
implemented a step-up DC-DC converter with a single switch based on Luo
converters and cascaded boost. The suggested converter showed a high
efficiency and quadratic voltage gain, making it appropriate for use in
renewable energy applications when a high voltage gain ratio is needed
without many significant components or a high-duty cycle of the active
switches.

Pawan Kumar Pathak et al.2022 [118], this paper proposed a HEV
battery charging system that uses FC as the primary energy source and
batteries and photovoltaic cells as auxiliary sources. To reduced the impact of
tracking direction loss and oscillations near the MPP, a better MPPT system
is designed for PV using the P&O method.

2.9.4 Energy Management System

Mauro G. Carignano et al.2017 [119], this paper analyzed an FC/SC
architecture that sets up a hard-constrained powertrain and presents a
challenge to the EMS regarding driving comfort and fuel efficiency. To
minimize this issue, the author introduces a unique EMS based on projecting
the energy demand shortly and maintains the supercapacitor's energy state
between two online-calculated limits.

Rayavarapu Srinivasa Sankarkumar et al.2021 [120], this paper
aims to offer a comparative evaluation of various HESS topologies and EM
method types. The quantity of energy regenerated during braking and the
design parameters based on the decrease in battery peak current have been

compared and discussed. Additionally, the voltage variations and system
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design have been compared. Therefore, this review might be a good resource
for engineers and researchers working on EVs.
2.9.5 The Vehicle Autonomy System

Christoforos Chatzikomis et al.2018 [121], this paper investigated
the benefits of torque sensing in an AEV by including the technology within
the path tracking controller or elsewhere. Various route tracking controllers
are compared in adaptive control tests simulated with an empirically based
vehicle dynamics model.

Monomoy Bujarbaruah et al.2018 [122], this paper suggested a
method for Side steering when keeping lane difficulties called AMPC, in
which we constantly learn the steering system's unknown but constant steering
angle offset. One assumes that longitudinal velocity is constant. The aim is to
minimized the movement from the lane centre line and the steady-state

heading angle error while keeping to the necessary safety regulations.
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2.10 Scope of Thesis

According to the previous literature review, other approaches exist to
control the EM besides employing sensors or sensors to identify the rotor
position and back EMF. Most authors and researchers also used conventional

methods to address these issues.

1) This thesis aims to establish the most advanced control strategies, evaluate
them, and select the optimal one based on complexity, tracking speed, torque
ripple, and total harmonic distortion (THD). The development of sensorless
control for the electric motor through modern observers and their integration
with the electric motor's control function will be an addition. SMO will be
used with backstepping control.

2) Most authors used two-level inverters, which have many disadvantages
affecting the speed controller of electric motors. Depending on the type of
electric motor and inverter being utilized, connecting the batteries, solar
panels, and SC to the electric motor in a hybrid electrical system might be
complicated.

3) Most authors used conventional DC-DC converters, which have many
disadvantages in voltage regulation and affect HESS performance. This thesis
employed an advanced DC-DC converter with several modern MPPT control
techniques to address the issue of how to extract MPP from solar panels.

4) EMS is crucial for companies like HESS since they are essential to cutting
expenses and managing energy use. Additionally, EMS helps improve
operational efficiency and promote sustainability by monitoring and
controlling energy consumption. Therefore, the latest EMS the authors used
depends on a conventional Pl controller so it will use advanced EMS based
on a fractional PID controller.
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5) Most researchers and authors used PID controllers for autonomous
vehicles. This thesis used Adaptive MPC to control the car and make it
autonomous. The control of autonomous vehicles is essential for several
reasons. First, it ensures the safety of passengers and pedestrians on the road.
Second, it helps avoid accidents by constantly monitoring the vehicle's
surroundings and making necessary adjustments to optimal driving
conditions. Third, controlling autonomous vehicles allows for efficient
navigation and traffic flow optimization, reducing congestion and improving

transportation efficiency.
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Chapter Three: Methodology

3.1 Introduction

The speed controllers for electric motors will be covered in this chapter.

There will be a comparison of three control strategies:

1) FOC is based on an adaptive PID speed controller developed from more
conventional FOC strategies.

2) SMC has several benefits over traditional control techniques and may be
applied to a wide range of tasks requiring quick and accurate motor control.
This chapter covers the fundamental ideas of SMC, how it is utilized for
controlling electric motors, and its advantages and disadvantages.

3) Backstepping control is shown to be an effective means of achieving this
objective. The principles of backstepping control, its use in EM control, and
its benefits over conventional techniques will all be covered in this chapter.
Hardware sensors offer drawbacks such as more maintenance, expense, and
temperature. As a result, it was suggested that SMO be added to the best of
the mentioned techniques to compare them with sensor control. All EM
control methods are affected by the number of inverter levels. An academic
analysis of five levels and seven levels of inverters will be presented in this
chapter. The super-lift Luo DC-DC converter will be used to develop the
HESS. Additionally, the MPPTs will be employed in advanced techniques
such as P&O, ANN, EPSO, and INC. based on smart battery charging

controllers.
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3.2 Speed Control of Electric Motors

Speed control of PMSM and BLDC plays a crucial role in various
industrial applications such as robotics, EVs, and renewable energy systems.
These motors offer numerous advantages, including high efficiency, compact
size, and improved torque-speed characteristics. In addition, the speed control
of PMSM and BLDC electric motors ensures precise and reliable operation,
allowing for optimal performance in different operating conditions.
Furthermore, accurate speed control enables efficient energy utilization and
reduces maintenance costs. It also enhances the overall system stability and
responsiveness, making it an essential aspect of EM systems. By
implementing effective speed control techniques, such as sensorless control
algorithms and advanced control strategies, the performance of PMSM and
BLDC motors can be significantly improved, leading to enhanced
productivity and energy savings.

AC motors are more complex than DC motors and require more sophisticated
methods for speed control. The choice of speed control method depends on
the specific application requirements, such as the desired speed range, torque
requirements, energy efficiency, and cost. It has developed every speed
control method listed below by integrating numerous novel methods that
improve the performance and efficiency of EMs for HEVs.

Fig.3.1 illustrates the general PMSM scheme.
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Fig.3.1: General PMSM Control Scheme [123].

3.2.1 Sensorless Backstepping Control

Sensorless backstepping control is a valuable technique for PMSM since
it solves the issue of unknown parameters and external disturbances.
Since it can precisely control the speed of PMSM without the need for
physical sensors like encoders or resolvers, the controller has attracted much
attention in the field of motor control. The benefits of this strategy include
lower maintenance costs, increased system reliability, and cost savings. The
recursive function links the feedback controller and the control Lyapunov
function to ensure that the system is asymptotically stable. Note that the
system's stability at the origin point (0,0) was assessed using the Lypononve
function; because of their outstanding power density and efficiency, PMSM
motors can be used in various applications. However, outside disturbances

and uncertainties in parameters such as load torque and stator resistance may
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impact their control performance. To solve these problems, the controller does

the following:

a) The controller design includes principles for online estimation of the
unknown parameters.
b) The control design accounts for and eliminates external disturbances to

ensure the motor precisely tracks the specified reference signal (speed).

Benefits of using Sensorless backstepping control:

Compared to conventional control techniques, sensorless backstepping
control of PMSMs with an SMO has the following benefits:
a) It saves costs by doing away with the requirement for a physical speed
sensor and simplifying the motor design
b) The system's overall reliability is improved because there is one fewer
point of failure with fewer sensors.
c) Precise tracking of target Speed and position is made possible by Accurate
Speed and Position Tracking backstepping control, which offers a systematic
approach to controller design.
d)SMOs are known for managing system uncertainties and outside
disturbances, resulting in more seamless functioning under various
circumstances.
However, it is crucial to remember that sensorless backstepping control also
has limitations. Sensorless estimation accuracy can be impacted by motor
saturation and parameter fluctuations, and the design process itself may be
more complicated than with simpler control schemes. Fig.3.2 shows the
backstepping techniques for the PMSM motor.

66



Chapter Three: Methodology

usd

Sa
_> Park ——}

ref= ed Backstepping usq Transformatio__Sb_} T-Levels jnv
0 — ! Controller e~ Inverter I
A 4 —_— ndg/abc >

X<—
T

. ia
isq
Te > Calculate A Inverse Park ¢ ib

of igref ) Transformatio <=
I ) l isd ' pab/dg c

=
I
2
X
w
=]
[
o
(=5
m
3
=]
=
\ 4

SMO
Observer g

Rotor Speed

Fig.3.2: Sensorless Backstepping Controller.
For nonlinear systems, backstepping control is an effective technique.

Defining a virtual control state is the initial stage in the backstepping
technique, after which it becomes a stabilizing function. Thus, the error
variable can be stabilized by constructing the related control input based on
the Lyapunov stability theory. Establishing the overall controller design using

the backstepping design technique is possible [101].
a) Speed Controller Design Methodology

Three steps can be used to design the speed state x1 controller:
Step 1. The state tracking error variable can be created as follows to address
the speed tracking issue in (3.1):

€1 =Xy — X (3.2)
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where the reference rotor speed is denoted by x;. x; is the rotor's actual speed.
To maintain the speed component's stability, the error dynamics of speed

tracking can be expressed in (3.2) [101]:

e =X] —X; = —(Bxl + T, — 3p¢f X5) (3.2)

where ¢f is the flux linkage, B is the coefficient of viscous friction, and p is
the PMSM's number of pole pairs.

Step 2. Select the following potential Lyapunov function in (3.3):
1

vV, = 5312 (3.3)
Step 3. One can derive the time derivative of the Lyapunov function (7) as
given in (3.4):

V; =ee; = (Bx1 + T, — 3p¢f —X5) (3.4)

Using Lyapunov's definition of stablllty, to enable the tracking error to

approach zero, It is necessary to satisfy Equation (3.5) and make V/; < 0.

%(Bxl + TL - 3p2¢f xz) - —k1el, k1 > O (35)
Following the backstepping technique with (3.6), the input virtual control
variable

Xy = (Bxy + T+ kjey) (3.6)

3 CDf
The following Equation can be derived from (3.4) and (3.6) given in (3.7).
Vi1l=e1é; =—k,en (3.7)
Consequently, the speed error approaches zero when (3.6) is met. Stated
differently, it is possible to achieve global asymptotic speed tracking. The
PMSM is a multivariate, high-order, nonlinear system with significant
coupling properties. In PMSM control systems, decoupling control is a
frequently employed technique. The g-axis current determines the accurate

thrust force needed to drive the motor. Additionally, it is recommended that
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the d-axis current. x5 be zero to lower power consumption. Since controlling
x5 to zero will eliminate the coupling term x,, x5 , expect the least amount of
control effort possible. To put it another way, the control scheme is given

below.

X, =——(Bx; +T + kje,) (3.8)

N %

~3 ¢f
x3 =0 (3.9)
where x; is the g-axis current reference, and x5 is current on the direct axis

reference.
b) The Current Controller Design Process

Step 1. To make the g-axis current tracking more accessible, it is selected as

the new state variable for current tracking error(e,).

. 2B-k]) (3p0f
€27 % T T g ( 2

Step 2. Regarding a novel system built on e, and e,, the second Lyapunov

xz—Bxl—TL)+—+p 1X3——+ﬂ 1 (310)

function is defined as:
Vo=V +e? (3.11)

Step 3. V;, is time derivative is provided by:

2(B—kJ) (3P<Df
3p@f] 2

RXZ

xZ_Bxl_TL)+_+

Vs =V +e,e; = —kel +e, [
of
X X3 — — — pT 1] (3.12)

where u,, refers to the actual control variable. The stabilizing control law

states in its definition that.

B? 2BTy, 2k?] = Rx,
2 X, — — —
3p¢f] 3p¢f]  3pof L

hence, the result that follows is as

2(B-kJ) (3p¢f
3pdf 2

Uy = L(?x2 - — px x5 + P;ﬂxl + kye;) (3.13)

P‘Df

- Bx1 TL) + B + px1x3 - _q + — _klez, kl > 0 (3.14)
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V; = —kef — kiez <0 (3.15)
Similarly, the following steps can be used to develop the d-axis current
controller.

Step 1. Choose the d-axis's tracking error as the new state variable. Making a
distinction, e5, in connection to time and using the resulting yield.
Ugq

" R
3 = X3 — X3 = X3~ PX1Xz — (3.16)

Step 2. Using, e, e, and e5 defining the third Lyapunov function as the basis

Vs =V, + e (3.17)
Step 3. Separating, V5 it yields

Vs =V; + eze; = —kef — kje2 + e3(§x3 — PX Xy — %) © (3.18)
Equation (3.18), which contains the control variable ud, can be found. The
definition of the actual control variable, ud, is as follows:

Ug = Rx3 —pLx;x, + Lk,es, (3.19)
ThenV; < 0,i.e,

§x3 — PX1Xy — % = —kses, k3 >0 (3.20)
Combining (3.17) and (3.19), that results in

Vs = —k,e? — kye2 — kze? (3.21)
Equation (3.20), which makes it clear that the Lyapunov function V; =
—k,e? — kye2 — kze2 >0 and V5 <0, it suggests that the tracking error will

gradually get closer to zero.
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3.2.1.1 Regenerative Braking Techniques

Regenerative braking is an essential component in modern AHEVS that
raises energy efficiency. When the braking force is used, mechanical energy
can be transformed into electrical energy, allowing the PMSM to function as

a generator. Due to regenerative braking, electrical energy can charge ESS

[124].

In a PMSM, regenerative braking functions as follows:

1) Motor as Generator: In regular operation, the PMSM functions as a motor,
transferring battery-powered electrical energy into mechanical wheel
spinning. However, as the driver decelerates when the vehicle is going to
stop, the permanent magnets' electrical field is exceeded by the speed at
which the motor shaft rotates.

2) Inverter Control: This change in current direction is detected by the
inverter, a crucial part of the motor drive system, which modifies the
control signals to control the back EMF.

The output voltage and current of the inverter to adjust how much regenerative

braking torque is applied. The inverter's switches mosfet works as a diode.

Then, the button MOSFET is in operation; it operates as a boost converter.

After that, the AC is converted to DC to charge the battery. The inverter

operation is shown in Fig.3.3.
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Fig.3.3: Inverter Operation in Regenerative Braking for PMSM.

The electrical braking torque and the mechanical (friction) braking torque
make up the braking force of AHEVS. Since the EM-rated torque is constant
and unable to stop HEV in situations requiring strong braking, the mechanical
torque from the friction brake system must be used to ensure optimal braking
performance.Fig.3.4 shows the regenerative braking techniques for the
AHEV.
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Fig.3.4: Regenerative Braking Techniques for PMSM.

The maximum regenerative power point (MRPP) can be calculated from
(3.22):

Pyrpp = %(Rsid—MRPP + Rsig_mrpp + WePelq—mrrp + (Ld - Lq)wid—MRPPiq—MRPP) (3-22)
hence,

_ (La—Lg) we 2pe

ig—mrpp(We ) = 4R2—(Lg—Lq)? w2 (3.23)
, —2R5 we Pe
ig-mrpp(We ) = TR —(La—Lg)? @y (3.24)

The MRPP torques are computed separately to determine an MRPP torque

based on motor speed (3.25).

3kpp2p We
8Rg (we +kp)?(we —kp)?

Te-mrpp(w, ) = (3.25)

2Rg

where, k;, = - (3.26)

d_Lq

3.2.1.2 Sensorless Control Design
Accurate rotor position and speed data are necessary to properly apply the
PMSM control technology. However, due to issues with temperature, signal

noise, and space limitations, sensors are not suitable for industrial applications

73



Chapter Three: Methodology

when used to determine the position and speed of the rotor. For PMSM based
on previous control approaches, this study creatively obtains the rotor position
and speed data by applying the SMO. PMSM can be controlled sensorless,
which has various benefits over traditional methods that depend on
mechanical sensors such as encoders or resolvers.

Sensorless control offers a more reliable, robust, and inexpensive PMSM
solution for various applications.

The SMO design uses the stationary af§ coordinates. It is the transformation
matrix of dg-current (iz4) to o.— B current (iyp).

o] =[simer “cose % @27
where, 8, shows the electrical angle of the rotor. In the d-q frame, the PMSM
equations are presented in chapter two. The electromotive force equation's
definition is given (3.28):

{ea = —®f w, sinb, (3.28)
eg = P w, cos b, '

The stator current response is faster than the rotation speed because of the

relatively low electric time constant. e, & eg are sinusoidal waves. Assuming
"o = 0 in cycle control time, the (3.28) may be written as

{ ed=—wee/;

6 = wo g (3.29)

Equation (3.28) demonstrates that the back-EMF ea and ef are sinusoidal
waves and offer information about the rotor's position and speed for the rotor
position and velocity to be determined using the estimated back-EMF. The

SMO was constructed in the way given in (3.30).

disg 1 1 k k1
=—-Rs, +-e, ——z, ——sat(s
dt L 0l+L a L [04 L (CZ)
disg 1 1 k k1
= —=-Rs -ep ——Zp — —sat(s
dt LRSptoep—TZp— 7 (sp)

(3.30)
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LA . N : @
where Sqg =1lg — g, SB = lﬁ - lB, Zg = klsat(sa) X s+(f)c’

zp = kysat(sp) X :—;C the feedback coefficient is denoted by k, The sliding

model coefficient is denoted by k1>0, w, shows the one-order cut-off
frequency of the low-pass filter SMO reaches the slide model surface in a
finite amount of time if the condition of equality is satisfied. The predicted
value of the electromotive force can be computed as

{e% = kz, + klsat(sy) (3.31)
eg = kzg + klsat(sp)
The PMSM rotor position and the electromotive force's phase are related. The
arc-tangent function of electromotive force is a commonly employed method
for determining the actual location of the rotor. However, this strategy has
shortcomings, such as low resilience, low resistance to disturbance, and
inability to adapt to changing circumstances. Chattering is another severe
consequence of parameter variation.
3.2.2 Enhanced Field-Oriented Control

For PMSM, FOC is a popular control technique. With FOC, the electric
motors' speed and torque can be independently, accurately, and smoothly
controlled. For the FOC algorithm to work, the position of the motor's rotor
must be known. FOC consists of two loops. The Controller Algorithm
subsystem includes all three P1 controllers. The outer loop is an adaptive PID
controller that regulates the motor's speed. The two inner-loop PI controllers
control the currents on the dg-axes independently. The outer loop PI controller

sends a direct signal to the dg-axis to regulate torque [125].

75



Chapter Three: Methodology

Benefits of using adaptive PID for speed controller:

a) Compared to traditional PID, this method responds more quickly and has
fewer steady-state speed errors.

b) Maintains optimal performance even in the face of load delays and
parameter changes. Fig.3.5&3.6 shows the proposed adaptive PID control

system structure.

.01 | =$|—> 1/s
»{ 1/
(=2

» Au/At

~>l<J—» 1/s 4\_"—1 i

[o]

Fig.3.5:Proposed Adaptive PID Control System's Structure.
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Fig.3.6:Speed Adaptive PID Control's System Structure.
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3.2.3 Sliding Mode Control
The SMC surface controller offers several advantages, making it a

popular control system choice [105].

1) Ability to handle nonlinear systems, as it does not rely on accurate system
modeling. It can effectively handle systems with complex dynamics,
nonlinearity, and uncertainty. That makes it a suitable choice for applications
where the system characteristics may change or are difficult to model
accurately.

2) Additionally, the SMC surface controller offers fast response and high
accuracy in tracking the desired trajectory. The control law minimizes the
error between the system states and the sliding surface. That leads to quick
convergence and accurate tracking of the desired setpoint or trajectory. The
fast response time makes the SMC surface controller suitable for applications
that require dynamic and precise control, such as robotics, aerospace, and

motion control systems[126].

Proper design and implementation techniques, such as boundary layer or

reaching law techniques, are often employed to mitigate chattering effects.
s(t) =Ce(t) +e’(t) (3.32)
s'(t) =Ce"(t) +e™(t) (3.33)

where e(t)=y"—vy the error function and the sliding function are. It is

demonstrated that the sliding surface results from tracking error, the
discrepancy between the reference output and the actual output. C > 0 is a

performance parameter that ensures the system's stability on a sliding surface.
Both the sliding function s(t) and its derivative S°(t) over the sliding surface

are zero. The SMC's control signal law u(t) consists of two components, an
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equivalent control signal U, (t) and a switching control signal ug,(t) , both

of which are determined by the (3.34) and (3.35) :

() = Ugy (1) + Uy, (1) (3.34)
U, (t) = ksgn(s) (3.35)
where
+1 st >
sgn(s(t))=<0 , if s(t)=0 (3.36)
-1, if s(t)<0

sgn(s(t)) Is the signum function, where Kk is an optimistic design parameter

that is quite large to suppress system uncertainties and unanticipated

dynamics. While s(t) it is zero, the u,(t) signal moves the system's states

to the sliding surface. The switching control signal is terminated upon
reaching the sliding surface. Although the comparable control signal is
continuous, the switching control signal is discontinuous due to the situation.
The motion described in (3.37) :

(T, = ]% + Bw, + T; ) can be rewritten as follows:
dw
J—F=ku—-Bw, —T, (3.37)
dt
The sliding surface can be expressed as follows in terms of error:
s(w)=Ce—-e¢’ (3.38)

Where the tracking error is equal to:
e(t)=w; —w, Assume the s(w")=0, and we have:
S(W')ze:W;*—wr':W;*—%u+?w+%T, =0 (3.39)

According to observer torque, the equivalent control is modelled as follows:
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Ueq = %(Jw;* +Bw+T,) (3.40)

Additionally, the sliding surface signal affects the switching control, which is
stated as follows:

u,, =ksgn(s) (3.41)
Finally, the actual control (output) is

U=Uy, +Ug, (3.42)
The actual control equation that depends on simulation has the following final
form (3.41 and 3.42) are substituted into (3.43):

u= ki(Jw;* +Bw+T,) + ksgn(s) (3.43)

t
Equation (3.40) depicts regulating the BLDC motor's output speed to achieve

the desired speed under different conditions, as shown in Fig.3.7.

PD—F Au/At
> +

U=Ueq+Usw
» B +
Wref
| —
Sliding ‘ >
Surface *

A 4
+

T 1

<
<

T0°0

Wout

Scope

Fig.3.7: Structure of Load Torque Observer-based SMC.
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3.3 Multi-Level Inverters in Power Electronics

High-performance motor control systems have recently been in demand
across many sectors. Developing reliable and efficient power electronic
converters is crucial to meeting this requirement. A highly effective method
for controlling motors is the three-phase multi-level diode-clamped inverter.
Reduced harmonics at the output, bidirectional power transfer capability, and
improved reliability are among the benefits of this type of inverter. Because
of their cost and flexibility, these inverters have found extensive use in
applications such as EV chargers, solar systems, FC systems, and
uninterruptible power supply. PMSM and BLDC motors are two particular
applications where the three-phase multi-level diode-clamped inverter
performs exceptionally well. MLI for PMSM in HEVs have the following
advantages:

1) MLI reduces switching losses and increases total system efficiency by
enabling a higher voltage resolution.

2) The output voltage waveform of MLI has less harmonic distortion, which
makes the motor run more smoothly and puts less stress on the motor
windings.

3) MLI controls the motor's output torque, enabling more accurate and
effective operation.

4) MLI contributes to the seamless operation of the vehicle's other electrical
components by reducing electromagnetic interference.

5) The motor and other electrical systems in the HEV receive a steady and
dependable power supply via MLI, which produces a high-quality output

voltage waveform.
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6) MLI enhanced control and decreased harmonic distortion, which could

lead to the PMSM's longer lifespan.

3.3.1 Three Phase Five Levels Diode-Clamped Inverter

A three-phase, five-level diode-clamped inverter is critical in controlling and
operating PMSMs and BLDCs. It enables smooth and efficient power
conversion, allowing for precise motor speed and torque control. This thesis
will provide a three-phase, five-level diode-clamped inverter and its
applications in PMSM and BLDC. Additionally, this chapter will explore the
design considerations and optimization techniques for implementing the
three-phase, five-level diode-clamped inverter in HEV applications [127].

m (No of level) =5, active switches Mosfet =6(m-1)=24,
capacitors=(m-1)=4, each capacitor has the same voltage Em, which is given
by Em= Vdc/m-1, Fig.3.8 the circuit architecture for the 5-level inverter.
Operation of Five-Level Diode Clamped ML :

From Table 3.1:

e Turn on all upper-half switches for an output voltage level of Vo = Vdc/2.
e Turn on three upper-half switches and one lower-half switch for an output
voltage level of Vo = Vdc/4. Turn on two upper-half and two lower-half
switches for an output voltage level of Vo = 0.

e Turn on one upper-half switch and three lower-half switches for an output
voltage of Vo = -Vdc/4.

e The upper-half switches are off for a level of output voltage. Vo = -Vdc/2
turns off all switches on the lower and upper halves.

e The desired output voltage is (72V) and the frequency is (50HZ).
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Table 3.1: Phase ""A™ of the 5-Level Diode Clamped Inverter: Switching States.

S1, | S24 [S3,| S44 |S1, | S2, | S3, | S4, Vph
1 1 1 1 0 0O, 01O Ve /2
0 1 1 1 0 0 Vac/4
0 0 1 1 1 1 0] O 0
0 0 0 1 1 1 110 - Vuc/4
0 0 0 0 1 1 1 1 - Vue/2
Phase'A Phasa B’ Phase T
Dat
Sa et

&l

Dbt 4
s

Sa2

Phase

Db1*

=c2

by’

=Ct’

jlkm.

Fig.3.8: Circuit Architecture for a Three-Phase Inverter Including Five Levels of
Diode Clamping.
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e S1 and S8 are directly clamped to the DC link capacitor depending on the
stray inductance. Switches that are indirectly clamped encounter blocking
voltages that exceed the nominal value, VVdc/(m-1).

e Reverse-blocking values vary for clamping diodes.

e D1 must block the voltages of three capacitors, D2 must block the voltages
of two capacitors, and D3 must block the voltage of one capacitor.

e The voltage levels at the capacitor's terminals and the supply current
fluctuate.

e Each capacitor has a varied discharge period, which causes unequal
capacitor voltages between levels.

e Batteries or sources of controlled, steady DC voltage can help prevent

voltage imbalance.

3.3.2 Three Phase Seven Levels Diode-Clamped Inverter

An advanced and effective technology that has drawn much interest in
electrical engineering is the three-phase, seven-level PMSM. EV, renewable
energy systems, and industrial automation are just a few of the industrial
applications that this system's enhanced performance and control make it
suitable.

Because of the seven-level inverter's unigue design, the PMSM motor can be
tightly controlled, reducing harmonics torque ripple and improving efficiency.
As a result, this technology is becoming increasingly common in modern
power systems. This publication will address the concepts, design
considerations, and advantages of the three-phase seven-level PMSM motor.
It will be beneficial for engineers and researchers who are investigating

electrical devices and power electronics.
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Operation of Five-Level Diode Clamped MLI [128]:

m (No of level) =7, active switches Mosfet =6(m-1)=36,
capacitors=(m-1)=6, each capacitor has the same voltage Em, which ey =
Vdc/m-1 gives, diodes =3(m-1)(m-2)=90, Fig. (2.6) or divided by tow = 45,
Fig.3.9.

o Like the five-level case, all switches are turned on, connecting the total DC
voltage (Vdc) to the output for a positive voltage of half the DC voltage
(+Vvdc/2).

e All cases in Table 3.2 have the same idea of a 5-level inverter.

Table 3.2: Switching States for Phase ‘A’ of 7-Level Diode Clamped Inverter
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Fig.3.9:Seven Levels Diode Clamping Three-Phase Inverter Circuit Topology.
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3.4 Maximum Power Point Tracking Controllers

3.4.1 Perturbation and Observation Controller

Because of its simplicity of implementation, specifically, the P&O
algorithm is the one that is utilized in practice the most. As the names indicate,
It is dependent on the disturbance of the system caused by a rise or reduction
in Vref, which directly affects the duty cycle of the DC-DC converter, then
monitoring the effects on the panel's output power. As power increases, the
duty cycle also changes in the same direction. It is approaching the MPPT.
Therefore, If there is a power failure, it goes away from the MPP. The duty
cycle variation must then be reversed in a direction [129]. Fig.3.10 shows the
P&O flowchart.

Measure duty cycle ()

!

By = Vpu X Ly

Measure P,

Snew

=36 —AS

5new

=46+ A8

< Return >

Fig.3.10: Observation and Perturbation of the Flowchart Algorithm.
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3.4.2 Enhanced Particle Swarm Optimization

Enhanced Practical Swarm Optimization (EPSO) is a widely used
technique for MPP for PV. By constantly tracking the panel's MPPT under
various environmental variables, such as temperature and sunlight intensity,
this method is intended to maximize the performance of PV. It dynamically
modifies the PV panel's operating characteristics, like voltage and current.
This algorithm uses a swarm of particles to identify the best solution, each
representing a possible solution. Iteratively, the particles' positions are
updated based on how well they suit the problem. It has been shown that using
EPSO in PV panel MPPT increases the speed and accuracy of the MPP search.

Furthermore, this method has improved the PV system's efficiency,
mainly when partial shadowing occurs [130]. The social behavior of animals,
including birds, herds, insects, and fish, served as the model for the EPSO
algorithm, a metaheuristic optimization technique that Eberhart and Kennedy
first presented. To develop a PSO method for resolving any optimization
problem, a few concepts must be considered for each particle in the population
or particle i. These concepts concern the search space characteristics of

algorithms, which fit into the following categories. V® and X ®are current
velocity and current position, respectively; PB(?is the vector's best location at
this time. PB(t)is global best position. As each program iteration progresses,

each particle aims to increase in position and velocity, as demonstrated

mathematically below.
t+1) _ v, (@® ®
X; =V + X (3.44)
Vi(Hl) = {IC X Vi(t)} + {cl X rand X (PB(? - Xi(t))} + {c; X rand x (Gét) - Xi(t))(3.45)

IC = IC,,,, — Lmax~ICmin) o (3.46)

max
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i=1,2,3,....., Nop (3.47)

where, VE+D and X+ are, respectively, the position and velocity of the ith
particle (¢t + 1)th iteration; IC, IC,,;,, and IC,,,, are the minimum and
maximum values of the inertia coefficient, respectively.; c;and c, are
cognitive factors and social learning factors (positive constant), respectively.
T and T,,,, are the current iteration and the previous iteration, respectively.
; Nop indicates the population's size, rand is the arbitrary value in the range
[0-1]. Remember that random numbers are required for the algorithm's
performance to be somewhat unpredictable. That is because any heuristic
algorithm starts with a randomly generated initial population. It uses a
collection of formulations that vary from algorithm to algorithm based on their
intrinsic qualities to progress and converge to a global or nearly global optimal
answer. The main benefits of the randomization in the suggested technique
are thus the expectation and variance that enable the proposed algorithm to
explore and exploit more efficiently. EPSO aims to enhance PSO's ability to
handle high-dimensional challenge instances and optimization issues. By
reducing the time and effort needed to locate the best answers for complicated
situations, EPSO helps to increase search efficiency.

0<C+C <41 +W) (3.48)

o<W<1 (3.49)
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3.4.3 Artificial Neural Networks

Photovoltaic systems are a critical renewable energy technology, but
their efficiency relies heavily on operating at the MPP. Traditional MPPT
control methods can struggle with constantly changing environmental
conditions. This thesis explores how Acrtificial Neural Networks (ANNSs) offer
a promising alternative to MPPT control in PV systems. Fig.3.11 shows the

MPPT control that operates on the photovoltaic system.

+

> DC/IDC —»
Vout

PV -Panel System

Irradiance > G

hasasa 4 Converter

Tempreature |

4

—>
— > ANN-MPPT PWM

Fig.3.11: ANN - MPPT System Block Diagram.

ANNSs are inspired by the structure and function of the human brain. They can
learn complex relationships from data, making them well-suited for handling
the non-linear characteristics of PV systems. This thesis describes the
implementation of an ANN-based MPPT controller for a PV system. The
network takes temperature and radiation as inputs and determines the optimal
duty cycle for the converter to maximize power output. The thesis also details
the training process using the Levenberg-Marquardt algorithm and the chosen
network architecture. Finally, it acknowledges the potential for further

network structure optimization for even better performance.
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3.4.4 Incremental Conductance Controller

The operating point for the highest power point can be found with
Instantaneous conductance (1/V) and incremental conductance (dl/dV). Thus,
to follow the MPP, one can compare the incremental conductance (di/dV) and
the instantaneous conductance (I/V). The duty cycle will increase if the
instantaneous conductance exceeds the opposite of the incremental
conductance. Assuming this does not occur, the duty cycle will be decreased.
The block's subsystem used the input voltage and current of the PV module to
calculate the value of variations in the conduction angle. Fig.3.13 displays the
INC flowchart [131].

dP_d(VI)_IdV
av ~  av  av

MPP is reached when (Z—s =0)

dl dl
V=14V (3.50)

PR [N S |
0=1+Vo =><=—c (3.51)

The MPP is achieved when incremental conductance is equal to the negative

. I
of instantaneous conductance ( — " )
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Fig.3.13: Incremental Conductance Flowchart Algorithm.
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3.5 Energy Management System-based FOPID Controller

HESS is becoming increasingly crucial for integrating renewable energy
sources like solar and wind into the power grid. An EMS plays a vital role in
optimizing the performance of a HESS. The EMS determines the power flow
between the different components, ensuring efficient energy utilization and
extending the lifespan of the storage devices. These systems combine different
storage technologies, such as batteries and SCs, to address the intermittent
nature of renewables and improve overall grid stability.

When implemented in the EMS, the fractional-order PID (FOPID) allows for
more precise control and regulation of the energy flow between the different
components of the HESS. The controller considers the system's fractional
order dynamics, which can be more accurate in describing its behavior than
traditional integer-order PID controllers. Incorporating a FOPID controller
into the EMS of an HEV leads to potential benefits such as:

1. Improved tracking of reference power signals

2. Reduced settling time

3. Enhanced robustness to system disturbances

4. Mitigating power fluctuations from renewable sources

The system maximizes energy economy and improves overall system
performance by utilizing intelligent energy flow balancing and keeping the
battery and SCs within their specified SoC ranges. Fig.3.14 shows the
proposed EMS for HESS.
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Fig.3.14: Proposed Energy Management System of Hybrid Energy Storage
System-based FOPID Controller.

Each energy storage device in this design contains a bidirectional DC-DC
converter to measure and compare system frequencies, hence improving the
controllability and resilience of charge/discharge processes. Higher prices are
a drawback, but overall savings should outweigh this. The battery can be
charged while the supercapacitor is discharged thanks to separate bidirectional
DC-DC converters. The controller detects three frequencies related to the grid:
minimum permissible frequency (Fmin), maximum acceptable frequency
(Fmax), and measured frequency (Fmea). Assume the reference frequency
Is 60Hz, 59Hz, and 61Hz for Fief, respectively. When the logic conditions
are satisfied, the reference signal and the error signal generated by the FOPID
block's comparator are routed. The switches are adjusted to carry out the
intended charge/discharge operations [26]. FOPID controller's generalized

transfer function is provided in (3.52):
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C(s) = ZES; Kp + 55+ KpS*,and (4,1 = 0) (3.52)

where, C(s) is the output of the controller, U(s) is the signal due to control,
E(s) is the signal of error , Kp is the gain of proportional constant, K; is the
gain of integration constant.

The transfer function of the PID controller is given in (3.53):

C(s)
E(s)

where the system's input is represented by E(s), and its output is denoted by

C(s).

=K, +K;~ +de (3.53)

K, K;, K, 1s the proportional-integral-derivative gain.
The complete block diagram of our proposed system can be summarized in
Fig.3.15.
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Fig.3.15: Proposed Hybrid Electric Vehicle System.
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3.6 Path Tracking Control for Electric Vehicle

Adaptive model predictive control (AMPC) Analyzing the essential parts
and workings of AHEV control for path tracking is crucial to understanding
this technology. To optimize the vehicle's path tracking based on the present
driving conditions, AMPC combines predictive modeling with real-time data
from vehicle sensors. Investigating the principal elements and workings of
AMPC is crucial to fully understand this technology's path-tracking
advantages in AHEVs. To optimize the vehicle's path tracking based on the
present driving conditions, AMPC combines predictive modelling with real-
time data from vehicle sensors. Fig.3.16 shows the model of vehicle
dynamics.

Path tracking is a procedure that depends entirely on the mathematical model
of the vehicle (plant) because it is essential when designing the AMPC
controller. A 4-wheel vehicle model was used to perform the path-tracking
process using MPC, where the dynamics of Inclination and roll were
neglected in the Vehicle model because there was no significant impact that
might hinder the path-tracking process. The definition of the vehicle model is

written in Table.3.3 below [132].
Y

- Leftlane

v @ - Lanecenterdine

82_’__—- -

~~.Relative yaw angle
e &

“ Right lane

Lateral deviation ~ \

R = Previewed lane curvature
X

Fig.3.16 : Model of Vehicle Dynamics [133].
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Table 3.3: Symbol and Explanation of Vehicle Model.

Symbol Explanation
V. Longitudinal velocity
4 Lateral velocity
(X,Y) Vehicle location globally
Y Yaw angle
) Frontal steering angle
Yier References lateral position
Yrer References yaw angle
The discrete state-space equation for the AHEV given by [133]:
X(k+1) = A X(k) + Bu(k) (3.54)
y(k) = Cpx(k) (3.55)

Ak, Bk, and Ck represent the state, control, and output matrices.

The lateral dynamics for the plant [134] :

. —2Cqf+2Cqr . ZCaf{’f ZCarfr 2Cqf
d y [ mVy 0 Ve = ] [ m ]
Lyl =1 0 0 1 llW]|+] 0 |[& (3.56)
dt y l—szcaf—zfrcar 0 2{’f Caf+2{’r Car J 11[) [ trCa J
1,Vy 1,Vy
The global Y is the position for the vehicle:
Y =V¥+V, (3.57)

where,V, is the longitudinal speed at the gravitational center; m represents the

vehicle's total mass; I, is the vehicle's yaw moment of inertia ;I is the

longitudinal distance between the front tires and the center of gravity; I, is the
longitudinal distance between the rear tires and the center of gravity;C, Tire
cornering stiffness;§ is the front steering angle; Y Lateral position; W It is
called the Yaw angle.

3.6.1 Adaptive Model Predictive Control

Path tracking is dealt with in this part using a simple controller method called

linear model predictive control, which is more effective than non-linear model
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predictive control [135]. MPC finds the key to At each control interval, a
guadratic program (QP) optimization issue is given. The correct response is
to define the manipulated variables (MVs) employed in the plant until the
subsequent control interval. The following characteristics apply to this QP
Issue:(1) A scalar, a nonnegative measure of controller performance that must
be minimized, is the objective, or "cost,” function. (2) MVs' physical bounds
and plant output variables are a few examples of constraints that the solution
must abide by (3) The chosen course of action is the MV change that meets
the requirements and minimizes the cost function (J).
3.6.2 Standard Cost Function

The AMPC works to minimize the error between references and the
planned output as small as possible to ensure the angle of a steering wheel
keeps the vehicle's position within the allowed ranges, referred to as
constraints [136],[137]. The sum of four terms makes up the typical cost
function. Each focuses on a particular component of controller performance
as follows:

J(zk) = Jy(zk) + Ju(zk) + JAu(zk) + Je(zk) (3.58)
where z is the QP determination. The MPC controller comes with default
weights, but you will typically need to change them to adapt the controller to
the application.

3.6.3 Reference Tracking for Output

For most applications, the controller must maintain specific plant
outputs at or near predetermined reference values. An AMPC controller
utilizes the following scalar performance metric for output reference tracking.
By default, MPC updates its controller states, including the plant model states,
using a static Kalman filter (KF). Two gain matrices, L and M, are needed for
this KF. By default, the MPC controller computes these at initialization.
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They are dependent on the predictions made about the random noise signals
that power the noise and disturbance models, as well as the characteristics of
the plant, disturbance, and noise models.

Adaptive MPC maintains coherence with the updated plant model by
using a Kalman filter and adjusting the gains, L and M, at each control

interval. A linear-time-varying Kalman filter (LTVKEF) is the outcome [138]:

Ly = (AgPrik—1Cmx + N)(Con i Prj—1Crmpe + R) ™ (3.59)
My, = Pyjie—1Co i (Con i Prjie—1Com e + R) 77 (3.60)
Presjie = ArPrik—14% — (AkPrjie—1Cip + N)LY + Q (3.61)

In this case, the constant covariance matrices Q, R, and N are defined as in
the MPC state estimation. The state-space parameter matrices A, and C,, j
represent the controller state as an entire thing; they are defined similarly to
traditional MPC but with the plant model's effects updated to time k. Based
on information available at time k-1, the state-estimated error covariance
matrix at time k is represented by the Py ,_, value. Lastly, the modified KF
gain matrices are L, and M;. The static KF solution, P4, is the initial
condition by default before any model modifications.

The model parameters and the assumptions that result in the constant Q, R,
and N matrices determine the KF gain and the state error covariance matrix.
The formulas for L, and M, converge to the corresponding static KF solution
used in conventional MPC if the plant model is constant.

The KF formulation of classical MPC, as detailed in Controller State
Estimation, is the same as the equations for the controller state evolution at
time k, in addition to the state space matrices and estimator gains updated to
time k.

The cost function (j) for the optimizer is given by ;
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j=YP  weer +i%+ X0 wa Awk + i? (3.62)

where p is the left side of the equation, indicates the sum of the predicted
errors, and the right side indicates the sum of the steering wheel angle.

To find the optimal balance for Time sampling (T;) from the given in (3.63):

T, T,
w=Ts=1; (3.63)
where is; the (T;.) is the rise time of the controller.
The torque ripple can be computed by (3.64):
Tripple = Trmax — Tmin/ Tavg (3.64)
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Chapter Four: Simulation Results and Discussion

4.1 Introduction

As explained in chapter three, the current chapter will investigate the
system's performance. The results will be based on comparing motor speed
controllers(sliding model control, Backstepping, and enhanced field-oriented
control). The comparison will depend on three scenarios. The first
scenario(Scl) will involve a constant reference torque and a variable reference
speed. In the second scenario(Sc2), the reference torque will be varied while
the reference speed is constant. The third scenario(Sc3) will depend on the
suggested vehicle structure to obtain the reference speed and load torque
profile that depends on the accelerator. Fig.4.1 shows the reference scenarios
in this study. This chapter will compare PMSM and BLDC motors based on
several previous scenarios to determine the best options.

The dynamic performance of the multi-level Inverters (two levels, five levels,
and seven levels) will be presented in this chapter, depending on a comparison
between the different MLIs.

The MPPTs optimization methods will presented based on a comparison
depending on several scenarios of irradiance (1000 W/m? , 400 W/m?,1000
— 400 W/m? , global irradiance) select the high-performance MPPT for the
HESS in the proposed system.

This chapter will analyze the performance of the Boost and Super_lift luo
converters in HESS and determine which converter is best for the system
based on global irradiance.

The high-performance techniques for the adaptive hybrid vehicle will be

chosen after completing all prior comparisons.
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The enhanced speed control methods of the electric motor will be integrated

with the chosen system to get intelligent control.

This chapter will present and analyze the energy management system and

adaptive MPC performance with the proposed system.

This part presents the simulation results using Matlab/Simulink to illustrate

and validate the system's operation and the developed control method. The

sample time used in this model is 5ps.
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Fig.4.1: Reference Torque and Speed Profile (a) First Scenario,(b) Second

Scenario,(c) Third Scenario.
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4.2 Best Selection of Electric Motor for Present Work

In the field of electric motors, two notable competitors are PMSM and
BLDC. Both perform well in different situations, but choosing one can be
crucial. The analysis delves into the key factors that differentiate these motors,
focusing on speed and torque ripple, starting current, compatibility with
HESS, tracking speed and torque accuracy, and finally, total harmonic
distortion (THD). It will be well-equipped to choose the motor that best meets

its needs if these factors are understood.

4.2.1 First Scenario Results

Fig.4.2(a) represents the performance of both motors in speed tracking. By
observing the figure, the PMSM generally provides more stable superior
variable speed tracking capabilities and less fluctuating than BLDC. The
reason is that BLDC has a trapezoidal back EMF, which results in uneven
torque production throughout the rotation. It is unevenness, known as torque
ripple, can cause fluctuations in speed as the motor attempts to maintain a
desired setpoint. In contrast, PMSMs boast a sinusoidal back EMF. It
translates to a smoother and more consistent flow of torque, minimizing these
disruptive fluctuations and enabling the motor to track speed changes more
precisely. Fig.4.2(b) shows that the PMSM has smoother output constant
torque and fewer fluctuations than BLDC. The reasons of that are the inherent
sinusoidal nature of PMSMs leads to smoother torque production, minimizing
fluctuations and enabling better constant torque output at variable speeds, and
simpler PMSM control schemes allow for faster and more precise
adjustments, ensuring the motor maintains the desired torque even during

speed changes.
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On the other hand, the BLDC has trapezoidal back EMF, which means the
voltage induced in the motor windings as they rotate is not constant
throughout the rotation cycle. This results in fluctuations in torque production,
leading to jerkiness and inconsistencies in maintaining a continuous torque
output at varying speeds. These factors make PMSMs the preferred choice for
applications requiring smooth and highly accurate constant torque control at
variable speeds, such as industrial robots, electric vehicles, and precision
control machinery. The fluctuations due to no motor are perfect.
Manufacturing tolerances and imperfections in materials can lead to slight
variations in magnetic field strength and back EMF. These variations can
cause minor torgue ripples even in PMSMs. BLDCs are generally more
susceptible to these imperfections due to their reliance on discrete permanent
magnets and stator windings. Fig.4.2(c) shows that the BLDC has a higher
starting current than PMSM because BLDC motors depend on the interaction
of a solid initial magnetic field between the stator windings and rotor magnets
to start rotation. A high current must be supplied to the windings during start-
up to generate this strong field quickly. The high current translates to a surge
in the starting current for the BLDC motor. PMSMSs, on the other hand, benefit
from the inherent alignment between the rotor magnets and the generated
magnetic field in the stator. That alignment creates a more natural starting
torque, requiring less initial current to overcome inertia and begin rotation.
The gain parameters of the backstepping controller for the first scenario are
(k1=675.9,k2=414.9,k3=2000).

Max IdC—BLDC = 10.2 A, Max IdC—PMSM = 9.85 A
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BLDC and PMSM torque ripple calculations can be complex and involve
specialized software or engineering expertise. Advanced control techniques
can be employed in both motors to minimize torque ripple. These techniques
involve current control strategies, sensor feedback, and advanced control
algorithms. Torque ripple is defined as the ratio of the peak-to-peak value of
torque to its average value.
Tripple—BLDC = 35%, Tripple—PMSM = 2.5%
As seen above, the PMSM has a lower torque ripple than BLDC.
4.2.2 Second Scenario Results

The results of the two motors are displayed in Fig. 4.3, assuming that the
second scenario will occur. It is clear from Fig. 4.3(a) that a change in torque
immediately affects speed, and after that, the controller attempts to move it
back into position. It is observed that overshot and ripple are more with the
BLDC. From Fig 4.3(b), It is evident that both motors respond similarly to
output torque tracking; however, the BLDC has a significant torque ripple
when the torque reaches 60 N.m. The gain parameters of the backstepping
controller for the first scenario are (k1=668,k2=320,k3=3000).
Torque ripple calculation: Ty;ppe—proc = 5-6%, Trippie—pmsmu = 0.7%

BLDC torque ripple is caused mainly by its trapezoidal back EMF waveform.
The rotor magnets' synchronization with the stator windings causes the
BLDC's back EMF to have sharp transitions, in contrast to the smooth,
sinusoidal back EMF of PMSMs. The ripple effect is caused by variations in
the motor's torque output due to sudden shifts in back EMF. Fig.4.3 (c) shows
the DC response of both motors. The reason is that BLDC motors require a
strong initial magnetic field interaction between the rotor magnets and stator

windings to initiate rotation. A high current must be supplied to the windings
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during start-up to generate this strong field quickly. This translates to a surge
in starting current for the BLDC motor.

Max IdC—BLDC = 7.2A, Max IdC—PMSM = 5.4’ A.
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4.2.3  Third Scenario Results

The results of the two motors for the third scenario are displayed in Fig.4.4
(a&Db), which show the output speed and torque response.
In a variable speed and variable torque scenario, PMSMs offer superior
performance due to their inherent characteristics and control advantages. The
sinusoidal back EMF, simpler control schemes, and sensorless control options
all contribute to their ability to track speed changes more precisely with
minimal fluctuations and overshoot. While BLDC control techniques are
constantly evolving, these inherent advantages solidify PMSMs as the
preferred choice for applications demanding high precision control in variable
speed and torque conditions. These advantages solidify PMSMs as the
preferred choice for applications demanding high precision control in variable
speed and torque environments, such as robotics, electric vehicles, and
industrial automation. The gain parameters of the backstepping controller for
the first scenario are (k1=668,k2=320,k3=1100).
Torque ripple: According to eq (3.64).
Trippte-Bipc = 16.5%, Trippre-pmsm = 1%
Fig.4.4(c) illustrates that the BLDC motor has a more significant DC-current

than the PMSM in the variable speed and torque scenario.
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Table 4.1 shows that PMSM and BLDC depend on the HEV system results.
Table 4.1 Comparison between PMSM and BLDC under Different Scenarios.

Feature PMSM BLDC

Torque Production | Smoother, sinusoidal back EMF Uneven, trapezoidal back EMF (torque

ripple)
Simpler, directly aligns with back | More complex, needs to compensate for
Control Scheme EME back EME
Sensorless Control Possible estlmEEstased on back It is not ideal; it relies on physical sensors
Speed & Torque . . .
Tracking More precise, faster response Less precise, potential delays

Less fluctuation due to smoother

Fluctuations
torque

More fluctuations due to torque ripple

Overshoot Minimized due to faster response [This can occur during speed/torque changes
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4.3 Speed Controllers Comparisons

The chosen speed controller heavily influences the performance of a
PMSM. This comparison dives into three prevalent control techniques: SMC,
Backstepping Control, and EFOC. It will analyze their strengths and
weaknesses, but it is crucial to recognize that the optimal choice hinges on the
specific application's speed and torque profile. Here is why understanding the

scenario matters:

a) The application prioritizes rapid acceleration, high constant speed, and
precise torque control during operation. The desired dynamics will influence
which controller offers the best trade-off between performance and

complexity.

b) The evaluation will focus on critical parameters like output torque,
tracking torque errors, tracking speed (ability to maintain reference speed),
tracking speed error, and their impact on the system's power dynamics,

including photovoltaic power input, DC bus voltage (V,.), and direct current
(Idc)-
4.3.1 Traditional Power Electronic Inverter

4.3.1.1 First Scenario Results

Fig.4.5 compares speed controller results depending on variable speeds and
constant torque. After zooming the peak output speed response in Fig. 4.5(a),
the backstepping control responds more accurately in variable speed scenarios
than the other controller. Backstepping control employs a systematic process
in which every action builds on the one before. The controller can better
maintain the intended speed reference by adjusting its output and explicitly

considering the speed variations. It allows control law to incorporate variable
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speed dynamics of variable speed directly. By explicitly considering the speed
variations, the controller can adjust its output more effectively to maintain the
desired speed reference. Fig 4.5(b) shows the controller's constant torque
response. All controllers have the same reaction with less distortion for the
backstepping control. The main reason is that Backstepping control's efficacy
depends on accurate controller tuning. Torque distortion can be considerably

reduced with carefully selected parameters.

Tripple—EFOC = 4.5%, Tripple—SMC = 2.5%, Tripple—Backstepping = 3.34%

[—EFoc
j—Backstcpping
500 + Speed-ref
sMC
= W
400
= ) |
D
& 300+ -
o
‘CD_; AANANN,
£-200 e MARAAARANS
3 — b
100 — \-
!.
0 d
3.5 4 45

\ Backstepping
MWIW w-mm
0
tlme(mln)
(b)

Fig.4.5: System Response for First Scenario (a) Output Speed,(b) Output Torque.
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Fig.4.6 shows the controllers' speed tracking error. Based on the previous
discussion, backstepping control generally offers the best speed-tracking error
due to performance among the three controllers (SMC, Backstepping, EFOC)
for PMSM. Error integration causes it to accumulate speed variations
gradually, and this data is used to modify the control signal, improving

tracking accuracy over time.
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Fig.4.6 : Speed Tracking Error (a) SMC,(b) Enhanced FOC,(c) Backstepping
Control.
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4.3.1.2 Second Scenario Results

Fig.4.7 shows the controllers response to constant speed and variable
torque. As seen in Fig.4.7(a), The backstepping control's fast response, low
distortion, and low fluctuations make it ideal for situations involving variable
torque and constant speed. Backstepping's flexibility and error-minimization
capabilities make it a strong option for these challenging circumstances, even
though correct tuning and other computational constraints require
consideration. Fig.4.7(b) shows that EFOC has more significant torque
vibrations in variable torque situations than backstepping control. Due to the
focus on torque control, EFOC prioritizes precise torque control. It may not
be as good at limiting torque ripple as Backstepping control, which focuses
on overall system stability and lowers errors, even if it can sometimes handle

speed variations.

Tri'pple—EFOC = 37%, Tripple—SMC = 5.84%, Tripple—Backste'p'ping = 3.55%.
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4.3.1.3 Third Scenario Results

Fig.4.8 shows the controller's response for the variable speed and torque
scenario. Based on our discussion, Backstepping control emerges as the
frontrunner for several critical aspects in controlling PMSMs, mainly when

dealing with variable speed and torque:
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a) Backstepping excels at tracking speed and torque references due to its
systematic design, error integration, and ability to handle uncertainties.

b) Focusing on stability and error minimization during design leads to
smoother operation and minimal distortion in the output.

c) Backstepping's ability to continuously learn and adjust for errors helps
reduce torque ripple, especially during rapid changes in torque demand.

d) Combining these factors allows Backstepping to achieve high accuracy in

tracking speed and torque references.
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Fig.4.8: System Response for the Third Scenario (a) Output Speed,(b) Output Torque.
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Here's Table 4.2 summarizing the key points:

Table 4.2 Simple Comparison between EFOC, Backstepping, and Slide Mode

Controllers.
Feature Backstepping Control SMC Enhanced FOC
Variable Speed Tracking Best Good Good
Torque Ripple Low Low High
Distortion Low Moderate High
Complexity High Moderate Low
Computational Resources High Low Low

Backstepping control is a strong option for HEV applications because of its
flexibility, improved tracking performance, and capacity to reduce torque
ripple. The possible advantages for overall performance, drivetrain efficiency,
and passenger comfort outweigh the implementation hurdles. Backstepping
control is an excellent option for HEVs that stress smooth operation and

accurate control.

4.3.2 Speed Controllers with Multi-Level Inverter

As PMSMs are highly controllable and efficient, they are widely used
in many applications. On the other hand, traditional two-level inverters have
the potential to produce significant harmonics, which raises motor losses and
torque ripple. Here, it will explore the relationship between the advantages of
employing a 7-level MLI in PMSM drives and the control strategy selection.
Best control approaches will be the main emphasis of this comparison:
« SMC
« Backstepping Control
It will examine how each controller makes the most of a seven-level MLI to

maximize PMSM drive performance.
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4.3.2.1 First Scenario Results

The reason for the removal of the EFOC method was that it was an outdated
approach with numerous issues.
Fig.4.9 shows the speed controllers with MLI in the first scenario’'s system
response.
Fig.4.9(a,b) presented that Backstepping control is beneficial for utilizing a 7-
level MLI in a PMSM drive since it can handle varying speeds, integrate
errors, and take advantage of the MLI's more precise voltage control. The
combination leads to superior speed-tracking performance and lower speed-
tracking errors than the SMC control technique.
As seen in Fig.4.9(c,d) below, backstepping control offers several advantages
that lead to lower torque ripple and a better torque response than SMC. The
reason is that backstepping can react to slight variations from the desired
constant torque reference more quickly due to its continual learning and error-
adjusting capability, which results in better overall torque flexibility,
particularly in quick situations.

Toque ripple calculations:

Tri'pple—SMC = 3.34%, Tripple—Backstepping = 0.62%
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4.3.2.2 Second and Third Scenario Results

Fig.4.10 shows the scenarios' speed response and tracking errors for the
second and third scenarios. Although both controllers can operate in situations
with varying speeds, backstepping control performs slightly better in speed
tracking, reduces errors in speed tracking, and shows less speed fluctuation.
That is because of its design philosophy, emphasis on error minimization, and
capacity to take advantage of the finer control offered by the 7-level inverter.
Backstepping control is recommended for applications requiring the most

accurate speed control.
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Fig.4.11 shows scenarios' torque-speed response and tracking error (2&3).
The best option for scenarios requiring accurate and responsive torque control
Is backstepping control. Particularly in changing torque scenarios, its design
philosophy, capacity to take advantage of the 7-level MLI's finer control, and
emphasis on error minimization help produce better torque tracking, fewer
torque tracking errors, and less torque ripple. Although both controllers can
operate, Backstepping control provides a significant advantage in scenarios 2
and 3.

As seen in Fig.4.11(b), the SMC has some overshoot in torque response in
Scenario 3 (variable speed and variable torque) for a PMSM drive using a 7-
level MLI due to reaching the switching boundary in SMC, the controller
rapidly switches between different control actions based on the system state.
In Scenario 3, with both speed and torque references changing, SMC might
reach the boundary conditions for switching more frequently. As a result, the
torque response may overshoot as the controller alternates between several
control actions, exceeding the target torque value before settling.

Torque ripple calculations

Sc2:

Tripple—SMC = 0.25%, Tripple—Backstepping = 0.12%
Sca:

Tripple—SMC = 1.333%, Tripple—Backstepping = 0.083%
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Fig.4.12 shows the THD of the output torque. Backstepping control offers a
significant advantage over SMC in achieving a lower THD for torque in a
PMSM drive, especially when combined with an MLI.
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Fig.4.12: THD of Output Torque (a) Backstepping Control,(b) Slide Mode

Control.

Fig.4.13 shows the total output speed distortion. Stability, error
minimization, fast response to errors, and utilizing the advantages of MLI are
all critical components of the design philosophy of backstepping control,
which helps achieve a much lower degree of distortions in the output speed

compared to SMC. It results in a more accurate and seamless regulation of the
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motor's speed. Although both controllers can work with MLIs, backstepping

control has a significant advantage in reducing speed distortions.
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Fig.4.14 shows the THD of output voltage from HESS. In a HESS
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application, backstepping control provides a notable benefit over SMC when
obtaining a lower THD for the DC-link voltage (Vdc). Reducing errors at all
levels of the control loop, including DC bus voltage regulation, is the top
priority for backstepping control. It reduces Vdc voltage distortion by giving
the power converter a smoother control signal. The objectives of a specific
application determine the best controller to select. Backstepping control is

better if accurate speed and torque control, small torque ripple, and quick
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response time are important considerations. On the other hand, SMC could be
a good choice if ease of use and cheap processing resource requirements are
the primary priorities, particularly in situations with less demanding torque

variations.
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Fig.4.14: THD of Output Voltage (a) Backstepping Control,
(b) Slide Mode Control.

Table 4.3 shows the general comparison between backstepping and SMC

In our proposed system.
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Table 4.3 Simple Comparison between Backstepping Control and SMC for PMSM

Driven by 7-Level Inverter.

First Scenario (Variable

Second Scenario

Third Scenario (Variable

Features Speed, Constant (Variable Torque, Speed & Variable
Torque) Constant Speed) Torque)
Backstepping: Backstepping: Superior Backstepping:
Speed Tracking Superior(98.5%) (99%) Superior(99.3%)
SMC: Good (90.4%) SMC: Good(92%) SMC: Good (92%)
Speed Tracking | Backstepping: Lower | Backstepping: Lower | Backstepping: Lower
Error SMC: Moderate SMC: Moderate SMC: Higher
Speed Backstepping: Lower | Backstepping: Lower | Backstepping: Lower
Fluctuations SMC: Moderate SMC: Moderate SMC: Higher
Backstepping: Superior |Backstepping: Superior Backstepping:
Torque Tracking (93.2%) (99.34%) Superior(98%)

SMC: Moderate (91%)

SMC: Good (84%)

SMC: Good (92%)

Torque Tracking
Error

Backstepping: Lower

Backstepping: Lower

Backstepping: Lower

SMC: Moderate

SMC: Moderate

SMC: Higher

Torque Ripple

Backstepping:
Lower(0.083%)

Backstepping: Lower

Backstepping: Lower

SMC: Higher(1.333%)

SMC: Higher

SMC: Highest

Overshoot in
Torque Response

Backstepping: Minimal

Backstepping: Minimal

Backstepping: Minimal

SMC: Potential for
Overshoot

SMC: Potential for
Overshoot

SMC: Likely Overshoot

Complexity

Backstepping: Higher
SMC: Moderate

Backstepping: Higher
SMC: Moderate

Backstepping: Higher
SMC: Moderate

Computational
Resources

Backstepping: Higher
SMC: Moderate

Backstepping: Higher
SMC: Moderate

Backstepping: Higher
SMC: Moderate

4.4 Comparison Results of Multi-Level Inverter

The comparative efficiency of 2-level, 5-level, and 7-level MLIs utilized

with backstepping control for PMSMs is examined in this section. The effect

of the voltage level, torque ripple, current harmonics, control design

complexity, torque tracking, and speed tracking will all be examined. The aim
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Is to offer a thorough grasp of the trade-offs related to choosing the best MLI

configuration for a particular PMSM application.

4.4.1 First Scenario Simulation Results

Fig.4.15(a) shows that 7-level- and 5-level inverters generally have better
variable speed tracking performance than a 2-level inverter. The MLI can
produce a closer approximation to a sinusoidal waveform—the ideal input for
the PMSM—due to their higher voltage accuracy, which comes with higher
voltage levels. The Results are smoother torque and better speed control by
lowering the quantization errors that happen with fewer levels.
As illustrated in Fig.4.15(b), a 7-level MLI provides the best tracking
performance with minimum torque fluctuation and ripple compared to 2-
level- and even 5-level inverters in constant torque scenarios. When
attempting to produce a smooth sine wave, 2-level inverters' limited ability to
flip between positive and negative voltage results in significant quantization
errors. While 5-level inverters are an improvement, 7-level inverters minimize

these problems with better control.

127



Chapter Four: Simulation Results and Discussion

—~ 500
g
= 400
o
& 300
(@R
D
5 200
o
S 100
@)
0 ' §
25 3
time(min)
(@)
‘ 3Level —5Level —7Level Ref-Torque
70

Te(N.m)

50

0.5 1 1.5 2 2.5 3 3.5 4 4.5
time(min) <104

Fig.4.15: System Response (a) Sp(et;)d Response,(b) Torque Response.
4.4.2 Second Scenario Simulation Results

As illustrated in Fig.4.16, a 7-level inverter tends to outperform 2-level
and even 5-level inverters regarding realistic speed and torque monitoring
while limiting torque error in the second scenario of variable torque and
constant speed. It is difficult to precisely match the voltage required for
specific speed commands because of the general "staircase" (restricted voltage
levels) that causes the higher speed variations in a 2-level inverter during
variable torque and constant speed operation. As a result, the motor speed

oscillates around the intended value.
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4.4.3 Third Scenario Simulation Results

Fig.4.17 shows the MLI response for the third scenario. A 7-level inverter
excels at achievable speed and torque tracking in the most demanding scenario
involving variable speed and torque. The 7-level MLI can modify the voltage
profile more precisely to achieve the required back EMF for the new speed
when the desired speed changes. As a result, speed instructions are tracked
more accurately than lower-level inverters with less voltage resolution.
Because of its more muscular control, the 7-level MLI may produce a
smoother voltage transition when torque demands change. That reduces
torque ripple, unwanted variations in the motor's torque output that might
happen during abrupt variations. Lower torque ripple translates to smoother

operation and potentially improved efficiency.
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4.4.4 Effects of Multi-Level Inverter on Hybrid Electric Storage System

Fig.4.18 shows the extracted power with different inverter levels. In
contrast, power quality and efficiency can be improved with a 7-level inverter.
Rather than directly resulting from the number of voltage levels, the observed
increased power extraction at 1000 (W/m?) irradiance most likely comes from
an improved system design or a more effective MPPT algorithm. Because a
7-level inverter may occasionally have lower switching losses than a lower-
level inverter, this may result in a marginally higher percentage of the

extracted electricity reaching the grid or slightly improved overall system

efficiency.
an0 ! } ! ! ! /Z'Ievel
= 850 o~ _ ‘ :
& o 5-level
o 800§ ggy ,7-Ievel
x
700 | g2 .
650
0.5 1 1.5 2 25 3 3.5 4 45
time(min)

Fig.4.18:Performance of Extracted PV-Power Under 1000(Watt/m?) Irradiance.

Fig.4.19 shows the effect of MLI on the SoC of ESS. When charging a
Supercapacitor (SC) in a HESS, 5-level and 7-level inverters have advantages
over 2-level inverters because ESS's SoC is higher at the 5 and 7 levels. These
inverters can produce lower voltage steps throughout the charging process

with higher voltage levels. Comparing this smoother voltage transition to the
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more significant voltage jJumps seen with a 2-level inverter may help minimize

charging inefficiencies and time.
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Fig.4.19: Impact of MLI on SoC of Rechargeable (a)Battery and (b)
Supercapacitor.

Fig.4.20 shows the DC-starting current with all MLI types. Compared to
5-level and 2-level inverters, a 7-level inverter may demand less DC starting
current from the HESS. With a 2-level inverter, the initial application of
voltage to the DC link (connection between HESS and inverter) can result in
a high inrush current surge. That is because the inverter can only switch
between a positive and negative DC voltage, resulting in an abrupt voltage
rise at startup. Due to the reduced voltage levels, a 5-level inverter still has

limitations, even though it can raise voltage more smoothly than a 2-level
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inverter. With its more precise control, the 7-level inverter can produce a more
gradual voltage rise at the start, significantly lowering the inrush current
drawn by the HESS. The principal cause of the significant fluctuations in the
DC extracted from the HESS is the limiting voltage control of a 2-level
inverter. Even while it is still functional in a HESS, these variations may
shorten component life and reduce system effectiveness.. 5-level or 7-level
inverters are typically the better options in applications where reducing DC

variations is essential.
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Fig.4.20 : Output HESS DC-Current with Multi-Level Inverter.

Fig.4.21 shows the power delivered to the load from HESS. There are two
main issues with power delivered to the load by a 2-level inverter in a HESS:
significant fluctuations and perhaps excessive average power compared to the
intended output. High power variations due to sudden voltage shifts mean the
power delivered changes significantly. The power output does not follow the
smooth sinusoidal behavior required for most AC loads; instead, it appears
"choppy" or pulsing. Poor voltage regulation is the leading cause of the
significant variations in load current and power when using a 2-level inverter
in an HESS. For HEV applications where smooth power delivery, high
efficiency, and precise control are crucial, a 7-level inverter is the preferred
choice due to its superior voltage control capability.
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Fig.4.22 shows the THD of Vdc from HESS. The 7-level inverter has the
lowest THD. That much is evident. Compared to 2-level and 5-level inverters,
a 7-level inverter's improved voltage management capability enables it to
produce a DC voltage waveform with significantly reduced THD. It may
increase effectiveness, less stress on the parts, and higher overall power
quality in a HESS. However, thoroughly examining the unique HESS

requirements and goals should be the foundation for selecting the inverter

type.
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Fig.4.23 shows the THD of the load current. The 7-level inverter has the
lowest other types in the AHEV system. Fig 4.24 and Fig.4.25 show the total
distortion in output torque and speed with MLI. According to earlier
discussions, the 7-level inverter responds to torque and speed changes and

distortion less than other inverters.
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Table 4.4 compares the 2,5, and 7 levels inverters depending on system

response.

Table 4.4: Comparison of Inverter levels in Autonomous Hybrid Electric Vehicle

Applications.

Feature

2-Level Inverter

5-Level Inverter

7-Level Inverter

Voltage Control

Positive/Negative DC)

Limited (Binary:

Improved (More
Voltage Levels)

Superior (Finer
Voltage Control)

THD of dc

High

Moderate

Low

Starting Current

High Inrush Surge

Lower Inrush

Lowest Inrush
Current (Gradual

Current Rise)
Power Quality (AC High Fluctuations, Re_duced Smc_)othest Fower
- - Fluctuations, Lower | Delivery, Lowest

Output) High Harmonics . .

Harmonics Harmonics
Speed & Torque
Tracking (Variable Poor Improved Best
Speed/Torque)
Complexity & Cost Low Moderate High

All inverter levels can operate in a HESS, but because of its improved voltage

control capability, a 7-level inverter typically provides the optimum

performance in several sectors. This corresponds to the following:

a) Reduced stress on HESS components.

b) Improved efficiency.

c) Smoother power delivery.

d) More precise control over speed and torque (for variable conditions).
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4.5 Performance of DC Converters

Fig.4.26 displays the P-V and V-l properties of the PV module at
various amounts of solar radiation.
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Fig.4.26: PV Solar Panel Characteristics (a)l-V Curves,(b)P-V Curves.

The tuning parameters of the proposed system are given in Table 4.5.

Table 4.5: Controllers' Tuning Parameter in HESS.

Parameter Value
K, Ki,Kg, A, u 1.477, 3077,0,110,55
Battery charge PI controller(K,, K;) 0.043,0.65
Supercapacitor Pl controller (K, K;) 0.45,14800
P&O (Doid,Void,Pold) 0.35,17,120
EPSO(C) 244

Operation of a boost and super Lift Luo circuit is used to calculate a circuit's

efficiency according to the input/output power ratio. The motor load is varied

by about 1500W. This test takes advantage of the input sources of the PV

module. The simulation results are given in the figures below. The

temperature of the PV system is 25C°. As shown in Fig.4.27(a), the irradiance
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ranges from 6 to 18 hours. Thus, the simulation used in this work will depend

on this region.
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As seen below in Fig.4.28, the THD voltage for both converters that satisfied
the super lift luo load was less than 1%, as stated in IEEE standards. The
Super-Lift Luo converter's design includes additional circuitry that helps bend
the input voltage waveform and get it closer to a sine wave, which explains
why. THD is lowered as a result of the harmonic content. In contrast, the
boost circuit's THD variations are 10-15%. The super-Lift Luo circuit with
HESS offers higher, better, smoother performance and provides a potential
advantage in reducing THD compared to a boost converter. The voltage gain
of the Super-Lift Luo circuit is substantially more significant. It uses a more
complex circuit with capacitors and an extra inductor to achieve this. It makes
it possible to increase the output voltage significantly, often several times the
input value.
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Fig.4.28:Boost and Super lift - Luo Converters (a) Terminal Voltage-Based
Reference DC Voltage (72V) with Their Errors,(b) DC-DC Converters' Efficiency.
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Super Lift Luo converters can achieve higher efficiency, especially under low
irradiance, due to lower duty cycle operation, as seen in Fig.4.29(a). Because
a high-duty cycle is required for high voltage gain, boost converter efficiency
decreases in low irradiance. However, efficiency increases with higher
irradiance. That improves the system's reliability when the super lift Luo
converter is used. As shown in Fig.4.29(b), under global irradiance or
changing daily light intensity, the Super Lift Luo converter offers PV systems
with MPPT with several advantages. Compared to a conventional boost
converter, it can handle a broader range of input voltages, achieve higher
efficiency, and increase MPPT performance. It is challenging to operate a PV
panel under global irradiation. However, the Super Lift Luo converter
consistently produces higher output power and low overshooting to meet the
desired load (1500W) than a boost converter. Super_lift Luo converters have
extra filtering components to provide a shallow ripple compared to a well-
designed boost converter with appropriate filtering. Luo converters can

deliver smoother output voltage than boost converters.
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Fig.4.29: Effect of Boost and Super-Lift Luo Converter with (a) Battery Output
Power and (b) Super Capacitor Output Power.
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The effect of both converters, when connected with the battery and SC
that make up the HESS, is seen in Fig.4.30. With the Super Lift Luo converter,
the HESS can extract more power from the supercapacitor and battery, even
In situations where the solar energy input varies due to the global irradiance;
it is because energy losses during the conversion process are minimized by
the super-lift Luo converter design. It is evident that when utilizing a super
lift Luo, the battery's state of charge is approximately 0.2% greater than when
using a boost converter. Additionally, super lift Luo is higher for
supercapacitors, reaching 0.4% more significantly than a boost converter. The
battery and supercapacitor can be charged faster and more efficiently due to
the HESS with a super-lift Luo converter's higher efficiency and power

output.
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Fig.4.30: Effect of Boost and Super-Lift Luo Converters on (a) Battery State of
Charge and (b) Supercapacitor State of Charge.
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4.6 Performance of MPPT Tracking Algorithm

Comparative outcomes of the MPPTSs in various scenarios. The MPP
reached by every algorithm will determine the result of this study. The
scenarios are based on an irradiance of 1000(W/m?), 400 (W/m?), a
combination of 1000 - 400 (W/m?), and finally, the global irradiance of
Kerbala City, and the results are shown in Fig.4.31. Depending on how
radiation input affects MPPT module power, it is clear that power output
would decrease with decreasing irradiation input.

After comparing the outcomes of the four algorithms, P&O has a more
considerable output power than techniques and a higher current and constant
voltage value. However, in the case of 400(W/m?), the INC is more accurate
in tracking and requires less power than other algorithms. The particular
reason for Inc MPPTSs is that they employ advanced algorithms and enhanced
perturbation control to overcome the drawbacks of conventional MPPT
methods in low-irradiance scenarios. For this reason, it is utilized for MPP in
areas with low solar irradiance levels. The P&O is more efficient and has the
best MPP among PV panels regarding global irradiation.

Table 4.6 determines the duty cycle under global irradiation for each MPPT
technique. P&O's ability to rapidly locate the MPP is beneficial. As irradiance
changes throughout the day, the MPP also shifts. P&O's quick response allows
it to adjust the duty cycle effectively to maintain operation closer to the MPP,
potentially leading to a better overall duty cycle across varying irradiance

levels.
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Fig.4.32 shows the SoC of the battery with different MPPTs.The P&O

algorithm has the highest SoC when charging for operation. P&O can improve
battery SoC faster, especially in situations with global irradiation.

147



Chapter Four: Simulation Results and Discussion

Table 4.6 : The MPPT Controllers’ Duty Cycle.

MPPT P&O ANN INC EPSO
Somax 05 0.9 0.2 0.09
Srmin 0.05 0.1 0.03 0.05

49.998

49.996 -

49.994 -

49.992

Power(W)

49.99 -

49.988

49.986
o

0.5 1 1.5 2 25 3
Time (hours)

Fig.4.32 : Battery SoC with Different Tracking Algorithms: P&O, ANN,
EPSO, and INC

The following things may be the cause of the disparity. The
specifications of the Simulink Lithium-ion battery model differ from those of
the actual Li-ion battery Gel. Considering the current integration in time and
capacity, the SoC calculation for the Simulink model uses the battery voltage
level as a starting point. Simulink's battery model never simulates an ageing
or capacity-derated battery; instead, it always runs under new conditions. A
greater power output from the P&O solar panel means more power is available
for battery charging. It immediately quickens the rate at which the battery's
SoC changes.
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4.7  Sensorless Backstepping Controller Results

The integration of an SMO with backstepping control for PMSM speed
control in HEVs is covered in this section. By estimating unmeasured states
and minimizing the impact of uncertainties and disruptions, the SMO
increases the resilience of the control system. In practical HEV applications,
the combined method seeks to deliver better speed-tracking performance and
increased system robustness.

Fig.4.33 shows the speed tracking response when using sensorless control.
The SMO successfully addresses the limitations of backstepping control by
offering good speed-tracking accuracy and robustness against uncertainties in

an HEV environment.

Even though the SMO with backstepping control has several advantages for
PMSM speed control in HEVS, there is a chance that speed tracking will have
a slight fluctuation and overshoot reach (0.1-0.25) higher than sensor control.
Aggressive switching gains cause this; the SMO needs a switching term to
produce sliding mode behavior. Selecting excessively aggressive switching
gains might cause chattering, characterized by abrupt changes in the control
signal. That can lead to variations and possible overshoot as the speed
oscillates around the desired value. These unmodeled dynamics have the
potential to introduce errors into the state estimation process, which could
cause fluctuations or overshoot as well as deviations from the intended speed

trajectory.
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4.8 Fuel Cell Hybrid Electric Vehicle

With its 7-level inverter, sensorless backstepping speed control, and
intelligent energy management, this FCHEV system provides a potential way
forward for electric vehicles. Further research and development can raise
these vehicles' performance, efficiency, and cost. As shown in Fig.4.34(a), the
reference speed and torque for FCHEV will depend on the accelerator pedal.
Fig.4.34 shows how sensorless backstepping control combined with a 7-level
inverter can provide FCHEVs with optimal speed and torque response for the
previously mentioned reasons. The torque response error shows that it

converges to zero after(0.2sec) using backstepping control for FCHEV.
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Fig.4.35 demonstrates the intelligent EMS that, using an adaptive PID
controller, indicates that when the speed exceeds 45 km/h, the fuel cell's
energy will be utilized to protect the battery from excessive load. Otherwise,
the energy from FC and HESS will be used. The advantages of this strategy:
¢ Giving the FC the most significant importance at high speeds can keep the
battery from being overworked and increase its life.

e The FC operates more effectively at its ideal power range, which could
consume less hydrogen.

e Enough power is provided for all driving conditions when FC and battery
are used together.

¢ This feature allows the system to modify its plan in response to changing
circumstances, improving overall performance. After 3sec, when the throttle
Is used for the brake, the motor will operate as a generator and convert the

mechanical energy to electrical energy, as shown in Fig.4.35(b).
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The vehicle's electric range increases by recharging the battery and SC with
the energy captured, and its dependency on the primary power source
decreases. Fig.4.35(c) shows the battery SoC. It was evident that using
regenerative techniques would result in a higher SoC.
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4.9 Autonomous Hybrid Electric Vehicle Performance

The potential of adaptive model predictive control AMPC as an effective
strategy for improving AHEV path tracking performance is examined in this
thesis. AMPC provides a unique ability to predict future vehicle behaviour,
optimize control inputs, and actively adjust to conditions. This method
promises to significantly increase path-tracking accuracy, stability, and
driving comfort by tackling model uncertainty and external disturbances.
Fig.4.36 shows the three scenarios that will be used for the HEV to conduct
tests and perform the AMPC. The first path has many waypoints; for the
longest, the vehicle must move away from the large cuboid in the trajectory
and back to the correct trajectory. The second path has the shortest waypoints
shortest. The vehicle only needs to track the path trajectory, and the third
scenario depends on the Geographic Information System (GIS) for the

University of Kerbala Streets.

154



Chapter Four: Simulation Results and Discussion

—oy: 60
120 50
100 = 40
= 80 fe = 30 &
2 - > =
o LV b
j 60 . - 20 1
Z 33 = .t
I~ E S —1
e E & 10 —!
= 0 =
20 & —
E] -10 E
60 40 20 0 20 -40 -60 ¢
: 0 20 100 0 -0 20 -30
Road Width (m) ’ - L
Road Width (m)
(a) (b)
U :
1000 Niya,. .
500
=
= o
[ )]
S
— -500
-
<
o
o= _1000
-1500
-1000 -500 o 500 1000 1500
Road Width (m)
()

Fig.4.36 : The Reference Path Scenario (a) First Scenario (b) Second Scenario
(c) Third Scenario.

After creating the two paths, the references can be represented by position
laterally and the angle of Yaw, as shown in Fig.4.37. The response of the first
path shows that the lateral position starts in a slight overshoot in a short time
of about (1.2 sec) and then becomes quite close to the reference. Fig.4.37(c)

demonstrates that the response of the second lateral position was close to ideal
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because the turn was small, making it easy to control. Fig.4.37(b,d,f). Yaw1,
Yaw-2, and Yaw-3 results were as close to reference as possible, while the
tracking error reached zero for the first and second Yaw-Angle, equal to
lateral tracking errors. As shown from the results above at time-space for (15
seconds), the time response of all scenarios system was almost similar to the
reference signal, and the vehicle overcame the collision with the large cuboid
without problems and with high accuracy. The results were just that steady-
state error for the angles of yaw and lateral and undershoot when positioned
laterally. The AMPC gives many advantages to the path-tracking process; if
the number of waypoints is high, that makes the control of the vehicle more
difficult, and it takes more time to reach a steady state, but it has an advantage
by increasing the efficiency of the path tracking process.

The steering angle remains within the permitted range. The primary benefit of
the suggested AMPC controller is that it guarantees the driving immovability
of vehicles, which could be decided as shown in Fig.4.38. The steering angle
in the front can be adjusted using an MPC-based controller. Driving efficiency
and consistency are ensured when the vehicle stays on the selected route.
Autonomous MPC significantly benefits when attaining smooth steering
angle commands for path tracking in AHEVSs. The integration of prediction,
optimization, and real-time adaptability facilitates the development of

autonomous vehicles that offer enhanced comfort and efficiency for drivers.
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Chapter Five: Conclusion and Future Work

5.1 Conclusion

This research investigated the potential for enhancing the dynamic
performance of HEVs and explored the feasibility of autonomous operation
through a novel system. To assess the effectiveness of the system, numerical

simulation was applied to three different operating scenarios:

1) The results highlight the advantages of a PMSM combined with
backstepping speed control based on Lyapunov stability theory over other
motor-control designs. Better energy efficiency, torque ripple reduction reach
of about (0.083%), and overall system smoothness were all proved by this
combination. In particular, torque and speed variations were substantially
reduced using backstepping control, which improved driving comfort and
possibly increased component lifetime.

2) Supercapacitors, batteries, and solar energy integration improved HESS. A
Perturbation and Observation (P&O) algorithm proved instrumental in
maximizing solar power extraction, accelerating battery and supercapacitor
charging, and improving overall HEV efficiency. The Super-Lift Luo
converter demonstrated superiority over the boost converter regarding MPPT
efficiency of about (15%) and voltage regulation. Additionally, by
successfully decreasing torque and speed fluctuations, the 7-level inverter
enhanced HESS performance and decreased the THD.

3) Incorporating a fuel cell expanded the HESS's operational range by
alleviating battery load at higher speeds. This strategy has been demonstrated

to protect the battery from undue stress and increase its lifespan. This further
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proved the motor control technique's effectiveness in managing demands for
different torque and speed.

4) The research extended to the realm of autonomous operation by exploring
the application of AMPC for path tracking. The outcomes proved that it was
possible to convert the HEV into an autonomous HEV (AHEV). While the
achieved path-tracking accuracy of 99.2% is promising, further integration of
sensors, high-resolution maps, and sophisticated decision-making algorithms

Is required for practical implementation.

In this thesis, a study has significantly contributed to the advancement of HEV
technology. The potential for improving vehicle performance, efficiency, and
sustainability is evident with the proposed AHEV. To maximize the potential
of autonomous HEVSs, future research should focus on cost-benefit analysis,
real-world validation, and the smooth integration of the AMPC with other

autonomous vehicle subsystems.

5.2 Future Work

This thesis has laid a strong foundation for advancing HEV performance
and autonomous integration. However, the quest for a more sustainable and
efficient future demands further exploration. Here are some exciting avenues
for future work, building upon the findings of this study:

1) Enhancing Motor Control:

e Improve control over backstepping by utilizing adaption strategies for this
approach.

e Examine how sensorless backstepping control is implemented on current
HEV devices.
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2) Optimizing hybrid energy storage system through the following:

e Examine the inclusion of cutting-edge battery technology, such as lithium-
sulfur or solid-state batteries. These innovations could increase energy
density, speed up charging, and boost safety, increasing the practicality of
hybrid electric vehicles.

¢ Create more advanced energy management algorithms that can balance the
relations between the fuel cell, supercapacitor, and battery within the hybrid
energy storage system, depending on power requirements and driving
conditions, in real-time.

3) Multi-level inverter advancement through the following:

e Examine the viability and possible advantages of utilizing higher-level
MLIs in HEVs (such as 11-level and 13-level) for minimizing torque ripple
in electrical machines.

e Examine the possibility of designing MLIs using such devices as Silicon
Carbide and Gallium Nitride. These devices offer superior switching
characteristics and higher efficiency, potentially leading to further
performance improvements in HEVs.

4) Beyond the Core Technologies through the following:

e Examine how communication technology might be included in HEV. In
addition to improving safety and traffic flow, this would allow
communication with vehicles and infrastructure and may help develop
cooperative autonomous driving systems.

e Conduct a comprehensive life cycle assessment of HEVs, considering the
environmental impact throughout their life cycle, from material sourcing
and manufacturing to operation and disposal. That can help identify areas
for improvement and promote genuinely sustainable HEVs' development.
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5) Integration with autonomous technologies through the following:

e Investigate integrating several sensors (LIDAR, Radar, Cameras) and create
robust sensor fusion algorithms enabling autonomous HEVs to detect their
surroundings accurately and consistently.

¢ Develop sophisticated path planning algorithms to navigate complex traffic
scenarios and make real-time decisions for safe and efficient autonomous
operation.

Researchers and engineers can expand on the groundwork this study provided

by exploring these directions for future research. It will open the door for

creating even more eco-friendly, autonomous, and efficient hybrid electric

vehicles, resulting in a more sustainable transportation future.
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Model Predictive Control-Based Autonomous Vehicle for
Monitoring Path Tracing Process
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Abstract. This paper presents the path-tracking 1ssue of terrestrial Autenomous Vehicles (AV) usimg 2 Iinear model predictive
confroller (LMPC) structure. In a cascade structure, the controller architecture takes o account both knematic and dynamic
confrol. In addition to ensurmg tracking accuracy, the controller lzo takes vehicle dynamic stability mto zccount during trackimg.
The goal of this research is for the AV to precisely track the route’s specified waypomts, ensure vehicle stzbility, and satisfy the
confrol system's relizble performance. The model of the autonomous vehicle was used AV a3 2 model for the MPC. This study
containg a comparative study between two scenarios where the first scenario was a route that requires the car to travel along 2
normel path without any barriers, while the second requires it to pass over a barrier that has been placed in the road without
hittng it. Usmg MATLAB/Simulnk R2022b, 2 study on the performance of the MPC was camied out. After improving the
parameters for LMPC the results show that by changing the direction of the vehicle, the MPC delivers high-quality performance
m both the precision of the path tracing and the smoothness of the steermg angle. These results demonstrate that the sugpested
MPC structure 13 the one that best sahsfies the target requirements.

Keywords: Autonemous vehicle (AV), Model predictive control, Path tracing process, Steering angle, Vaw angle.

INTRODUCTION
The emergence of the digital revolution and the mdustrial revolstion resulted m the creation of many fresh
technologies and technologies i the field of AVs. Many research articles have been published describing the
technological advances and mprovements that have been added to AVe[1]. Expectations mdicate m 2043,
autonomous vehicles(AV) will make up 30% of all land travel [2]. While a vehicle has levels 3-3 automated
systems, it iz referred to as an AV as shown m Fig. 1.
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ABSTRACT
Solar energy is one of the most reliable energy sources in the planet. Renewable energy
sources have recently been used as charger sources for many applications, such as batteries
and supercapacitors. They are ufilizing rechargeable batteries, supercapacitors, and
photovoltaic solar energy as an energy storage system. Batteries experience frequent
charging and discharging cycles, which impact their lifespan. The dynamic performance of
a hybrid storage system is improved, and a lower-capacity rechargeable battery can be
installed by adding a supercapacitor to the energy storage system. Moreover, the
supercapacitor smoothed out currents flowing to and from the battery, improving operating
conditions and increasing energy efficiency. It is capable for ufilizing a combination of
storage technologies. That is Lithinm-ion batteries will offer good capacity for long-term
storage, while supercapacitors will handle rapid power fluctunations. That will create a
system responding to short-term and long-term power demand changes. In the current
paper, MPPT methodswith charge controllers based on different DC-DC converters will be
discussed and compared successfully. The supercapacitor is a helpful resource for choosing
the suitable type of MPPT algorithm and DC-DC converter since it describes all scenarios’
functionality, applications, benefits, and drawbacks. The energy management system
between the solar panel, supercapacitor, and battery has been considered. Using a
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Abstract

Hybrid electric vehicles (HEV:) are essential to achieving sustamable mobility objectives. The
configurations used in HEVs are reviewed m this paper, slong with ther adveancements and remzining
challenges. The paper explores the fimdamental parts of HEV3, such 23 motor controllers, energy storage
svstems, and powertrang. Different motor types and contrel techmiques are mmalvzed, sleng with
advancements m battery technology for mproved energy density and lifespan. The role of maxmum
power point trackers i optimizing sclar panel output for plug-in hybrids is explored. The paper
emphazsizes the critical finction of DC-DC converters m regulstmg voltage levels and the mportance of
efficient energy management systems m optmuzmg HEV performance. A comparstive analysis of
parallel, series, and power-split hybnid powertrains highlights their unique advantages and limitations.
Finally, the discussion section explores overall trends, advancements m HEV configwrations, and
challenges such 2s cost reduction, range limitztions, and bettery recyeling. The conclusion emphasizes
the potentizl of HEV: for sustamzble transportztion and briefly mentions fiture research directions for
HEV configurations. Mostof controllers have the same reachion with less distortion for the backsteppmg
control. The mam rezson 15 that Backstepping confrol's efficacy depends on zcourate confroller funmg,
Torque distorion can be considersbly reduced with carefu]li selected pavameters. This arhicle
summartzes multiple comprehensive reviews that studied different litersture on hvbrd electric vehicle
confimrations, advances and challenges. This work ams to provide a gmde for researchers and
practifioners to relate ther work to existing resesrch and gam msights mto whet their work can contribute
to the field.

Keywords: Hybrid energy storzge system, Backstepping control, Slide mode control, Enhanced field-
oriented control, Speed control techniques, Maximum Power Pomnt Tracking, Perturb and Observe,
Incrementsl Conductance, Particle Swarm Optmizaton, Artificial Neural Network.
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