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ABSTRACT

The combustion of fossil fuels, a non-renewable and finite resource, has exacerbated air
pollution, ozone damage, acid rain, and global warming. Fast depletion of energy resources
reminds the importance of energy conservation. Combustion engine vehicles are responsible
for more than 90% of the world global warming rate. A motor delivers only around 30 to
35% of the input energy. Electric vehicles are alternative solutions in order to reduce
environmental air pollution due to fossil fuel driven vehicles. However, energy utilization
and efficiency are the major issues in electric vehicles apart from the role of reducing air
pollution. Energy has also wasted within the sort of heat whenever the brake is applied. But
experience has indicated that the advantages don't seem to be always as great as may
be expected due to inefficiencies within the power conversion processes. Extra mass and
price can frequently restrict the financial feasibility of an electric vehicle with regenerative
braking. Regenerative braking systems for electric vehicles enable the range of the vehicle
be extended. In this thesis, the energy storage device, converters, battery, speed control of
BLDC motor by multi-optimal approach of PSO, and regenerative brake are basically
modelled and analysed mathematically using wheel dynamics equations. The simulation
model was established under the circumstance of MATLAB/SIMULINK and script
according to the speed control of BLDC motor by PSO-PID controller model, braking pedal
intensity, and battery state of charge (SOC) for BEV are simulated and analysed. The
simulation results have shown that, the recharging of battery or energy recovered during
regenerative braking when the speed decrease, torque, and current are negative the distance

range of BEV increase in one time charging under normal condition.

Keywords: BLDC, Electric Vehicle, PID, and PSO
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CHAPTER ONE

INTRODUCTION

1.1. Background

In these 21-century technologies growing up in every aspect, like development of
electrical Vehicles is speeding up. EV's future will lie on the event of electrical, mechanical and
control technology. Recently, electric vehicles driven by motor and also the key
technology like control technology and integrative technology are put into application.
However, the innovation of storage battery is not in practice, long battery charging time, huge

expense and driving range is the vital limitation for the improvement of electric vehicles.

Automakers have put forth an extraordinary attempt to discover green, energy saving and zero
pollution transportation devices. In this way, [1][2]. Powerful battery usage and progressed
motor control have become a significant issue for EVs [3][4]. A PEV (pure electric vehicle)
contains three significant parts: the force battery pack, the driving motor such as IM, BLDCM
and SRM [4], etc.], and the DC-DC power converter. Brushless direct-current (DC) motor
superior advantage than other motors which are brush DC motors, IMs and switching reluctance
machine. It has the benefits of straightforward construction, high proficiency, electronic
commutating device, high beginning force, less noise operation and huge speed range, and so
on Subsequently, the brushless DC motor has been broadly utilized in EVs [5]. Conventional
EVs utilize mechanical brakes to expand the friction of the wheel for deceleration purposes. In
this manner, the slowing down kinetic energy is lost in the form of heat. In light of this issue,
this paper will talk about how to change over the kinetic energy into electrical energy that can
be re-energized or recharge to the battery pack, control the speed of BLDC motor through PID

tune by the particles warm algorithm (PSO), current control by hysteresis control.

From the previously mentioned state of charge on regenerative braking these innovations may
be categorized as :( 1) regenerative braking is realized by utilizing the external energy storing
components (ultra-capacitor pack) to soak up the instantaneous braking energy. In this way the

battery pack and ultra-capacitor frame a crossover control supply framework HPSS additionally



the depictions of HPSS are frequently found in [17-19]: (2) so as Energies to enhance the DC-
link voltage of the ability converter, a bidirectional DC-DC power converter is employed for
enhancing control [20,21]; (3) braking energy is recovered by using the driving power converter
itself for charging control the energy recovery control is accomplished by utilizing distinctive
control technique . [22,23]. For Classification (1), the extra energy-putting away parts should
be charged and released through a DC-DC power converter, status of the ultra-capacitor (like
full charged or under-voltage) should be procured, hence, voltage and current sensors should be
introduced in the controller, thus, the slowing down energy is briefly put away in the ultra-

capacitor pack.

For Classification (2), since the back electromotive force (BEMF) is a lot of lower than the
battery's terminal voltage, even at high velocity, in this manner, the BEMF likewise should be
supported for charging the battery pack. A portion of the controllers accomplish this objective
by adding an extra buck-support regulator. The most ideal way, as we would see it, to understand
this objective, is by utilizing the controller itself.). To beat the impediments of electric vehicles,
the use of regenerative slowing down strategy which controls electrical motors worked as
generators to change over motor or likely energy into electric energy that can be put away in the
energy stockpiling gadgets, for example, super capacitors and batteries is a powerful way.in
which rotational motion generated through the attraction and repletion of magnetic pole of
permanent magnet and electromagnets. These motors are, however, operated in a totally
different way. To convert DC power into three phase voltages, BLDCs require a sophisticated

controller. A DC voltage may easily operate a brushed motor.

BLDC motor is more applicable device for light waited electric vehicle with their regenerative
innovation of EV, under confirmation of slowing down security and dependability, whose
capacity is to change over piece of mechanical energy into electric energy during slowing down
by the regenerative stopping mechanism and store in an energy stockpiling device. So, it plays
an important role in reducing the energy consumption of EV, extending the driving range and
improving its economic performance and increase the distribution to the community. So, |
design a regenerative braking force which is based on PSO-PID controller, which has three
inputs including the driver’s required braking force (brake pedal), vehicle speed (BLDC motor
speed) and battery SOC.



An electric vehicle is seento cut back fuel consumption, improve overall drive system
efficiency together with improving the drivability. Additionally, to any or all these facts other
important issue isto owna correct model ofthe -electrical vehicleso asto be ready
to estimate the particular energy consumption which is incredibly well disbursed in. Regardless
of these factors, electric cars still have a number of important challenges that need to be
addressed. The restriction of the car's battery package is one of the primary problems of electric

cars.

The battery bundle is required to at the same time have two properties first it ought to contain
adequate energy for having a particular practice range and secondly It ought to too have a
adequate control capability for the continual accelerations and decelerations. The major
parameter, power, must be regulated for the electrical vehicle to function well; hence, the notion
of a battery management system exists (BMS). The fundamental points of this work is to build
up an electric vehicle model, PSO-PID BLDC motor speed control, recreate it, and break down
the impact of energy the board technique utilized for the two cycles, forward driving and
regenerative slowing down. The outcome demonstrated that energy recuperating proficiency of
BEV in regenerative stopping mechanism for electric vehicles.

1.2. Problem of the Statement

In electric vehicles braking is one of the important aspects. The mechanical braking system
which we use in our vehicles has a big drawback of wasting the kinetic energy of the vehicle as
heat. This brings down the overall efficiency of the vehicle by affecting the fuel economy. In
the urban drive cycle, we tend to start and stop the vehicle more often when compared to
highway drive cycle. As we apply the brake often in an urban drive cycle, the energy loss is
more. Generally, there are three main problems in overall world on BEV which are
technological problem such as wasting the kinetic energy of the vehicle as heat, shorter driving

ranges and take a long time to recharge.

Social problem such as social acceptance and Insufficient charge stations. Economic problem

which is high price.



This thesis work will solve technological problems by develop regenerative braking on electric
vehicle by adjusting BLDC motor speed control, reducing torque ripple and current performance

and state of charge and discharge.

1.3. Objectives

1.3.1. General Objectives
Modelling, Designing and analysing of PSO-PID speed controller for BLDC motor with

regenerative braking for electric vehicle.

1.4.2. Specific Objective
The specific objective of the studies is -

e To model three phase BLDC motor drive suitable for Electric Vehicle.

e To reduce kinetic energy loss when brake is applied on BEV.

e By recharge the battery and reuse its energy increase the vehicle travelled distance in
one time charging process.

e To control the speed of the BLDC motor with regenerative braking system using
MATLAB simulation tool.

e To decide the better optimization algorithm method for PID controller.

1.4. Significant of the Study

For sustainable transportation, recovering kinetic energy of electric vehicle that has been lost
during braking system, improving the speed controller performance parameters of BLDC motor,
decrease the air pollution, increase production of EV, increase stable energy flow and less utilize

of conventional vehicle.

1.5. Motivation of the Study

As the global economy strives towards clean energy in the face of climate change; the
automotive industry is researching into improving the efficiency of automobiles. Electric
Vehicles (EV) are an answer to the crisis the world is about to face in the near future. But the
address that's being continuously inquired is how can the driving extend of electric vehicles be

increased. The answer to this question lies within the success of the investigate for an efficient



and power packed energy source like an enchantment battery or success with fuel cells, efficient
regenerative braking systems, etc. In regenerative braking, the kinetic energy can be changed
over back into electrical energy that can be stored in batteries for reuse to move the vehicle [5].
In this manner, regenerative braking has potential to moderate energy which can improve fuel

economy whereas reducing emissions that contribute to air pollution.

1.6. The Scope of the Study

Regenerative braking frameworks require advance research to create better system that captures
more energy and stops quicker in short distance. So, these systems will become more and more
common. In this work, a BLDC motor is used which is going to be controlled by PSO PID
controller. All vehicles in motion can like these systems by recapturing energy that may are lost
during braking process. Future innovations in regenerative brakes will incorporate modern types
of motors which is able to be more proficient as generators modern drive prepare designs which
is built with regenerative braking in intellect and electric systems which can be less helpless to
energy losses.

1.7. Limitation of the Study

The thesis is limited to the simulation of the system using MATLAB/Simulink by showing how
the different components of the system interact with each other. Analysis of torque ripple
minimization is not done. The implementation of the real system is difficult because of the
materials availability in the country. Along with it takes the additional time and cost incurred to

making the actual prototype implementation

1.8. Organization of the Study

Chapter 1: The first chapter presents the introduction of BLDC motor drive and regenerative
braking system in electric vehicle, Chapter 2. Reviewed literatures and papers on the
background. And also cover advantage of BLDC motor compared with the other electric motors
and existing control mechanism of BLDC motor are discussed. Chapter 3: Covers the
investigation of BEV model description and calculation of force from their specification, BLDC
motor drive modeling and the proposed system controller are explained. Chapter 4: The
proposed system results are discussed in chapter four. Chapter 5: Finally, conclusion and

recommendation are made in chapter five.



CHAPTER TWO

BASIC THEORY AND LITERATURE REVIEW

2.1. Chapter Overview

In this chapter unique electric vehicle models with their motors and regenerative slowing down
BEV for energy recuperation system are looked into. The overall application spaces of BLDC
motor, the current controlling component, the driving techniques, for regenerative braking of
BEV and other related uses of BLDC motor are examined. Firmly related works particularly
in regenerative stopping mechanism in EV with various control system and speed control

of brushless DC motor are inspected and discussed.

2.2. Electric Vehicle

The world most important thing for transportation purpose is Electric vehicle, but rather with
the creative movement and expanded worry on controlling contamination have given it a tag of
future portability. In EV's, electric energy is the most wellspring of force for drive of a vehicle.
In electric vehicles electrical energy is changed over into mechanical rotational energy by
electric motors. This rotational energy is associated with the wheels of a vehicle through a proper
transmission framework which thus causes drive. A vehicle with four engines can be considered
as the chief productive show in electric vehicles. Electric vehicles can use electric energy as a
sole wellspring of force or can use batteries related to gas motors to control the vehicle. Battery,
electric engine and regulator are the center segments of any electric vehicle.

2.2.1. Types of Electric Vehicle

The fundamental energy source of electric vehicle is battery, yet there are sorts that can utilize
other fuel source mod is called cross breed EVs (HEVS). The Worldwide Electro Specialized
Commission's Specialized Advisory group 69 (Electric Street Vehicles) suggested that vehicles
utilizing at least two kinds of fuel Source stockpiling or converters can be called as a HEV as
long as at any rate one of those generate electrical vitality [4]. This definition shows a great deal
of mixes feasible for HEVs like ICE and battery, battery and ultra-capacitor-helped EVs [7].



EVs can be classified as: - Battery Electric Vehicle, Hybrid Electric Vehicle (HEV), Plug-in
Hybrid Electric Vehicle (PHEV) and Fuel Cell Electric Vehicle (FCEV)

+« Battery Electric Vehicle (BEV)
e Nissan Leaf

e Tesla Model S

e BMW i3

I choose BMWi3 electric vehicle for this thesis to appropriate use in BLDC motor application

and the main specification is listed follow in the figure 2.1.

Figure 2. 1 BMW i3 [7]

Variant: BMW i3 (120 Ah)

e 42.2 KWh lithium-ion (Li-ion) battery

e Fast charging (125A, 80% SOC: under 40 min.)
¢ Normal charging (60A, 80% SOC: 7.5 hours)

e 11kW, 352 V onboard charger three phase 16A
e 125kW AC motor, 250 Nm maximum torque

e Range up to 300 km

e Mass 1345kg

¢ with drag coefficient of 0.3

e 5 seats



Table 2. 1 Comparison of different Electric vehicle types[8]

EV Driving component  Energy source Features Problems
type
BEV Electric motor Battery No emission Battery price &
Ultra-capacitor Not dependent on oil capacity
Range is dependent Range
largely on the type of Charging time
battery used Availability of
Available commercially charging stations
High price
HEV Electric motor Battery Very little emission management of the
ICE Ultra-capacitor dependent on oil energy sources
ICE Long range Battery & engine
battery used size optimization
can get power from both
electric supply &fuel
complex structure having
both electrical &
mechanical drive drain
free commercially
FCEV  Electric motor Fuel cell Very little or no emission  cost of fuel cell

High efficiency

not dependent on electric
supply of electricity
High price

Available commercially

easy way to
produce fuel
Availability of
fueling facilities

2.2.2. Configurations

An electric vehicle, in contrast to its ICE partners, is very adaptable. these vehicles are power

gotten from a battery and alternatively from ultra-capacitors. These batteries are charged from

the electric framework. Additionally, a regenerative slowing mechanism can be used to charge

the batteries when the EV is decelerating. Figure 2.2 expresses basic architecture in BEV.

e Battery the executive’s framework (BMS),



e Electric charger, which extricates energy from the electric organization to charge the
batteries.

e Inverter or motor drive, which changes direct flow into rotating flow. It gives capacity
to electric driving motor of the vehicle.

e Electric motor. which gives the mechanical force required by the vehicles.

Auxiliary ; \
Power Supply | Batleries (4

i (1

Electronic . || Power |, . Transmission
Cortroller ) Drivers A Comerler | —| Electic Motor ) Uni

Y
Fad

U

Figure 2.2 Battery electric vehicle basic architecture[9]

2.2.3. The Control Strategy for EV System

Here, controller is the core of an electric vehicle and it is the key for the acknowledgment of a
superior electric vehicle with an ideal equilibrium of greatest speed, speed increase execution,
and voyaging range per charge. The engine control framework signal, the speed increase pedal
sign, the brake pedal sign, and signals of different parts are first gathered by the Vehicle Control
Unit, which investigations the driver's expectation and makes comparing judgment. To arrange
the development of different force segments and ensure ordinary driving of electric vehicles,
the necessary engine yield force and different boundaries are determined. The vehicle is driven
by motor and the energy is provided by the battery through a controlled force circuit. The engine
is driven by the engine regulator and it moves the e-power into mechanical ability to drive the
vehicle regulators are regularly delivered by enormous auto enterprises with cutting edge
innovations and are principally utilized for complex four-wheel drive and wheel engine drive
unadulterated electric vehicles. The vehicle control framework comprises of vehicle regulator,
engine and engine regulator, power battery, power battery the executive’s framework (BMS),
issue determination the board unit, gearbox, principal reducer, assistant framework, and
different segments. The assistant framework incorporates directing engine and its regulator,

9



cooling engine and its regulator, slowing mechanism, DC-DC converters and so forth The driver
accomplishes the general control of the vehicle through the vehicle control system[10].

— Mechamcal connection

— Vehicle [—> paratan] \ Diver motor Gear box Drive axle
control unit | controller | | |

Hattery [ I —
Management -#—3 Im[f‘-:.‘-trq i U(j"“(
system | Datfery pac | converter |

2

o Battery

Fault

e i Charger I B R
» .n::l‘;ﬂ-'::ff..: ‘ il . PTC
anit conditioning heater Cooling Coolant Vacuum
compressor || fan pump booster pump

I 1 3 A e
External
power

Figure 2.3 Structure of the control strategy for EV system[9]

The regulator gets the activity data from the driver, for example, the gas pedal, the brake pedal,
and the shift switch signal. At that point the driver's expectation and the comparing activity are
resolved dependent on the data. At the point when the vehicle is running, the vehicle yield force
and the vehicle status are shipped off the engine control unit. At the point when the vehicle starts
and stops, the high and low voltage power, which is provided by the outer related hardware, is
controlled to turn on and off in succession. The beginning and running condition of the engine

regulator and force the executive’s framework.

2.2.4. The Advantages of EV
Compared with common motor driving vehicles, EV has the accompanying advantages[10].

e Significant degree of effectiveness: the motor proficiency of present-day vehicles is
about 38% while a definitive productivity is just 12% as a result of incessant slowing
down, low speed driving and sign pausing. However, EV endures no loss of sits and 80%
of the e-force can move from motor into vehicle movement. Moreover, it can recover

power when braking.

10



Low level of energy consumption: Fueled by batteries and super capacitors,
unadulterated electric vehicle releases no waste gas.

Low pace of clamor: The commotion and vibration of the auto relies upon the motor and
the driving condition. Contrasted with motors, EV has many less vibration sources, no
consuming methodology, no mechanical movements, just has clamors from air blower,
cooling fan and transmission component. Subsequently its commotion level is a lot of
lower than motor vehicles.

Different energy assets accessible: Not limited by petrol asset, EV can gain e-power
from public force framework. Hence any technique to gain e-force can apply to EV, for
example, hydro power, atomic force, thermos power, wind power, underground warmth
and sun-based power.

Energy input by the energy asset blend instrument, All the new EV created lately have
energy recovering framework, which can expand the ceaseless mileage by 10%-
159%][11].

2.2.5. The Driving Character of Pure EV

In an EV the essential necessities of the EV to the driving control framework are as follows[12],

High explicit force.

Large scope of motor speeding, generally in 25%-100% most extreme speed.
Sufficient beginning force to qualify the interest of quick beginning, speeding up,
climbing and regular beginning/stop.

Fast force reaction. The driving framework can handle the driving force and slowing
down force rapidly.

Good natural versatility.

High pace of energy recovers in regenerative braking.

Have great attributes of productivity. Increment the consistent driving distance in the
wake of charging 1 time, for the most part ought to gain 85%-93% effectiveness in run

of the mill circuit driving zone.
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2.2.6. Regenerative braking in battery electric vehicle

Battery electric vehicles use the motor as a generator when using regenerative braking and
operated as a generator during braking. Its output is supplied to electrical loads and it provides
the braking effect. EV propulsion requires the motor drives offering four-quadrant
characteristics for forward motoring, forward regeneration, backward motoring, and backward
regeneration. The definition of 4 quadrantsand thusthe corresponding torque-speed
characteristics are summarized in Table 2.2 Particularly, the forward regeneration is crucial to
capture the braking energy which successively charges the EV battery, leading to increase
the range per charge by over 10%. Figure 2.4 shows the schematic of PMBLDC motor drive
where the input voltage is that the battery voltage, V dc, the input DC current | dc is
bidirectional[13], the motor speed depends on the stator frequency, and its polarity is governed
by the phase sequence. When the motor drive operates at Quadrant | for forward motoring, the
torque and speed are positive that the input and output powers of the inverter are positive. Thus,
the common input DC current to the inverter must be positive since the battery voltage is in
fact positive. Because the motor speed is positive, the phase sequence of the stator terminals is

positive, namely, A-B-C. When the motor drive operates at Quadrant IV for forward.

Table2. 2 Four-quadrant operations

Quadrant operation Quadrant Torque Speed

Forward Motoring I Positive Positive
Backward regeneration o Positive Megative
Backward Maotoring III Mepgative Negative
Forward regeneration IV Mepative Positive

The speed is positive but the torque is negative so that the input and output powers of the inverter
are negative. Thus, the average input DC current becomes negative so that the braking energy
is converted for charging the battery. As the motor speed is still positive, the stator phase
sequence is positive. The operations at Quadrants 11 and 1 are similar to that at Quadrants | and

IV, respectively, except that the motor speed is negative and the corresponding stator phase

12



sequence is negative, namely, A-C-B. The input DC current and stator AC phase sequence for

four-quadrant operation of the PM BLDC motor drive is summarized in Table 2.2. [1]

Speed

PR
|
—— v Forward
Motoring
V>E
AN @ '
R Torque
everse V| > |E El> IV
Motorin VI > [E| [El > VI
——— V Reverse
-1 Braking
|
—

Figure 2. 4 four-quadrant operation of the PM BLDC motor drive[14]

For a BLDC motor to function in 2nd quadrant the value of the back emf created by the BLDC
motor ought to be more prominent than the battery voltage (DC bus voltage) this guarantees

that the movement of the current reverse whereas the motor still runs within the forward

direction.

Acceleration

" DC/AC inverter

Differential %

Differential

Figure 2. 5 Regenerative braking system of the pure electric vehicle.[15]

. Regenerative braking systems are categorized into two categories:
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Category A: an electric regenerative braking framework which isn't portion of the benefit
braking framework; and might be actuated by the quickening agent control and/or the equip

impartial position

Category B: an electric regenerative braking framework which is portion of the benefit braking
framework, and might have as it were one activating unit which in our case is the brake pedal.
The pedal/torque characteristics of a system implementing both strategies are shown in figure
2.6

Drive
Torgue

Acc
Pedal

S 100%

free rolling
({EBS)

Category B Category A

Brake
Torque

Figure 2. 6 Combined serial regenerative braking strategy (SBRS)[17]

As shown, when the quickening agent pedal is completely discharged the engine produces a
negative braking torque causing the vehicle to decelerate. This braking torque upon discharge of
the quickening agent can be set as Motor Brake Reenactment. Itis additionally shown that
in arrange to realize rolling (zero torque connected), the gas pedal ought to be squeezed to a
certain position, called the free rolling or cruising point. The EBS seem to be set to and in this
case, the line will go through the root meaning that no negative or positive torque will
be connected when no pedal is connected and the vehicle is basically let to roll. The easiest way
to realize a regenerative braking system is by simply adding up the deceleration caused by the

motor and the braking system as done in serial regenerative braking systems[17].
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2.2.6.1. Serial Regenerative Braking System (SRBS)

This type of system is easy to implement and very economical and is used when no big changes
to the original braking system are to be made and no blending of electric and hydraulic braking
is wanted. In such systems, the braking is purely electric at the beginning and after a given
threshold (a defined pedal movement before the master cylinder is pressed). The amount of
hydraulic braking torque that is applied is equal in magnitude to that not delivered electrically.
This strategy is very good with low decelerations as in regular road driving where a large portion
of the kinetic energy can be recovered. The biggest disadvantage is that the braking torque is
speed dependent and is there-fore set either to a comfortable level or to a level that can be
ensured at all rotational speeds.

2.2.6.2. Cooperative Regenerative Braking System (CRBS)

This type of system is also called parallel regenerative braking because it is capable of applying
electric and hydraulic braking at the same time while being able to control the proportion of
each separately and thus ensuring a total amount of needed braking torque independent of the
motor rotational speed[17]. Figure 2.7 shows the relationship between the brake pedal and the

generated braking torque.

Drive
Torque

free rolling

(EBS)

Category B Category A

Brake
Torque v

Figure 2. 7 Combined Cooperative Regenerative Braking Strategy (CRBS)[17]
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2.3. Electric Motors

An electric motor is a field of electrical machine that changes over power into energy. Most
electric motors work the connection between the motor's attractive field and electric flow in a
very wire twisting to make power inside the force applied to the motor’s shaft. Electric
motor will be controlled by direct flow (DC) sources for instance from batteries cars or
rectifiers, or by substituting flow (AC) sources sort of a force matrix inverters or electrical

generators.

Electric motors are divided in to three
e DC motor
e AC motor and

e others
2.3.1. Brushed DC Motors

In a brushed DC motor, the DC current going through the windings of the rotor creates an
electromagnet. These rotor attractive shafts communicate with the posts of the fixed lasting
magnet, called the stator, to make the rotor spin. After each half turn the rotor, to keep the motor
turning, the rotor shafts should be flipped by switching the polarity of the flow in the winding.
This exchanging of flow extremity is called commutation. Commutation occurs mechanically:
Every half turn electrical contacts, called brushes, total a circuit to the next portion of the
commutator on the rotor as it spins. Due to this physical contact, brushes wear out over time,

keeping the motor from work in.

Shunt Motor DC Motors
Compound
Motor
Separately

. ] Permanent
exited Motor Series Motor magnet Motor

Figure 2. 8 classification of DC motors

Main important of Brushed DC motors
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e High maintenance due to worn brushes
e Low efficiency

e Easy control (DC voltage

Figure 2. 9 Brushed DC motor

2.3.2. AC Motors

Asynchronous
| | |
Squirrel Doubly
Cage Fed
Induction Induction
Motor e

W PI assisted synchronous

Surface Interior

Reluctance

FLi motor PM motor

Figure 2. 10 Taxonomy of AC motors.



2.3.3. Permanent Magnet Synchronous Motor

They have truly reasonable properties for motor use; high remainder flux thickness and high
strength against demagnetization. Since the field winding is supplanted by PMs, the PMSMs
have low rotor dormancy and high force thickness. Further, since there is no auxiliary copper
misfortune, the PMSMs have a higher efficiency than IMs. What's more, PMSMs are greater in
fusing the hesitance force particularly in the field debilitating locale. Subsequently, PMSMs
have a wide steady force speed range. Due to such benefits, PMSMs are prominently utilized in

mechanical drives, home apparatuses, and electrical vehicles (EV).

2.3.4. Brushless DC Motor

BLDC motors donate higher advantage and require lower support which is the reason they have
replaced brushed motors in a number of applications. Both sorts of motors work dependent on
a comparable rule, in which the rotational movement is produced through the fascination and
repugnance of attractive posts of perpetual and electromagnets. Nonetheless, the manner in
which these motors are controlled is altogether different. BLDC require a mind-boggling
regulator to change over a solitary DC capacity to three-stage voltage, while a brushed motor

can be constrained by managing the DC voltage.

» Low maintenance
> High efficiency
» Complex control (DC to AC)

There are motors with different magnet arrangements where the stator may have various
quantities of windings and the rotor may have different post combines as can be found in the

accompanying figure 2.11.
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Figure 2. 11 BLDC motor and their magnetic arrangement

2.3.4.1. Permanent Magnetic BLDC Motor Drives
A PM motor force may be potentially designed with excessive energy density, excessive
velocity, and excessive operation efficiency. This distinguished BLDC motor force is the

maximum promising quality for EV and HEV applications.
The main advantage of a BLDC motor summarizes as the following:

e High efficiency: BLDC vehicles are the maximum green of all electric powered vehicles
because of the usage of PMs for excitation

e Compactness: Rare-earth magnets has made it feasible to reap very excessive-flux
densities in BLDC vehicles. Which makes feasible to reap excessive torques, flip permits
one to make the motor small and light.

e Ease of manipulate: A BLDC motor manipulate variables are perform without difficulty
reachable and regular all through the operation of the motor.

e Ease of cooling: the rotor of a BLDC motor does now no longer warmness up

e Low renovation, tremendous toughness, and reliability: The absence of brushes and
mechanical commentators reduces the want for related normal renovation and reduces
the threat of failure related to those elements.

e Low noise emissions.
BLDC motor drives are afflicted by a few negative aspects as follows:

e High Cost.
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e Limited regular energy variety: A massive regular energy variety is vital to reaching
excessive car efficiencies. The PM BLDC motor is incapable of reaching a maximum
velocity more than two times the bottom velocity.

e Safety: Large rare-earth PMs are risky for the duration of the development of the motor
due to the fact flying metal gadgets are drawn to them. There is likewise a threat with
inside the case of car destroys if the wheel spins freely: the motor remains excited
through its magnets, and excessive voltage is gift on the motor terminals, which could
endanger passengers or rescuers.

e Magnet demagnetization: Magnets may be demagnetized through massive opposing

magneto motive forces and excessive temperatures.

2.3.4.2. Comparing BLDC Motor to Other Motor Types
BLDC motors have many advantages with few disadvantages. The comparison between a

BLDC motor and a brushed DC motor is summarizes in Table 2.3.

Table 2. 3 Comparing a BLDC motor to a brushed DC motor

Feature BLDC Motor Brushed DC Motor

Commutation Electronic commutation Mechanical commutation.
Based on hall position sensor

Maintenance Less due to absence of Periodic maintenance is
brushes. required.

Life Longer Shorter

Speed/Torque Charactenstics

Efficiency

Output Power/ Frame Size

Flat — Enables operation at all
speeds with rated load.

High — No voltage drops
across brushes.
High — Feduced size due to
superior thermal
characteristics. Because

BLDC has the windings on

Moderately flat —At higher
speeds, brush friction
increases, thus reducing
useful torque.

Moderate.

Moderate/Low — The heat
produced by the armature 1s
dissipated in the air gap, thus

increasing the temperature in
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Output Power/ Frame Size Moderate L.ow — The heat

produced by the armature 1s

High — Reduced size due to
superior thermal
characteristics. Because

BLDC has the windings on

dissipated in the air gap, thus

increasing the temperature in

Control Requirements A controller 15 always No controller 1s required for

required to keep the motor fixed speed; a controller 1s

running. The same controller required only if wariable

speed 15 desired.

can be used for vanable

speed control.

Electric motors are the heart of electric vehicle, which have different performance
characteristics, based on that performance characteristics motor can select according to the
vehicle specification to drive in safe and enough energy source ability as shown Table 2. 4

Table2. 4 Comparison of motors for electric vehicle selection

DC motor BLDCM PMSM M SEM
efficiency less High energy High energv | High energy High energy
than 75% efficiency efficiency efficiency efficiency
(greater than 80%0), (greater than (greater than
95%4), due to not 90%3), 83%),
have rotor
winding and rotor
copper loss
Low power High power Less power Less power Low power
density than SEM | density 1 density than | density than density
BLDC 2 PMS (3)
Low cost than High cost than Less cost than | Low cost than The 2% low
others other BLDC PMS cost than others
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2.3.4.3. Switching operation for Brushless DC Operation

There are two sorts of switching operations to drive this PM BLDC machine[16] .

e Two-phase 1200 conduction scheme

Table2. 5 Hall sensor and motor phase in 1200 operation.

Hall sensor Motor phase
step HA HB HC A B C
1 1 1 0 OFF + -
2 1 0 0 + OFF -
3 1 0 1 + _ OFF
4 0 0 1 OFF -
5 0 1 1 - OFF +
6 0 1 0 - + OFF

Within the two-phase 1200 conduction operation, at any instant, only two phases are conducted
with the conduction interval of 120 while the remaining phase is non-conducted as depicted in

Figure 2.12. The corresponding switching sequence is summarized in Table 2.4
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Figure 2. 12 Current flow under two-phase 1200 conduction opration[17]
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Table2. 6 Switching sequence under two-phase 120 conduction operation

Interval (:) Device on Phases A, B_.C
0-60 51, 56 +.0, -
60-120 52, 56 0,+. -
120-180 52, 54 - +.0
180-240 53, 54 -0, +
240-300 83,85 0,-.+
300-360 51,85 +.-0

For normal operation, the phase current waveform is near rectangular in shape and

easily reaches this demand as shown in Figure 2.13.

t Back EMF

‘/,/’

Current

- - » Angle
0 180 360

120°

Figure 2. 13 Phase back EMF and current waveforms under two-phase 1200 conduction

opration.

e Three-phase 1800 conduction scheme.

Within the three-phase 1800 conduction operation, all three phases are conducted with the
conduction interval of 180 as depicted in Figure 2.13. The corresponding switching sequence
is summarized in Table 2.7. For normal operation, the phase current waveform is near quasi-

square in shape and easily reaches the demanded current as shown Figure 2.14 below.
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Figure 2. 14 circuit diagram of Current flow under three-phase 1800

Table2. 7 Switching sequence under three-phase 180~ conduction operation[17]

Interval (=) Device on Phases A.B. C
0-60 S1, 85, 83 +-+
60-120 S1, S5, 56 0,- -
120-180 S1, 82, 56 ++-
180-240 S4, 82, 56 -+
240-300 S4, 82, 53 -4+
300-360 S4, 5553 -+
+ / Back EMF
/_ Current
4 180
- - » Angle
0 180 180° 360
1\\ /f'

Figure 2. 15 Phase back EMF and current waveforms under three-phase 1800 [17]
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Table2. 8 Comparison between 1200 and 1800 switching operation

Switching operation 1200 conduction

Switching operation 180e conduction

Advantage torque capability for identical

phase current

only switching one device on or off

Maximize the developed torque and

efficiency

minimize the switching loss and chance

of contact

more preferable

torque ripple is larger

phase current 1s fed where the rear EMF

1s1't constant

2.3.4.4. Three phase inverter working principle
To control the phases during six-step commutation, a three-phase inverter is important to
convert the DC voltage to the three phases current.
The switch sequence indicated that positive current turned on the high side and negative current

turned on the low side.

High Side

e
4 4 [y

Low Side

S1

S2

Figure 2. 16 Three phase inverter working principle

Figure 2.16 describes the rotor is at an angle between 60 and 120 degrees to the stator magnetic
field, the three-phase inverter keeps the motor rotating at a constant speed. Varying motor speed
can be achieved by adjusting the applied voltage. Another way of controlling the motor speed

without varying the source voltage is pulse-width modulation, or PWM.
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2.4. Electric Vehicle Batteries

An electric-vehicle battery (EVB) moreover to the traction battery specialty frameworks utilized

for mechanical (or recreational) vehicles, are the batteries need to control the electrical motors

of battery electric vehicle (BEVs). Batteries for electric vehicles are characterized by their

moderately high power-to-weight ratio, particular energy and energy density; smaller, lower

battery decrease the load of the vehicle and improve its performance. Compared to fluid fuels,

most current battery innovations have much lower particular energy, and this frequently impacts

the maximal all-electric range of the vehicles. However, metal-air batteries have tall particular

energy since the cathode is given by the encircling oxygen inside the air.

2.4.1. Types of Electric Battery

Battery

P[jﬂ]_a:}r Ba‘“ erv ,‘ h’ S&CDnﬂ ary Batte:r}'
Liths Battery i+

> Alkaline Battery trhmm Battery

> Mercury Battery Lead-Acid *

- Silver Oxide Nickel Cadmium -

’ Zinc Carbon Nickel-Metal Hydride |

Figure 2. 17 Types of Electric Batter
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2.4.2. Comparison of Electric batteries

Table 2. 9 Comparison of Electric batteries[18]

No. Types of Battery Advantage Disadvantage
1 Lithmun-1on High energy density Expensive
Battery High power rate cycle life Technology not properly
Longer run time developed
High efficiency
No loss of amp hours
2 Lead-Acid High power density Low energy density
Medium efficiency High maintenance
Loss of 15-amp hours Vary large and old type
F.ehable and cheap Bulky
3 Nickel Cadmium  Good life cycle Low output voltage
Available in different size Expensive and Toxic
4 Nickel-Metal High-capacity energy density More complex charging
Hydride Same size algorithm needed
High self-discharging

Low power rate

In general, the comparison performance of battery for EV propulsion can be summarized as

shown in figure 2.18 based on battery performance characteristics of each maximum of five

points. Lithium-ion batteries have great performance parameters than other types of batteries

for EV. It has higher energy density, longer eraand better power density than most other

practical batteries. The Complicating factors include safety, durability, thermal breakdown and

price. Li-ion batteries should be used within safe temperature and voltage ranges so as to

work safely and efficiently as shown from Figure 2.18 below [18].
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Comparison of Secondary Batteries
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H Maximum / Minimum Voltage & Cost
Figure 2. 18 Comparison of Secondary Batteries

From Figure 2.18 the parameters are measured with Energy density(J/m”3), Efficiency (%),

Maximum/minimum voltage (V), Run time (second), loss (L) and cost (kWh)

2.5. Bidirectional DC-DC Converter

A Didirectional buck-boost convertor is different from a unidirectional DC/DC Converter it
utilizes MOSFET or IGBT to switch the state of the current rather than all the diodes [7]. The
size of the voltage and current as well as the arrangement of the energy capacity things, the bi-
directional DC-DC converter can either operate as a Buck converter by stepping down the next
voltage to a lower voltage or as a Boost converter by stepping up from a lower voltage to the
higher voltage. Undoubtedly, diodes do not permit current to flow in both directions, but with
MOSFET the period of each position can be effectively controlled. The kinetic energy is wasted
as heat energy in previous method while this energy includes the transformation of kinetic
energy into electric energy which is purified and stored in a chargeable battery in car
applications. most DC/DC converters have to be trade control between two voltage sources [24].
To achieve this power, transfer the current must be able to go through the circuit in both

directions. There are a lot of for this kind of converters, because the use of a battery implies the
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capacity of charging and discharging so the use of a bidirectional converter allows avoiding a
complex system of twin circuits to accomplish the charge and the discharge of the battery.

2.6. Particle swarm optimization algorithm

Particle Swarm Optimization (PSO) may be a population-based globalized look calculation that
employments the standards of the social behavior of swarms. PSO produces superior comes
about in complicated and multi-peak issues. The PSO calculation is exceptionally quick,
straightforward and simple to get it and execute. It moreover has few parameters to alter. PSO
finds the finest esteem with interaction of molecule, but when the look space is tall its merging
speed gets to be exceptionally moderate close worldwide ideal. It moreover appears destitute
quality comes about when it bargains with huge and complex information set. As previously

mentioned, a few PSO variations have been created to overcome this issue[22].

/ DPirection of \
current mu(mn/
- . - } \ New motioa
Direction of

personal best Direction of
global best

Personal Global best of swarm

\ Best position ‘/

Figure 2. 19 Representation of upgrading the speed of a particle[22]
2.7. Related Works

The global interest in reducing fuel consumption has led to the emergence of different types of
electric vehicles like battery electric vehicle. The battery plays an important role in providing
the power required by the driver. The development of greener and fuel-efficient cars can be
achieved in two different ways: the development of more advanced car hardware and better
control techniques. Since the latter is more profitable, more researchers pay attention to it and

some papers are presented in this research.
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A study on Regenerative braking system with MATLAB simulation was proposed to study
regenerative braking used in electric vehicles and to prepare a mathematical model of the system
with the help of MATLAB/SIMULINK [4]. This study shows that the BLDC motor is the
suitable motor for performing regenerative braking operation. Additionally, the paper used a
PID controller to implement the PWM to the inverter that can maintain constant braking torque.
An adaptive technique is also used to adopt PID parameters. Due to this adaptive technique, the
system response is very slow. This paper did not mention anything about the current which is

the other drawback of the study.

The authors in [23] proposed a novel regenerative braking scheme for electric vehicle driven by
brushless dc motor. This paper used fuzzy logic to utilize regenerative braking energy
effectively. The controller used in this study gives a smooth brake but the response is very slow

due to large number of fuzzy rules.

Design of a controller for regenerative braking using BLDC motor applicable for EV was
presented to design a PID with fuzzy logic controller that produces significant improvement in
control performance [24]. In this paper, the PID gains are tuned by fuzzy controller. Hence, the
system response is to slow because of the fuzzy rules. To overcome this issue, PSO
is utilized for tuning the PID controller and gives fast response. This thesis solves the above
problems by designing a PSO based PID speed control of BLDC motor drive with regenerative
breaking for EV application. Furthermore, the braking energy, energy loss in figure 4.13 the
result shows it lost 0.05% within 0 to 0.5sec. during regenerative braking from
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CHAPTER THREE

METHODOLOGY

3.1. Introduction

This chapter deals with data collection mechanism and analysis, mathematical modeling of the
vehicle dynamics and BLDC motor, and design of speed control and inverter switches
techniques for the BLDC motor drive. PID —PSO control technique is applied for speed control
of the motor. The artificial intelligence based linear PID controller tuning methods are
performed for speed control of BLDC motor. Hysteresis current regulator is developed to limit
the flowing current of the motor. Then modeling of the overall BLDC motor drive is performed.

Finally, the system is simulated by using MATLAB/2021a software both in Simulink and script.

3.2. Materials
In this research work, software such as MATLAB/2021a, Microsoft office 2019, and Math Type

6.0 equation are used. MATLAB is the computing software which consists of technical
toolboxes and Simulink. Microsoft office is used for editing the thesis documentation. Math
Type 6.0 is used for writing mathematical formulas and equations in Microsoft offices word and
PowerPoint presentation tools.

3.3. Methods

The method utilized in this thesis to accomplish the specified task is shown in Figure 3.1. The
closely related papers and literatures are reviewed. Then the required data used throughout this
research are collected and analyzed. BLDCM has been widely used in EV because it's more
efficient and is more easily controllable than other AC motors [12]. So, regenerative braking of
EV that uses power from battery supported BLDCM is discussed during this research. Electric
vehicle BLDC motor specifications have taken from the manufacturing company and a
few of the opposite specifications taken from literatures. The collected data is analyzed

mathematically and graphically for developing system modeling.

The dynamics modeling and therefore the maximum power requirement of BEV is analyzed.
The BLDC motor speed control drive is intended with inverter commutation techniques
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supported the BEV and also the motor controller result, the BEV speed is analyzed in km/h with
the battery state of charge and therefore the model of braking current is established, on the
idea of which auto disturbances rejection controller is meant to appreciate good control effects
of regenerative braking. The proposed modeling and simulation results of the system is
compared with different Al based control algorithms for speed and current control. Different
three phase inverter commutation techniques are applied and compared throughout the work.

The diagram in Figure 3.1 summarizes the tactic followed throughout the research work.

Related papers and literatures
are reviewed

BEY and BLDXCM s=pecification data are ]
—

taken from their manufacturing companies
N

3

The collected data are analvzed

!

»| FID-PSO based speed control system ]

of the BLIDXC motor drive is developed

|

Regenerative bralang system
of the BEV implemented.

3

System 15 implemented in
MATLAB Simulink and script.

!

N

r

N
The proposed system result 13
analyzed, dizcussed and compared
with other related techniques

7

Figure 3. 1 Block diagram of research methodology
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3.4. Analysis of electric vehicle system development and dynamics modeling

The Following are the key components in Electric vehicle:

e Battery Charger

e Battery

e Motor Controller
e Motor

e DC-DC Converter

¢ Vehicle Computer and Electronics

The electric vehicle is the easiest in structure. The key components are the driving parts.

Figure3.2 shows the configuration.

Electricity Battery
Battery —
s W + == —
Charger T | Controller
DCDC
converter Throttle

L 4

Vehicle dynamics and
electronics

Figure 3.2 The key components of Electric Vehicle

The battery is that the main energy storage. The battery voltage is DC and current (I) is
converted into switched-mode signal through control electronic controller to drive the motor.
The opposite electronic components during a vehicle are often supplied to the battery through
DC-DC converter that can either boost up or step down the voltage supported the dynamic
vehicle requirement. The vehicle dynamics model is critical to be designed to develop a
regenerative braking controller. Because the main research during this paper is breaking
performance of electrical vehicles, only the longitudinal motion is taken into account in vehicle
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dynamics model. Furthermore, the direct braking condition is assumed and no stable effect is
taken into account as far as Table 3.1 shows the typical values of tractive effort coefficients on
various roads. The traction coefficient is highly passionate about the roughness, the contacting

area, and therefore the frictional force pulling or pushing a vehicle’s mass.

Bidirectional
Battery je—— DC/DC
convertor )
\.
Controller
Transmission Motor [ Inverter I &4 Brake pedal
v \ _}

Figure 3.3 BEV Regenerative braking block diagram

From Figure 3.3, when the driver apply brake pedal the motor act as a generator that changes
mechanical energy into electrical energy and this energy is stored in battery. Since the battery
uses a DC voltage, the bidirectional DC/DC converter is used to convert the inverter AC voltage
to DC voltage during braking time. When the stored energy is required by the vehicle, the
bidirectional DC/DC converter convert the DC voltage from the battery to AC voltage that is

given to the inverter.

Table 3.1 Average Values of Tractive Effort Coefficient on Various Roads [8]

surface Peak Values, pup Sliding Values, p
Asphalt and concrete (dry) 0809 0.75
Concrete (wet) 0.8 0.7
Asphalt (wet) 0.5-0.7 0.45-0.6
Grave 0.6 0.35

Earth road (dry) 0.68 0.65

Earth road (wet) 0.55 0.4-0.5
Snow (hard packed) 02 0.15

Ice 0.1 0.07
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The behavior of a vehicle system and its dynamics involves a balance among the several acting

forces.
Table 3.2 The 2019 BMW i3 42 kWh electric vehicle specifications[19]
Specification Values
Vehicle weight at full, average (M) 1345ke
vehicle length (L) 4.011m
vehicle height 1.308m
the wind speed (Vwind) 20m's
Frontal area (Af) 2 83kg/m?
Maxumum running Vehicle speed (V) 41.67m's or 130Em'h
Wheel base 237m
Length of vehicle from center to front (La) 1.572m
Length of vehicle from center to rear (Lb.) 1.575m
Height of vehicle from ground to center (hg) 0.57m
Aerodynamic drag coefficient (Cd) 03
Wheel rolling radius(rd.) 0.3m
the angle of inclination of the road (f) 0~0.174 (rad) or 9.97degree
the acceleration due to gravity (g) 0819 (m's"2)
the air mass densitv (p) (1.2 kg'm"3)
the rolling resistance coefficient (ur) 0.0
coefficient of longitudinal frictionp) 0.4~1
Maxgmum torque 230Nm
Rated speed 4800rpm
the moment of inertia of the wheel (Jyw) 0.3 (kg/m?)
Average starting Acceleration{av) 0.95 m/s™2
Inertia of the vehicle 1.7
Rated torque 149Nm
Gear ratio 0.665:1

These forces are categorized into tractive (Ft) and road-load forces. The tractive effort appears
within the contacting area between the driving wheel and so the level and moves the vehicle
forward. It’s produced by the torque powerhouse and transferred through transmission and final
drive to the wheels. While the vehicle is moving, there are road-load resistances that attempt

to stop its movement. These road-load forces include rolling resistance of the tires, the
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aerodynamic force, frictional force of the slope and force due to vehicle inertia. in line with the
Newton’s second law, Equation (3.1) indicates that speed and acceleration rely on tractive

effort, road-load force, and on the weight of the vehicle.

3.4.1. Vehicle Resistance Forces

During driving, resistance forces act on the vehicles. These resistance forces;

e Aerodynamic Resistance Force.
e Tire Rolling Resistance Force.
e Gradient Resistance Force.

e Inertia Resistance. Wind Resistance Force.

Figure 3.4 Electric Vehicle Dynamics[20]

3.4.1.1. Aerodynamic Drag Force

Faerod =%*p*Af *Cd *(Vx—Vw)?[N] (3.2

Faerod =0.5*1.2*2.38*0.3*469.5889 = 201N
Paerod = Faerod * (Vx—Vwin) = 201N *21.67m/ s = 4.359w

Where, Faerod = total aerodynamic resistance in N, Cd= the aerodynamic drag coefficient

Af = the frontal area in m?,Vw = wind speed in m/s, p = the air mass density in kg/m”"3, VX

= the vehicle speed in m/s
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3.4.1.2. Rolling Resistance Force

I:rolling =P*ur-Mv+g */Jr*COS(ﬂ)[N]
F =1345%*9.8*0.01*c0s(9.97) =129.9N 3.2

rolling

Protiing = Frotiing*VX =129.9N *41.67m /s =5.41kw

Rolling resistance force (F.;,) is the tangential force of normal force (P) on tires and the

olling

rolling resistance coefficient (ur).

3.4.1.3. Gradient Resistance Force
The gradient resistance or the hill-climbing resistance force ( Fclimb) is dependent on the weight

of the EV and the angle of inclination  of EV is exposed.

Foimp = MV*g*sinp ) [N] (3.3)
Fimp, =1345%9.8*sin(9.97)=2,282.05N
Pyinb =Faimy ¥ VX = 2282.05N *20.8m/ s = 47.46kw

3.4.1.4. Acceleration Resistance Force
The linear acceleration force (Facc) is based on the mass of the vehicle (Mv),

acceleration/deceleration of the vehicle (av), and the vehicle speed (Vvx) expressed as following:

F.=Mv*ay= Mv*% [N] (3.4)

F... =1345*0.95=1277.75N
P = Foe *VXx=1277.75*41.67m/ s = 53.24kw

acc

3.4.1.5 Wind Resistance Force

Fwind = C:W *Af * V?um[N]
Fuing = 0.299* 2.38 * 400 = 284.6 (3.5)
P, . =Fuua Ve =284.6*20.8m /s = 5.9kw

Cw is coefficient of wind resistance which is different for passenger cars (0.299), small trucks
(0.43) and big truck. Based on all these equations the resultant force produces a counteractive
torque to the driving motor. The total acting force is given by
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I:total = I:aerod + I:rolling + I:climb +Facc+Fwind
F.y = 201N +129.9N +2282.05N +1277.75N +284.6N = 4175.3N (3.6)
Ptotal (maX) = Paerod + F)rolling + I:)climb +Pacc +Pwind

P, (Max)=4.359kw+5.41kw+47.46kw+53.24kw +5.9kw = 116.4kw

The total motive force with each component of the vehicle is shown in Figure 3.5. In this Figure
3.4 the vehicle is assumed to move up a hill with constant speed of 60Km/hr and the velocity of

the air is also assumed to 20

4500

4000 | motive
== =Fclib
3500 Fwind
8 Frolling
= = —Farod
< 3000
)
3]
£ 2500
7 e
© 2000 .
2 wim ="
-2 1500 - ___—‘—
~ 1000 e O
500 - R il

approaching angle

Figure 3.5 Motive force versus approaching angle of the vehicle

The BLDC motor with output power rating of 116.4kW should not be selected. [3] The losses
due to transmission of power to the wheel must be included. Therefore, the mechanical power

output required to move the vehicle is given by equation below:

P

Mtotal(max) = ol (37)
transmission gear syasem
= —116'4KW ~125kwW
0.93

Equation (3.7) shows the total driving power of the motor for the propulsion of the meter. Based

on this result, the motor rated specifications are selected as shown in Table 3.2.
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3.5. Traction Motor Specification

According to the maximum power of the electric vehicle some of the BLDC motor
specifications are taken from the manufacturing company and the others are taken from
literature. The torque and back EMF constants are determined by the following derivations from
the motor two phase equations [2]. The rated power of the motor is described by the product of

the motor current and the back EMF for considering two phases.

Power, .., = 2E I, (3.8)
from Equation (3.8),
— I:>0werrated
"2
__PKW o155y (3.9)
2*120A

Hence, the back EMF and speed of the motor are directly proportional to other

EMF constant(K, ) = E,, :43;%5V
rpm

rated

=0.62201[ v J (3.10)
rad/sec

If two phase operating system of BLDCM is considered K, =2%0.62201=1.24402 . Then the

torque constant of the motor is calculated by

2*E

K=o e o 23125 4500 (3.11)
O g 502.4rad/sec
2*E *1
Torquerated = Kt m(rated) = m(r:t)ed) mieed
rated
TOrqUE g = K| ey = 124402 x120A = 149N (3.12)

3.5.1. The Effect of Vehicle Speed on the Power Requirement

The relationship between the speed and driving power of the BEV is analyzed and plotted as
shown in Figure 3.5. This shows that the vehicle power consumption and speed in km/hr have

a linear relationship. As the speed of vehicle increases, its power consumption also increases [3]
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[4]. The vehicle can move at the speed of 150km/hr. with a power consumption of 75kW. This

relation fulfills with the identified maximum power requirement [2].

3.5.2. Motor Rated Power and Peak Power Matching

The selection of rated speed, torque, and power of the BLDC motor should conform to the
requirements of the torque versus speed characteristic curve [52]. When the vehicle starts, the
motor speed is low and works in constant torque state, as long as the speed is higher than the
rated speed, it works in constant power state [53]. The rated torque and power of the 4800rpm
base speed electric vehicle BLDC motor have a value of 149.2Nm and 75kW respectively as

shown in Figure 3.6.
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Figure 3.6 driving power vs speed of the electric vehicle
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Figure 3.7 Torque versus speed characteristics of the BLDC motor

3.5.3. The Effect of Gradient Angle on the Power and Speed of Vehicle
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Figure 3.8 Driving power vs approaching angle of the vehicle
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Table 3.3 Parameter’s specification of BLDC motor used in this thesis [34]

Parameter name Parameter value
voltage 480V (DC)
Maximum power 125kw
Rated power T5Kw
Rated speed 4E00RPM
Moter connection 3-phase star connection
(Six step commutation every 60 degree)
Rated current 2124
Control input rated voltage 352V
No. of poles (p) 4
Efficiency of the maximum power motor 0.93%
Efficiency of the rated power motor 95.7%
R (Phase stator resistance) 168
Ap (The amplitude of flux linkage) Turms 0.105 Wh.
L (Self-inductance) 2mH
M (Mvfutnal inductance) 0.5
Power factor 085
{L—MD 1.5mH
B (Viscous coefficient) 0001 Nm. =
T (Moment of Inertia) Motor connection 142* 104 Kgm?2
T (Full Load torque) 4 N.m
Torque constant 1 24402N-mfA
Back EMF constant 0.62201VS5/rad

3.5.4. Electric Battery Specification

The proposed system equations considered for the battery are as follow

Table 3.4 Parameter specifications of Lithium-ion battery[21]

Parameter wvalues

Cell type Lithium-ion

Total battery power pack 37 9KWh (42 7K Wh gross)
ERated DC power supply 352

Capacity 12040

Mhdass 4 3kg

MNominal voltage 52

Energy density 155 Whike

Chperating temperature -20°C 1o 55°C

Energy >40Wh

42



3.6. Wheel Dynamics

Figure 3.8 appears the principle of braking force variation between front and raise wheels, which
happens when brake operations are performed whereas the vehicle is running on a level street.
The vehicle braking operation depends on the vehicle mass ( Mv) and acceleration/deceleration

of the vehicle (a. ). The relationship between the vehicle braking driving force ( Fv), the front

wheel braking force (be ), and the raise wheel braking force ( Fbr ) can be represented as:

Fv=Mv*a = Fbf + Fbr [N]
Fv=1345%0.95=1,277.75 [N] (3.13)

F, G
—r¢
h
. r : M,.g g
I F, A L ¥ L F, 18 // /7777777
" a wla ]
W, b |.| oW,

Figure 3.9 the brake operations are performed while vehicle is running on flat roads.

The stack will be moved from the rear wheels to the front wheels when the brake pedal is pushed
on, which is able to influence the distribution of braking force between front and rear wheels [8,
19]. To estimate the impact of stack development on braking, brake quality z is characterized
by the condition 3.10. Where, g is the gravitational acceleration (m/s 2) and (av) is the vehicle’s
deceleration

av
Z=—
g
Z= 0.95 =0.096 (14)
9.81
Fbf Fb

Thus, the maximum braking forces and " which can be generated for the front and rear

wheels, are given by Equations (3.13-3.15):
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Fbf = 1-WF = - Mv~g(Lo+2z~hg) IN]

L
* *
Fbf = u~Wf =O.4*1345 9.81(1575+0.096-0.57) _ 2144.43N (3.15)
4.011
Fbr = 11« Wi = 1+ MV*g(Lf_ z+hg)
* *
Fbr = 11~ Wr = 0-4*1345 9.81(1572m-0.096*0.57) _1996.5N (3.16)
4.011
Fbf + Fbr = ~Mv~g
Fbf + Fbr =0.4*1345*9.81=5,277.78N (3.17)

where Wf and Wr are the typical forces on the front and rear wheels, G is the overall load of the

vehicle and p speaks to the friction coefficient between the tire and the street surface. It is
impossible to decide the braking strengths which can make the front and rear wheels lock for
each friction coefficient. When the braking force is conveyed among the front and raise wheels

secure braking is secured, which can be expressed as

For = 1| MVQ | 2, 4oL oo [MVOLD oy
2| hg Mvg hg
[1345%9.81 \/ 5, 4%057*4011
N +—

0.57 1345*9.81 "0,217.78 -
Fbr == ' : (3.18)

2 * *
(1345 9.81 l.575+2*5'277.78j
0.57

— 0.5[23,148.45* (+/2.480625 +352.03) — (47013.9)]
=[217,919.5— 23,506.95] =194, 412.55

-

The perfect braking force distribution characteristics were decided by calculations based on the
determinations of a traveler vehicle (see Table 3.2). As shown in Equation (2.13) and Equation
(2.16), braking forces and changes with the friction coefficient p. Hence, in arrange to disperse
braking force concurring to the ideal curve.

The changing friction coefficient directly. It can be found that the distribution ratio Rf and Rr

of the front and rear wheels, does not depend on the friction coefficient [20].
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Ff  Lb+Z*hg 1.575+0.096%0.57

Rf = =
Ff +Fr La+Lb 1.575+1.572

=0.517 (3.19)

Rr=1-Rf =1-0.517 =0.483 (3.20)

The vehicle models available are of the following types: general vehicle model, vehicle model
of four-wheels, vehicle model of two-wheels and vehicle model of the single wheel. The
dynamic model with the four wheels in order to describe a suitable braking performance and
also to simplify the underlying problem. The brake pedal is pressed against the brake plate, thus
developing a frictional torque. This braking torque results in a braking force at the contact area
between the tire and the ground. It is this braking force that tries to stop the vehicle. The traction
or braking force is produced by the pneumatic tire and friction coefficient. Depending on the
driver’s command this is often satisfactory strategy given to EV protection device avoiding any
overstated height of temperature and current peaks [21]. The braking forces act on front and rear

wheels and can be expressed as the force (Fbf ) available at the tire-ground contact which

depends on the axle torque (Th) and tire radio (rd ). The wheel response force will produce a
torque that starts rolling movement of the wheel, resulting in an angular speed . The equations

of motion and longitudinal friction of the wheels are[20].

Me*av = Me*% (3.21)
Fbf = 12 (3.22)
rd
Fbf = uP (3.23)
..
Fbf = Md”b (3.24)
r

Where Me is ¥ of the mass of the vehicle (kg), Vx is the vehicle speed (m/s), Fv is the
longitudinal friction (N), Jwis the moment of inertia of the wheel (kg'm2), o is the wheel
angular speed (rd/s), rd is the wheel radius, Th is the front brake torque (N-m), u is the

coefficient of longitudinal friction, and P is the normal force (N)
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3.7. The Proposed Block Diagram of BLDC Motor Drive

The proposed system diagram of the speed control of the BLDC motor drive for the propulsion
regenerative braking of battery electric vehicle is shown in Figure 3.9. The difference within
the reference speed and actual rotor speed is controlled by employing a speed regulator. For this,
a PSO based PID speed controller is proposed. Three phase reference current is generated from
the speed controller output and hall sensor decoded signals. Usually, the motor
needs this limiter thanks to the high starting current. Two phases of the stator current are
taken because the stator current feedback because once the 2 current phases are known the third
phase may be a negative summation of the 2 phases. The difference of phase current and also
the corresponding reference current is controlled by using the PSO-PID controller. The motor
armature current has harmonics and results in torque ripple. PWM consists of a comparator,
output of the present controller converted to voltage, carrier signal including its switching
frequency and also the logical circuit which is employed to come up with inverted riving
signals. The inputs for PSO are illustrated in Table 3.6 which includes population size,

maximum iteration, positions (C1, and C2), velocity (w), upper and lower bounds.

& AH AL BH BL CH CL
& 1 0 0 0 a0 1 Sector
&8
& 0 o0 1 0o 0o 1
g R
Q 0 1 1 0 6 o0
0 1 0 0 1 o |[€
0 [¢] 8] 1 1 0
PSSO 1 0 0o 1 a0 an
1 lD Commutation Logic
Desirad/ Error P W
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Speed éque. PID —
i3 =.1||'Lﬂ].EI £ | ;s]l‘rﬂf - - ~ Hﬂll \;
PWM Control 5 Nedt (4 . M Effect >
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inverter
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Figure 3.10 Speed control of BLD motor with PID_PSO control algorithm
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Consider a motor with three coil windings in the stator and a single pole-pair in the rotor. This
type of BLDC motor is driven by six-step commutation by a three-phase inverter where the
correct phases are commutated every 60 degrees for continuous rotation of the motor. To learn
more about six-step commutation and how it works the following figures are discussed as

follow.

High Side

S1 ss||§i}J ss|%
s2 s4|ﬁi sa|Ei:1ﬂ[‘ B c

Low Side

Figure 3.11 Working principle of 3phase inverter with BLDC

A DC voltage source provides a constant voltage to the three-phase inverter, which converts the

DC power to three-phase currents to energize different coil pairs in turn.

As shown in the figure below when the applied voltage is constant (plot on the left) the engine

turns at a steady speed (plot on the right) due to the proportionality voltage and speed.

High Side A Speed

Voltage
1 §1 % Sll 85 |£ 1

1
I

Time Time

Figure 3.12 voltage -speed relationships for BLDC motor

However, if the motor to run at different speeds, a controller that will adjust the magnitude of

the applied voltage. The following steps outline how to build this algorithm
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3.7.1. Hall Sensors for Sector Detection

To control the rotor angular position and speed by using sensors like Hall Effect sensors. The
Hall sensor does not give data on accurately where the rotor is inside a sector. Instead, it detects
when the rotor transitions from one sector to another (figure 3.13), if the rotor is between 0 and
60 degrees, then it means the rotor is in the first sector and outputl, similarly, there are more
cases until complete the full rotation of the rotor. The angular position theta always between 0
and 360 degrees, which means that after every full rotation of the rotor again reset theta to 0
degrees. which is the only input that is needed to determine the commutation of the motor

phases.

The correct phases are specified by a commutation logic circuit as discussed figure 3.14.

@\@ /l

Figure 3.13 hall sensor

3.7.2. Commutating Phases with a Commutation Logic Circuit

Figure 3.14 shows how distinctive components of the motor control algorithm connected with
each other. The commutation relational circuit computes the switching pattern for the three-
phase inverter. Within the commutation logic table, the letters A, B, and C stand for the three
phases of the motor. The high side of the three-phase inverter is labeled with H and the low side
with L. In case the rotor is inside the primary segment, the commutation logic chooses the top
switching pattern, which directs that the high side switch of phase A and the low side switch of

phase C are turned on.
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Figure 3.14 Interactions of commutating phases with a commutation logic circuit

As the rotor transitions to other sectors, the next switching pattern is selected accordingly and
sent to the three-phase inverter. In summary, the sensor tells us when to commutate the rotor,
and the commutation logic determines the correct phases to energize during each commutation.

This way we’re able to spin our motor. The next goal will be to enable the motor to spin at

different speeds.

3.8. The BLDC Motor Mathematical Model

The BLDC motor Speed-torque performance is most vital for traction and other applications.
As the other electric machine, the torque is generating by the interconnection of the magnetic
flux and current. The field is produced in BLDC by the PM, and also the current depends on the
source voltage, control, and also the back EMF, which is decided by the magnetic flux and

speed of the machine. To getthe required torque and speed at a given load, this must be
controlled.

The performance analysis of BLDC machines have some Simplification [3][22]:

e Desaturated the motor
e Stator resistances of all the windings are equal, and self- and common inductance are

constant. Power semiconductor gadgets within the inverter are ideal.
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e Iron losses are negligible.

The BLDC motor phase equations is, taking into consideration the self and leakage inductances

are expressed by:

Va = Raia +%[Laaia + Lbaib + Lcaic ] + Ea
d
Vi =Ry +_[Labia + Ly + chic]+ E, (3.25)

dt
V = Rcic + %[Lacia + Lbcib + Lccic]+ E

c C

whereVa , Vb and Vcare the stator voltage phases; ia,i» and icare the stator electric current; Ra
, Roand Rcare the winding resistances; Laa , and Lec  are self-inductances of the stator; Lao ,
Lba, Lbc , Lea , Lac and Le are the leakage inductances of each adjacent phase; and Ea , E»
and Ec are the back electromotive force of each phase. Considering that the phase windings are
equal, hence Ra= R» =Rc =R (whereR is the general resistance of the stator); Laa = Lob =
Lcc =L (where L is the general self-inductance); Lab = Lac =Lba = Lea=Leo =M (Where M

is the general mutual inductance), whence one can obtain:
Va= Ria+%[|_ia+ Mib + MiC]+ Ea
Vb=Rib+%[Mia+ Lib+ Mic]+Eb (3.26)
Ve= Ric+%[Mia+ Mib + LiC]+ E.

For a balanced system, then the currents 1& +1D +1C = 0; deriving the previous equation

dia div dic dia dib dic dib dia dic dic dib dia
returns, —+—+—=0and-———=—+—,——=—+—,——=—+—
dt dt dt dt dt dt dt dt dt  dt dt dt

replacing the derivatives in (3.26) respectively, yields:
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Ve=Ria, B[ ~M]+Ea
dt
. dib
Vo= Ris. Z[L-M]+E: (3.27)
Ve=Ric. 2L -M]+Ec
dt

From (3.27) it is possible to infer the comparable circuit of the BLDC motor, as appeared in
Figure (3.14) [1].

L-M
Fan, PRV VaVEN

L-M
von Pavavavey

L-M
Ven %22’

Figure 3.15 BLDC motor equivalent circuit.

The simplified stator equations can be obtained by doingLs=L—-M, thus: The overall

electromagnetic torque created by the stage streams is express by

Va = Riaﬁ-i Lsia + Ea
dt
N
Vb= R|b+a Lsib + Eb (3.28)

Ve = Ric +i Lsic + Ec
dt

_ Eaia + Ebib + Ecic

Te (3.29)

m
The EMF induced in each phase is given as:

E, = fa(dr)Apom
E, = fb(6r)Apom (3.30)
E. = fc(@r)Apom
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where Ap isthe flux constant and the functions fa(@r), fo(€r) and fc(0r) represent the profile

of Ea, Eband Ec with magnitudes closed to £1, as expressed in (3.30). By replacing in (3.29),

the electromagnetic torque, in N.m, is written as:
Te=Ap[ fa(ér)ia+ fo(@r)ib+ fc(ar)ic] (3.31)

The dynamic equation for a system with inertia J, friction coefficient B, and load torque Tl is

given by:

J%££+Bwr=0k—TU (3.32)

Where at the speed of rotor and their position are related to each other by:

aor _P o (3.33)
dt 2
Where P indicate that the number of poles, r is the rotor speed in rad/s, and r is the rotor
position. From the previous equations, the set of differential equations that represents the

modeling of a BLDC motor is expressed by:

%__ Ria N Va B Ea
dt L-M L-M L-M
%:_ Rin N Vo B Eb (3.34)
dt L- M L-M L-M
%__ Ric N Ve B Ec
dt L-M L-M L-M
da)r I—Ba)r—E+Te
dt J J
dor _P, (3.35)
dt 2

Substitute Equation (3.30) in (3.34) and rewrite the equation
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dia Ria Va . fa(er)lpa)m

— = +
dt L-M L-M L-M
din Rib Vb B fo(@r) A pm

— == + (3.36)
dt L-M L-M L-M
% _ Ric n Ve . fc(@r)lpa)m
dt L-M L-M L-M
r r ﬂ fa r-a+f r-+fc r-c
dor _ Bor T, o[ fa@njia + fo@niv + fe@nic] (3.37)
dt J J J
o _P (3.39)
dt 2
Equations (3.36), (3.37) and (3.38) can be represented in the form of a matrix as:
5" =[ia(t) ib(t) ic(t) ar@) or()], and
i 0 0 M 0 _ _
a i a(t -
. 0 i 0 M oll - () 1 Va(t)
; Ib L-M L_M ih(t) 0 —r 0 0 Vo)
at Ic |= 0 0 -R ﬂpfc(@r)lc 0 ic(t) |+ 0 0 ﬁ 0 Ve(t) (3.
or : : /IL_M . L-M or (1) PR |
_9[' | ﬂpfagﬁr)la ﬂpfbger)lb pfc\(]@l’)lc iTB 0 _Hr(t)_ 0 0 0 T L
. | 0 0 0 0]
0 0 0 0 -
L 2]
The state space form is given below
x=AX + Bu (3.40)

where
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-R 0 0 ipfa(ﬁr)la 0 ) :
L-M L—M T ) oA
-R ﬂ,pfb(gr)ib L-M 1 Ia(t) Va(t)
0 =y © T—m 0 = 0 0 ib(t)
L-M LM Vb (®)
A= 0 0 -R lpfc(@r)ic 0 ,B: 0 0 i 0 X = IC(t) U=
- L-M Ve(t)
. N o |er@®
Apfa(@r)la  Apfo(Or)ib  Apfe(r)ic -B 0 0 0 0 = L
J J J 3 J L6 (D)
P 0 0 0 0]
0 0 0 0 5

Where Va ’Vb and VC are the phase voltages in volts, stator winding resistance is denoted by R in

ohms. i, i, and iC indicate the phase streams of the motor in amperes. L and M in Henry
indicate the self-inductance of the motor winding and the mutual inductances between stator
windings, respectively ea , €, and ec represent the back electromagnetic constrain of each

stage in volts. The number of posts within the rotor is represented by P, and &, is the rotor

position of the rotor in radians. J, B, @., and TL represent the moment of inertia, frictional

coefficient, angular velocity, and load torque of the motor, respectively. The equation of torque

is given as in (3.41)

T =B, +3 9%
dt

+T, (3.41)

3.8.1. Modeling of Ideal Back-EMF
The profiles of the ideal three phases EMF are shifted from one another by 120°.[23] .The BLDC
motor back-EMF can be described by from the Equations (3.42).

Where Ap is the flux constant, @r electrical rotor angle , wm is the rotor speed in rad/s and the
functions fa(@r), fb(or)and fc(Or)represent the profile of Ea, Enand Ec with magnitudes

closed to £1. Equations (3.42), (3.43), and (3.44) show the mathematical functions of the rotor

angle in a three-phase system.
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1 O<or<’
3
[z—er]*g, z<0r<2—7T
T 3 3
-1, 2—7T <Or <7
fa(or) = 3 . (3.42)
1 r<fr<l
3
[Gr—sl], 4—7T<9r<5—7T
2 3
1, o <Or <2rw
3
Similarly
fb(6r)= fa(0r+2%j (3.43)
fc(or)= fa(er—Z%j (3.44)

The induced emf does not have sharp corners, but it has rounded edges. The emf produced are

the result of the flux linkage derivatives which is a continuous function.

T 2T 4 5

T ar =
3

Figure 3.16 Back EMF model for BLDC

Modeling Hall Effect Signals and Inverter Switches Status of the BLDC Motor Mostly, three
Hall Effect sensors are present in BLDCM which are at 120 degrees apart [6][24]. Whenever
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the rotor passes through the sensor, it gives logic state HIGH. Else it remains at logic state LOW.
Each sensor is active for 180 degrees in each cycle.
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Figure 3.17 Waveforms of phase and hall sensor signals

For controlling BLDC motor, the H-Bridge inverteris wusually used [8][25]. To
energize windings to rotate the rotor, appropriate switches have to be turned ON. During 0-60
degrees of Figure.15, phase A and phase B should be turned ON and phase C is at floating state.
So, to show ON A and B phase coils, S1 and S2 of figure3.17 should be turned ON. No two

switches of same leg of inverter should activate simultaneously.

Table 3.5 The inverter switching sequence[25]

Hall | Hall |Hall | A | B | C |S1|S2|S3|S4|S5|S6
A B C

1 0 1 |(+1}-1,0}1]010]0]|0]|1
1 0 O |+|0-2|1(1]0|0]0]0O0
1 1 O |0O|+1|-1|0|1]1|0|0]|O0
0 1 O |[1(+1j0}j0O|O0Oj212j0|O0|O0
0 1 1 |/-1]0+1] 00|01 |10
0 0 1 /0|1 |+1]0]0|0]1 |1 1

Top switch of 1 leg and bottom switch of another leg should activate simultaneously. Under

motoring mode, all the six switches of inverter are in use. Controller takes hall sensor states as
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reference and generates in Table (3.5) shows BLDCM inverter switching sequence for motoring

mode.

Gating pulses to turn ON appropriate switches inverter of BLDCM for motoring mode.in the
low power range and in applications requiring variable speed control, adopting BLDC motor
can cause efficiency improvements of up to 10% to fifteen compared with AC induction motors,
and permit the likelihood of 90% operating efficiency[25]. At the identical time, BLDC motors
are more energy productive than induction motor, because of the motors eliminate the excitation

circuit losses and doesn't suffer from friction because of the brushes.

3.9. Controller Design

3.9.1. PID Controller

The PID (Proportional integral derivative) controller is that the common and useful algorithm on
top of engineering system in most case, feedback Closed loop system are controlled by PID
control algorithm. the main reason why feedback loops is incredibly important for the systems
to beready toattaina collection —point regardless of disturbance or any variation in
characteristics of any form. The PID controller is usually designed to correct errors (e) between
measured process values and particular desired set-point in an exceedingly system. An easy
construct work of PID controller is as follow. The proportional (P), Integral (I) and derivative
(D) controls, as shown to the block diagram in Figure 3.18 The system, S is to be controlled

using the controller C; where controller, C efficiency of depends on P, I, D parameters]

PID u
Controller

| System .

Figure 3.18 Feedback control loop, block diagram

The controller provides the excitation need by the system and it's designed to regulate the
general behavior of the system. The PID controller has several categories of the structure

arrangements. The foremost common of those are the series and parallel structure and, in some
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case, there are the hybrid sort of the series and parallel structures. Consider the figure 3.18 e is
that the sample error and it's the difference between the specified input value R and the
particular output value Y, .Inclosed-loop systeme will sent to the controller and also
the controller will perform the integral and derivative computation on the error signal.
Thereafter, the output of the controller (u ) is now adequate the sum of the product of
proportional gain, KP and also the magnitude of the error, the merchandise of integral gain,
K1 and therefore the integral of the error and the product of derivative | gain, KD and therefore

the derivative of the error. That is

U = KPe + Klfedt +KD% (3.45)

Where Kpr = proportional gain, £ =integral gain and K» = derivative gain

The signal value, u sent the signal continuously to the plant corresponding to the new output Y
being the process continues. The output Y, sent to back and subsequently new error signal, e is

found and the same process repeats itself on and on.

3.9.2. Application of PSO for Controller Parameters Tuning

PSO is one in every of the optimizations yet as a form of evolutionary computation technique.
This optimization has been used to be robust in solving problems which have different
properties like nonlinearity and non-differentiability, multiple optima, and high dimensionality
through adaptation, which comes from the social-psychological theory [26]. Its
technique comes from research on swarm like fish schooling and bird flocking. Per the research
results for a flock of birds, birds find food by flocking (not by each individual) and observation
leads the belief that each information is shared inside flocking. Moreover,in line
with observation of behavior of human groups, behavior of every individual (agent) is
additionally supported behavior patterns authorized by the groups. The customs and other
behavior patterns consistent with the experiences by each individual and assumption may be

a basic concept of PSO.

Within the PSO algorithm, rather than using evolutionary operators like mutation and

crossover, to govern algorithms, for a d-variable optimization problem, a flock of particles are
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put into the d-dimensional search space with randomly chosen velocities and positions knowing
their best values thus far (Pbest) and therefore the position within the d-dimensional space. The
velocity of each particle, adjusted according to its own flying experience and the other particle’s
flying experience. For example, the i particle is represented xi=(xi,1,xi,2,...,xi,d)in
the d-dimensional space. The best previous position of the i particle is recorded and represented

as: Pbesti = Pbesti,1,Pbesti,2,...,Pbesti,d The index of best particle among all of the particles

in the group gbestd is the velocity for particle i is represented as Vi= ViVi2.Via The

modified velocity and position of each particle can be calculated using the current velocity and

the distance from gbesti‘d to Pbest, as shown in the following formulas [27].

VD — (D ¢ = Rand = (pbest; | —xY))

+c, *Rand()* (gbest (t) ) (3.45)

(1) (L
A=A D =12

m=1,2,....n (3.46)

where n= number of in the group d=dimension t=pointer of iterations (generation) and Vi(th
0

=Velocity of particle ith iteration t v{™" - ,® _ (M) rand () =random number between

and 1,W=inertia Weight factor ,C1, C2=acceleration constant x(tzi = current position of particle

2,
i at iterations, Pbest. =best previous position of the it" particle and gbest =best particle among

all the particle in the population

3.9.3. PSO-PID Controller

Integral Absolute Error (IAE) is the most common criteria of performance for a PID controller,
the integrated of time weight square error (ITSE) and integrated of squared error (ISE) that
may be evaluated analytically within the frequency domain. This integral performance

criteria within the frequency domain have advantage and their own and downsides [28]. The
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demerits of the IAE and ISE criteria is that its minimization may end upin an
exceedingly response with approximately little overshoot but a protracted settling time because
the ISE performance criteria’s weights all errors equally independent of your time. In spite of
the fact that the ITSE execution measure can overcome the drawback of the ISE criterion, the
derivation forms of the analytical equation are complex and time-consuming [22]. The IAE,

ISE, and ITSE execution basis equations are explained below:

IAE = ]|r(t) —y(t)dt = ]|e(t)|dt (3.47)
ISE = jez(t)dt (3.48)
ISTE = jtez (t)dt (3.49)

In this paper a time domain criterion is used for evaluating the PID controller [29].

A set of great control parameters P, | and D can yield a great step response that will result in
performance criteria minimization within the time domain. The time domain incorporates the
overshoot, rise time, settling time, and steady-state error are primary criteria. Subsequently, the
performance criteria is characterized as follows [24]:

—1-e By o*E

rnir'Kstablizing WK ss)

e Peg —t) (3.50)

where K is [P, I, D], and B is the weighting factor.

The performance criteria W (K) can fulfill the designing prerequisite using the weighting factor
B value. B can set to be bigger than 0.7 to decrease the overshoot and steady states error, also
can set smaller than 0.7 to decrease the rise time and settling time [20]. The choice of f depends
on the designer’s requirement and the characteristics of the plant under control. In BLDC motor

speed control framework, the lower B would lead to more ideal response. In this thesis, due to
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trials, P is set to 0.5 to ideal the step response of speed control system. The fitness function is
complementary of the performance criterion, within the other words

1

=
1|

Generate mifial population

.
-

w

Fun the BLDC control system for
each set of parameters

¥

Calculate Mp, Ess, Tr, Ts of
model’s response

|

Calculate the fitness function

|

Update the velocity, position,
gbest and pbest of particles
X

Calculate the pbest of position and
gbest of population

Maxmmum number
iteration reached?

dves

Stop

Figure 3.19 Flow chart of the PSO-PID Control system

Control parameters for the PSO algorithm to tune the PID controller are presented in Table 3.6
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Table 3.6 PSO control parameters and the corresponding values.

Parameter Value

Population size 20
Maximum iteration 30
Cl 1
C2 2
W 1

Lower Bound [0.001 0.001 0.001]

Upper Bound [300 500 3.5]

With the given control parameter values in Table 3.6 and the flow chart in Figure 3.20, tuning
PID controller parameters has been done. Accordingly, Figure 3.20 shows the convergence

curve.

Best Function Value: 1.20757

_; _; _;
i - [ a
& w <] A

Function value
o
i
=]

0 5 10 158 20 25 30
Iteration

Figure 3.20 Optimization result of PSO-PID tuning

Figure 3.20 shows the tuning process of PID parameter using PSO algorithm for approximating
the desired and measured speed of the BLDC motor to gate accurate result of measure speed
compared to the above a tuned result. From the tuning process, the PID performance function
KP KI KD ([1 1 1]) and the objective function value or Eval equal to 247. 3775.After completing

the optimization process of PID controller by PSO, at the maximum iteration of 30
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The best particle after optimization ended a number of iterations exceed optimized value of KP
Ki KD ([1 1 1]) become KP KI KD (]200.0000 400.0000 2.9572]).and the objective function

after optimization or Eval become 1.2076

3.9.4. Relay Based BLDC Motor Drive Hysteresis Current Controller

Hysteresis current control may be a strategy of creating the specified activating pulses by
comparing the error signal with that of the hysteresis band and it is used for controlling the
voltage source inverter so that the yield current is generated from the filter will take after the

reference current waveform is shown in Figure 3.21.

This strategy controls the switches of the voltage source inverter no asynchronously to ramp the
current through the inductor up and down, so that it takes after the reference current. Hysteresis
current control is the simpler control to execute within the real time. Figure 3.21 outlines the
ramping of the current between the two limits where the upper hysteresis limit is the addition of
the reference current and the most extreme error or the difference between the upper limit and
the reference current and for the lower hysteresis limit, it is the subtraction of the reference

current and the minimum error.

-
———  Relava ¢l
T LeConven NOT F»{Comen (2
2
T D
——1  Relav b 2
L onvert NOT Comvert
o6
_..@_. T D
Relav c e
Tabe =C onvert NOT Comvertt @
g2

Figure 3.21 Relay based BLDC motor drive hysteresis current controller

Assuming the value for the least and greatest error should to be the same. As a result, the
hysteresis band width is equal to two times of error. It works based on the comparison between
the stator current and the reference current. The error signal is given to a two-level relay

comparator moreover called hysteresis band comparator. Each phase requires one relay
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comparator. The output of the relay comparator gets to be one or zero based on the bandwidth
of the relay. This control is hysteresis control. Figure 3.21 shows the usage of switching signal
formation in Simulink. The output of relay comparator is associated to the logical NOT in each
phase for switching the semiconductor within the same legs. When the upper switch is ON the

lower switch should be OFF and vice versa under the same leg of the inverter.
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

The simulation results explained in this chapter is performed for the same values of the system
parameters under study. The Simulation is done for confirming the viability of PSO tuned PID
controller, the simulation results in Figure 4.1 that compared with the classical PID controller,
this controller tune by PSO and found a better improvement in the performance characteristic.
The system is simulated at the load torque of 250Nm and the speed response of BLDC Motor
at 4800 rpm with PID and PSO tuned PID controller.

4.1. The Proposed BLDC Motor with Regenerative Braking Control Result

4.1.1. The Proposed Control System Results of BLDC Motor

In this work, the PSO-PID and hysteresis current controller with PWM based BLDC motor
drive are proposed. The results are explained in detail in the following sections.

4.1.1.1. PSO Based PID Speed Controller Result of BLDCM with Regenerative Braking

Figure 4.1 shows the desired or reference motor speed to test the performance of the actual
speed with controller and without controller. It follows different path with increasing and
decreasing speed value for motoring and regenerative braking. It also shows that the
performance of PID controller on the measured or actual speed with reference to the desired
speed without PSO tuning.as seen from the result at the time of 0.5sec 0.8sec there is an
overshoot of the measured speed and also in different path the measured speed does not exactly
following the reference or desired speed path. This is because of the auto tuning of PID
controller that creates different errors. And PID controller without controller have poor
performance than PSO PID controller, settling time 0.08 and a rise time of 0.283sec. Due to
this case for the proposed system of the BMW i3 vehicle speed is greater that the proposed seed

at 0.6sec.at this time the speed is greater than 4800 rev/min.

In Figure 4.1, It is the result of desired and measured or actual speed result of BLDC motor

after optimizing the parameters of PID controller with particles swarm optimization (PSO).
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From Figure 4.1, it is shown that the actual or measured speed of BLDC motor is exactly follows
the desired speed trajectory with Kp Ki Kd ([200.0000 400.0000 2.9572]) parameters of PID
controller as tuned have 0% overshoot,0sec settling time and rise time 0.28sec. With this
performance characteristics, Figure 4.1 result has more accurate for driving BLDC motor since

this result have no more overshoot and have no time delay to follow the desired speed trajectory.

Comparision between measured speed with and without PSO
T T T

5000 - i Measured speed with PSO tuned |7

Measured speed without PSO tuned

|

.
=
=]
=

Desired speed

3000

Speed [rpm

2000

1000

0 0.5 1 time[s] 15 2 25

Figure 4. 1 Measured speed response with and without PSO

Furthermore, when the proposed system controlled with PID controller with and without PSO.
The blue line shows the measured speed without PSO with having an overshot at each phase.
And the light red it the measured speed with PSO tuning of PID controller. It directly lines up
with the reference speed for BLDC motor.

4.1.1.2. Current response in hall sensor

Figure 4.2 shows that the output result of current from the combined signal of hall sensor and
speed controller. As seen from here the current output have harmonics with different signal
amplitude at different time. It is known that the stator current frequency is directly proportional
to the motor speed. From Figure 4.1, it is observed that the motor speed is increased from 0.2sec
to 0.75sec. Hence, more harmonic exists from 0.2sec to 0. 75sec. After 0.75sec the three current
signals have similar amplitude and similar frequencies. These three phase currents are given to
the hysteresis controller as an input. Figure 4.2 is the zoomed result of current result which run

from Osec to 1.5sec from the total simulation time of 2.5sec.
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zoomed current output from speed and hall sensor
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Figure 4. 2 Current response from speed and hall sensor signal

4.1.2. BLDC Drive Output Result
4.1.2.1. BLDCM Stator Current Result

Three phase BLDC stator current
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Figure 4. 3.Three phase stator current

Figure 4.3 is the stator current result, this current mostly contains harmonics. This
harmonic is reduced to low value. This current of BLDC motor mostly generated under
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PWM with low harmonic percentage. The frequency of stator current and stator voltage is

directly proportional. That means if the frequency of stator current is increasing then the

rotor speed or motor speed become increase. Since the motor speed stop varying and

become constant at 0.5sec as shown in Figure 4.1, the magnitude of the three-phase stator

current is changed at 0.5sec and the harmonics are decreased due to constant motor speed

as illustrated in Figure 4.3.

4.1.2.2. BLDCM Three Phase Back-EMF Result
The three phase BLDC motor back-EM waveform result is generated shown in Figure 4.4

below. From this result, when the speed is increasing the induced back-EMF is also increasing.

As an example, from the simulation time of 0 to 0.5sec the speed is increasing correspondingly

the induced back-EMF is also increasing. And also, from 0.5sec to 0.75sec the speed is 4800rpm
as represented in Figure 4.1 and the back-EMF is above 10V which is both speed and back emf

are constant in the time interval between 0.5sec to 0.75sec. This result shows that the speed and

induced back EMF voltage are directly proportional to each other.

Voltage(V) Voltage(V)

Voltage(V)

<Stator back EMF ¢ a (V)>

<Stator back EMF ¢_b (V)>
T T

<Stator back EMF ¢_cV)>

| |
1.5 2 25

0 0.5 1

time(second)

Figure 4. 4 Three phase stator back emf
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4.1.2.3. BLDCM Electromagnetic Torque Result
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Figure 4. 5 Electromagnetic torque for BLDC motor

The electromagnetic torque and stator current of BLDC motor are directly proportional to each

other. As a result, the stator current harmonics of the BLDC motor leads to torque ripple. Figure

4.5 explains the result of electromagnetic torque in MATLAB/Simulink drive system. The

result shows it is proportional to the stator current. This figure shows the electromagnetic torque

have the negative and positive pulses.at this different region BLDC motor have motoring and

regenerative operation. When the speed is positive and torque is positive the BLDC motor runs

in motoring mode but when torque is negative with positive speed it is regenerative.
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Response of Electromagnetic torque Te (N*m) of BLDC motor
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Figure 4. 6 Zoomed out of electromagnetic torque result
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Figure 4.6 shows the electromagnetic torque zoomed out result from the simulation time of 0.1
to 0.103 sec. Figure 4.6 also explains the structure of electromagnetic generated waveform.

4.1.3. Result of BLDC Motor Speed and State of Charge with Regenerative Braking

Figure 4.7 below shows that the output of torque, speed and state of charge during regenerative
braking. From Osec to 0.6sec the torque is positive and the speed become increasing whereas
the state of charge become decreasing or discharging. Since the torque is positive and speed
also positive in this time the BLDC motor is in motoring mode in quadrant one. From 0.7sec to
1.25sec the torque is negative and speed is positive but it is decreasing and state of charge is
increasing.in this case the motor act as regenerative braking. The battery starts to increase its
charge content and during this case the back emf is smaller than the source voltage. Energy
stored is more in the battery during this regenerative condition. Generally, from the result of
Figure 4.7 the speed and charging condition are inversely proportional to each otherwise when
the speed is increasing the battery become is charged and as the speed is decreasing the battery
starts to charge and energy become increase or reused with reducing energy losses.
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Figure 4. 7. Response of applied torque, speed and state of charge
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4.1.4. Result of BLDC Motor State of charge and current with Regenerative Braking
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Figure 4. 8. Output response of current, voltage and state of charge

From Figure 4.8, the relationship between current and state of charge is clearly understandable.
From Osec to 0.75sec state of charge become decreasing with positive magnitude and current is
increasing and positive magnitude. But from 0.75sec the state of charge starts to increase and
the current become increasing with negative magnitude. When in this case the battery starts to
charge and the motor operates in regenerative braking.in the two conditions the voltage in the
battery is constant as shown in the red line.
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Motor rotor angle response
I T
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Figure 4. 9. Motor rotor Angele

Figure 4.9 is the rotor angle of BLDC motor. even if the rotor speed has different path the

rotor angle has smooth path. This makes the vehicle to move in safe condition with the

passenger.
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CHAPTER FIVE

5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The research work presented in this thesis can be divided into two main parts. The first part is
mathematical modeling of the brushless DC (BLDC) motor and controls its speed using PSO-
PID. The second part comprises the simulation results of the BEV regenerative braking, and it
was charging the battery when barking is applied at the starting and stopping of the vehicle. This
thesis introduced PSO as intelligent tools for tuning of PID controller. The PSO methods for the
tuning of PID — controller for speed control of a BLDC motor. Obtained through simulation of
BLDC motor, the simulation results show that the proposed controller can perform an efficient
search for the optimal gains of PID controller. The PSO technique, it shows that, from point of
view decreasing the steady state-error, settling time and peak time. While from point of view
decreasing the max. Overshoot and good performance of speed tracking control. It is clearly
shown that PSO tuned PID controller has better speed regulation and performance than the
conventional PID controller for the same operating conditions.

The simulation studies were conducted to evaluate the performance of both proportional integral
controller and PSO-PID speed control method. The advantages of this proposed method are
excellent speed control, smooth transition between the quadrants and efficient conservation of
energy. The BLDC motor is fed by a lithium battery via bidirectional DC-DC converter, the
vehicle dynamics is considered. The two modes of operation motor and generator are explained
and the designed system has only one direction of rotation, but allows regenerative braking. The
simulation results show that the speed regulator gives good performance on the speed tracking,
accuracy and the rejection of disturbance load. The mode generator operating permits to
transform the Kkinetic energy in electrical energy which is stored in the battery and useful to
resolve the problems relevant to the battery energy storage system and increase the autonomy
of the vehicle. In this thesis, the regenerative braking concepts has been studied and
implemented in MATLAB/SIMULINK. The driver block simulates a driver by pressing the

accelerator pedal to drive and brake pedal to stop the car. Depending on the position or the
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amount of depression of the pedals certain torque is applied. Maximum brake torque applied is
calculated considering the wheel dynamics. In the initial phase of brake application, when the
brake torque requested is small, and then | find only the regenerative braking. Once the brake
pedal has been depressed further signaling a bigger deceleration, then friction brakes comes into
play in combination with regenerative braking to aid in stopping the vehicle. Some of the other
limitations in terms of regeneration is the state-of-charge of the battery pack and the regenerative
capability of electric motor-generator and the configurations (in-wheel motor, front driven, rear
driven, all-wheel drive etc.). In order to prolong battery life, it is advised not to over-charge or
undercharge the battery. Hence at times when Battery State of Charge (SOC) is at maximum
limit, regeneration is not possible. In such case | could either let regeneration continue but
instead of feeding it into the battery I simply have to burn it off using resistors or employ full

friction braking.

5.2. Recommendations

Finally, it recommends that for anyone who wants to continue this thesis can do the
implementation. This thesis is mainly focus on the PSO-PID controller so for further
implementation. Different types of motors can be employed for EV use. The prominent ones
can be listed as induction motor, permanent magnet synchronous motor, and synchronous
reluctance motor. To add current control function to the proposed speed controller in order to
keep the current within a certain range for a specific speed, could be a work for future. The
proposed future work would thereby enhance the motor start-up current, reduce the motor
current ripples and overall enhance the motor torque characteristics performance. The following

points are candidates for investigation in the near future

e Implementation of an adaptive fuzzy logic control technique for brushless motor

control.
e Applying the Ant Colony optimization approach in the tuning of PID controller.
e Adapting sophisticated control strategies such as neural network and neuro fuzzy

control techniques.
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Appendixes

Appendix A: Appendixes related to analysis of data

A.1L.MATLAB code for the analysis of aerodynamics dragging force versus speed of the
car in Km/hr (Figure 3.4)

clear all; close all;

m=1500; fric=0.01; g=9.81; a=1;
r=0.25324; % Radius of the wheel in meter
K_friction=0.01; %Coefficient of friction by considering the asphalt road
F_tot=0; v=16.67; %speed of the rotor in m/se=60km/h
Tot_effcen.M=0.95;

Adnsty=1.2; %Kd/m3

Af=2; %area in m2

vo=0; %eair velocity in m/s

Cw=0.2;

%Initial condition

Vkph=0;

Vkph1=0;

d_Vkph=1e-2; %unit step increment
Vkph_final=130; %final value in km/hr.
x=1;

n=1;

while(Vkph<Vkph_final),
Vmps=Vkph*(1000/3600);
Fadyna=0.5*Adnsty*Cw*Af*(Vmps+v0)"2;
if Vkph<=100*d_Vkph;

statfric=0.2;

else

statfric=0;

end
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F_tot=m*g*(K_friction+statfric)+Fadyna+m*a; % Total force(Nm)
Power=F _tot*Vmps/0.95; % Required input power (Watt)
Torque=(Power*r/Vmps);% Nm
Vkph=Vkph+d_Vkph;
Vkphl=Vkphl+d_Vkph;

if x>16,

F_totn(n)=F tot;

Torquen(n)=Torque;
Powern(n)=Power/1000; %Power in KW
Fadynan(n)=Fadyna;

Vkphn(n)=Vkph;

n=n+1;

x=1;

end

X=x+1;

end

figure();

plot(Vkphn,Fadynan,'r’);

axis([0 130 0 350]);

grid

xlabel('Speed of the car(Km/hr)")
ylabel(*‘Aerodynamic dragging force (N)’)

A.2.MATLAB code for the analysis motive force versus approaching angle of the vehicle
(Figure 3.5)

clear all; close all;
m=1345; fric=0.01; g=9.81; a=0.95; r=0.3; K_friction=0.01; F_tot=0; vkph=100;
Tot_effcen.M=0.93; Adnsty=1.2; Af=2.38; vo=20; Cw=0.299; apangle=0; apangle1=0;
d_apangle=1e-3;
apangle_final=10; x=1;n=1;
while(apangle<apangle_final)
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vmps=vkph*(1000/3600);
theta=apangle*(2*pi/360);
FA=0.5*Adnsty*Cw*Af*(vmps-v0)"2;

if apangle<=100*d_apangle

statfric=0.001;

else

statfric=0;

end
Frolling=m*g*(K_friction+statfric)*cos(theta);
Fgradient=m*g*sin(theta);
Fwind=Cw*Af*(v0)"2;
F_tot=Frolling+Fgradient+FA+m*a+Fwind; % Total force (Nm)
apangle=apangle+d_apangle;
apanglel=apanglel+d_apangle;

if x>17.7

F_totn(n)=F tot;

Fgradientn(n)=Fgradient;

Frollingn(n)= Frolling; %Power in KW
FAn(n)=FA;

Fwindn(n)= Fwind;

apanglen(n)=apangle;

n=n+1; x=1;

end

X=x+1,;

end

% Figure(1)

plot(apanglen, F_totn,'k’,apanglen,Fgradientn,'b--
", apanglen,Frollingn,'k:',apanglen,FAn,'r',apanglen,Fwindn,'s--")
axis([0 10 0 0 10000]);

grid

xlabel("Approaching angle’)
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ylabel("Motive forces (N)'

A.3.MATLAB code for the analysis motive force versus approaching angle of the vehicle

(Figure 3.6)

clear all; close all;

m=1345; % Mass of the car

fric=0.01; %Friction coefficient

0=9.81; %gravitational acceleration
a=0.5; % Acceleration (m/sec)

r=0.25324; % Radius of the wheel in meter

K_friction=0.01; %Coefficient of friction by considering the asphalt road

F_tot=0;

vkph=100; % Speed of the rotor in Km/hr
Tot_effcen.M=0.95; %Efficiency
Adnsty=1.2; %Kd/m3

Af=2.83; % Frontal area of the car (m2)
vo=15; %Air velocity in m/s

Cw=0.2;

%Initial condition

apangle=0;

apangle1=0;

d_apangle=1e-2; %unit step increment
apangle_final=30; %final value in degree
x=1;n=1,;

while(apangle<apangle_final),
vmps=vkph*(1000/3600);
theta=apangle*(2*pi/360);
FA=0.5*Adnsty*Cw*Af*(vmps+v0)"2;

if apangle<=100*d_apangle;
statfric=0.001;

else
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statfric=0;
end
Frolling=m*g*(K_friction+statfric)*cos(theta);
Fgradient=m*g*sin(theta);
F_tot=Frolling+Fgradient+FA+m*a; % Total force (Nm)
apangle=apangle+d_apangle;
apanglel=apanglel+d apangle;
if x>16,
F_totn(n)=F tot;
Fgradientn(n)=Fgradient;
Frollingn(n)= Frolling; %Power in KW
FAn(n)=FA;
apanglen(n)=apangle;
n=n+1;
x=1;
end
X=x+1;
end
figure(1);
plot(apanglen, F_totn,'k',apanglen,Fgradientn,'b--",apanglen,Frollingn,'k:',apanglen,FAn,'r")
axis([0 30 0 9000]);
grid
xlabel('Approaching angle’)
ylabel(‘Motive forces (N)")

A.4.MATLAB code for the analysis driving power vs speed of the electric vehicle (Figure
3.7)

clear all;
close all;
m=1345; % mass of the Vehicle

fric=0.01; g=9.81;
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a=0.95; % acceleratin in m/s"2
r=0.3; % Radius of the wheel in meter 1142/70-R12
K_friction=0.01; %Coefficient of friction by considering asphalt road
F_tot=4175.3;
v=41.67; %speed of the car in m/s
Tot_effcen.M=0.93;
Adnsty=1.2; %air density Kg/m”3
Af=2.38; %area in m"2
vo=20; %air velocity in m/s
Cd=0.299; % drag coefficient
%Initial condition
Vkph=0;
Vkph1=0;
d_Vkph=1e-2; %unit step increment
Vkph_final=160; %final value in km/hr.
x=1;
n=1;
while(Vkph<Vkph_final),
Vmps=Vkph*(1000/3600);
Fadyna=0.5*Adnsty*Cd*Af*(Vmps-vo)"2;
fwind=Cd*Af*(v0)"2;
if Vkph<=1000*d_Vkph;
statfric=0.01,;
else
statfric=0;
end
F_tot=m*g*(K_friction+statfric)+Fadyna+m*a+fwind; % Total force(Nm)
Power=F_tot*Vmps/0.93; % Required input power (Watt)
Torque=(Power*r/Vmps);% Nm
Vkph=Vkph+d_Vkph;
Vkphl=Vkphl+d_Vkph;
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if x>17.77,

F_totn(n)=F tot;
Torquen(n)=Torque;
Powern(n)=Power/1000; %Power in KW
Fadynan(n)=Fadyna;

Vkphn(n)=Vkph;

n=n+1;

x=1;

end

X=x+1;

end
plot(Vkphn,Powern,'r','LineWidth',1.5);
set(gca, FontSize',12)

axis([0 160 0 120]); grid

xlabel('Speed of the of the car(Km/hr)")
ylabel("Power (KW)")

A.5.MATLAB code for torque versus speed characteristics curve (Figure 3.)

clear all

Ratedpower=75000; %Rated power in Watt
wrpm=0; %initial condition

wh= 230.266666667; %base speed in rad/sec
d_wrpm=1e-2; %unit step increment
wrpm_final=4800; %final value in RPM
x=1;

n=1;

while(wrpm<wrpm_final),
wm=wrpm*(2*pi)/60;

Torque= Ratedpower/wm;

if Torque>= 250,

Torque= 250;
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end

if Torque<250,

Torque= Torque;

end

Power=Torque*wm;

wrpm=wrpm-+d_wrpm;

if x>17.77,

wrpmn(n)=wrpm;

Torquen(n)=Torque;

Powern(n)=Power/1000;

n=n+1;

x=1;

end

X=x+1;

end

figure(1);
[AX,Torque,Power]=plotyy(wrpmn,Torquen, wrpmn,Powern);
axis([0 8000 0 350 ]);

set(get(AX(1),'ylabel), 'string’,'Motor torque in Nm")
set(get(AX(2),'ylabel'), 'string’,'Motor power kW")
set(Torque,'LineStyle’,"--")
set(Power,'LineStyle’,"-")

set(gca, 'FontName','TimesNewRoman')

set(gca, 'FontSize',12)
set([Torque,Power],'LineWidth',1)

xlabel("Motor speed in rpm’)

grid on

legend(‘Motor torque’,'Motor power")
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A.6.MATLAB code for analysis of the effect of the approaching angle in the power of the
vehicle (Figure 3.9)

clear all; close all;

m=1345; fric=0.01; g=9.81; a=0; r=0.3; c_ofriction=0.01; d=0.3; v=41.67;
Tot_effcen.M=0.93; Adnsty=1.2; Af=2.38; vo=20; Cw=0.299; angleR=0; angleR1=0;
d_angleR=1e-6;

angleR_final=25; x=1; n=1;

while(angleR<angleR _final),

Fadyna=0.5*Adnsty*Cw*Af*(v-vo)"2;

fwind=Cw*Af*(v0)"2;

theta=angleR*2*pi/360; %Degree to radian conversion
F_tot=m*g*(sin(theta)+c_ofriction*cos(theta))+Fadyna+m*a-+fwind; % Total force(Nm)
Power=F _tot*v; Torque=(Power*r/v)/0.93;

angleR=angleR+d_angleR;

angleR1=angleR1+d_angleR;

if x>17,

F_totn(n)=F tot;

Torquen(n)=Torque; Powern(n)=Power/1000; %Power in KW

Fadynan(n)=Fadyna;
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Appendix C: Appendixes related to data collection

Three-phase currents

<

Phass B

Phase C

Data from internet: Data of similar size motor used for EV (accessed on April 09, 2021).

Power | The voltag | Speed Rated | Peak Peak current | Peak Efficienc | Weigh
batter | e torque | torque | power curren |y t
y t
50KW 3500rp 136N 300N 110K
360V | 540V 140A | 320A | 95.4% 250kg
m m m W
60KW 3500rp 164N 350N 130K
360V | 540V 172A | 380A | 95.6% 260kg
m m m W
75KW 3500rp | 205N 260N 160K
360V | 540V 212A | 430A | 95.7% 270kg
m m m W
100K 5000rp 191N 400N 220K 289.3
380V | 540V 590A | 96.0% 270kg
W m m m W A
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