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Abstract

In terms of point-to-point connectivity and convenience, internal combustion engine
powered three-wheeler auto rickshaws are the most preferred mode of public transport
in India and some other Asian countries for short-distance commuting within a city and
its environs. Since three-wheeler auto rickshaws are the most preferred mode of public
transport, the number of these commercial passenger vehicles is also increasing day by
day as the population increases. In view of the fact that these vehicles have engines,
requiring fuel to carry out the combustion process and after combustion, they emit
hazardous gases such as CO2, NOx and much more, which are not only harmful to the
environment but also pose a threat to human health. To mitigate the adverse impacts of
conventional internal combustion engines, a reliable, modern, and alternative solution
is needed. For this reason alone, the automobile sector is transitioning to a new
generation of eco-friendly electric vehicles. The electric vehicle revolution in India is
being spearheaded by the development of pure electric three-wheeler auto rickshaws,
but its popularity is curtailed by factors such as energy storage demand and range
extension. This research work attempts to fill this gap by simulating a pure electric
three-wheeler auto rickshaw, following Indian driving cycle and modified Indian
driving cycle, with all essential parameters to calculate its energy, power, and torque
demands as well as the battery pack capacity using Microsoft Excel. An approach is
outlined for conserving energy or leveraging the conserved energy to extend the overall
range of the vehicle. A detailed comparison has been made between the amount of
energy gained through 40% and 50% regenerative braking and energy saved by driving
in energy saving mode (following modified Indian driving cycle, where velocity is
capped at 20 kmh?) for the last 25 km, resulting in an increase of 39.29% & 45.30%,
and 85.12% & 91.95% in range, respectively.

Keywords: Electric Vehicles, Pure electric vehicles, driving range extension, three-

wheeler auto rickshaw, power saving mode
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Chapter 1

Introduction

1.1 Astonishing impact of internal combustion engines on the

automobile sector

The term Internal Combustion Engine (ICE) refers to a heat engine where fuel is burned
internally in a combustion chamber, a crucial part of the working fluid flow circuit
along with the oxidizer (generally air or oxygen). Combustion is the fundamental
chemical process by which energy is released from the air-fuel mixture, partially
converting this energy into work. A rotor (in case of Wankel engines), a piston (in case
of Piston engines), turbine blades (in case of Gas turbines), or a nozzle (in case of Jet
engines) are the primary objects to which the force is applied. The force shifts chemical
energy into Kkinetic energy by moving the part through a distance, using it to move,

propel, or power anything connected to the engine.

ICEs have maintained their leading position in the automobile sector since its inception
due to advantages such as high power-to-weight ratio, simplicity and ease of
manufacture, reasonably efficient and reliable. They can be built with inexpensive
materials (such as cast iron, steel, and aluminium), making them cheap to manufacture
when mass-produced. Fuels like petrol or diesel provide a lot of energy in a small
weight and volume, not only allows for faster refueling, but also good for vehicles that
need a long range. Petrol engines have an instantaneous control over power output by
throttling the air intake, and much more. Due to the huge dominance of ICEs, the
automobile sector now accounts for about 3% of global Gross Domestic Product (GDP),
with a larger share in developing nations like India, ranking fourth in the world of
automobile manufacturing (contributing 7.1% of overall GDP and 49% of
manufacturing GDP) [1]. The only reason this sector has been able to assert and
maintain this position as a significant contributor to the global economy is that it has
relied heavily on the ICEs since its inception.
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1.2 Changing landscape of internal combustion engines:
Automobile sector’s transition from internal combustion

engines to electric vehicles

Fuel is the primary component for carrying out the combustion process in ICEs. Global
fuel consumption has increased as a result of the proliferation of vehicles worldwide,
leading to a substantial rise in fuel prices. The primary fuels utilized in an ICE such as
petrol, diesel, Liquefied Petroleum Gas (LPG), or Compressed Natural Gas (CNG) are
generally obtained through fractional distillation from crude oil, a fossil fuel that is
found in the earth's crust. These mixtures contain hydrocarbons, formed from diatoms
and other organic molecules that have been present for millions of years. The fossil fuel
reserves are dwindling day by day, and when examined in detail, the process involved
in the natural production of fossils will take a long time and a potential shortage of
fossils in the future must be prevented in advance. ICE poses an additional major issue,
in terms of emissions. In ideal conditions, carbon would only produce carbon dioxide
(CO2) and water vapour, if burned completely. All products other than CO; including
particulate matter and gases are often called products of incomplete combustion. Solid
particles and liquid droplets can make up particulate matter, with varying levels of
composition (might include several organic and inorganic compounds), concentration,
and distribution of size. An ICE produces both products of complete and incomplete
combustion such as carbon monoxide (CO), nitrogen oxides (NOXx), particulate matter
(PM), hydrocarbons (HC), and much more. These emissions are not only harmful to the
environment but also pose various health risks for humans. The daily rise in the number
of vehicles globally has led to an unprecedented surge in pollution levels affecting the

whole world.

Alternative fuels can address these two primary issues with ICEs, by conserving
petroleum and reducing emissions, but they do have some drawbacks. Unlike fuels
extracted from fossils (i.e., fuels from non-renewable resources), alternative fuels are
produced from renewable raw materials. As a result, its production and use could be
sustained indefinitely. However, combustion of alternative fuels can reduce carbon

footprint but NOx emissions that threaten human well-being and the environment
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cannot be reduced. This requires a reliable, modern and alternative solution, and it is
only for these reasons that the automobile sector is moving towards a generation of eco-
friendly Electric Vehicles (EVs) as they are able to counteract the negative effects of

conventional ICEs.

The fundamental building blocks of an Electric Vehicle (EV) are electric motor, battery
pack, gearbox, power controller, Direct Current (DC)-DC converter, and battery
charger. The main feature of an EV that differentiates it from conventional vehicles, is
the electric motor, which helps transform electrical energy into kinetic energy, enabling
the wheels to rotate. The regenerative braking mechanism is an essential element of an
electric motor and reduces the vehicle’s velocity by converting the kinetic energy into
alternative forms, saving that amount of energy for future use. The battery pack powers
the electric motor in an EV and it functions as a direct current storage system, storing
energy electrically. The range of a battery pack increases with an increase in their
storage capacity. The design of battery pack plays a crucial role in their longevity and
functionality. The transmission of mechanical power from the electric motor to the
wheels occurs through the gearbox. EVs do not require a multi-speed gearbox, which
is advantageous. The transmission efficiency must be high to prevent power losses. A
steady voltage is supplied by the battery pack. However, the demands for different EV
components are diverse. A power controller is responsible for regulating the operation
of an EV. This assists in managing the flow of electrical energy from the battery pack
to the electric motor. The pedal pressed by the driver determines the velocity of the
vehicle and the frequency of voltage fluctuations fed to the motor. Additionally, it
regulates the torque produced. The DC-DC converter distributes the output power of
the battery pack to a desired level and also supplies the voltage required to charge an
auxiliary battery. The charger (generally located within the vehicle) or the onboard
charger monitors various battery characteristics and regulates the current flowing
through the battery, converting Alternating Current (AC) power to DC power from the
charging port. Rather than using fossil fuels, EVs charge their battery pack with
electricity. The architecture of EV is illustrated in Fig. 1-1.
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Fig. 1-1: Pure electric powertrain - Architecture of EV

The efficiency of EVs make them a more cost-effective option for charging, which is
in stark contrast to the fuel economy of petrol, diesel, LPG or CNG. The main
advantage of EVs is that they do not consume any fossil fuels and emit zero emissions,

hence use a sustainable form of energy for powering the vehicle.

1.3 Navigating the challenges of implementing the electric

vehicle revolution in the automobile sector

The chemical composition and active materials used in an EV battery are used to
categorize them. When designing a battery pack for an EV, several factors are taken
into consideration, such as its capacity, fast charging capability, and longevity. The
battery must be compatible with various operating conditions, including high discharge
and charge rates and should match the drive and duty cycles. It must have a heat
management and thermal cooling system, and operate at a safe temperature to prevent
thermal runaway. Battery pack packaging, reduction of production efficiency (to
minimize costs), weight and space constraints must also be considered to ensure that
the product is robust and light in weight. Increasing the C-rate of the battery can reduce
the charging time, but there are a few caveats. If the C-rate is elevated, the battery will
rapidly encounter thermal runaway, rendering it susceptible to fire and explosion.
Conversely, to prevent thermal runaway of the battery, its capacity must be
compromised, where lower capacity equals shorter range of the battery. Shorter battery
range requires frequent charging. This requires charging stations and the infrastructure
of EV charging stations is still under development in countries like India. It is nearly
impossible to set up gas station type battery charging stations nationwide in a given

time frame. The issue of range anxiety is the most significant concern for EV owners,
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as they can only use their EVs for shorter ranges than ICEs due to the low energy
density of the battery. An additional battery can be used to increase the range of an EV,
but the weight of the additional battery will negatively impact range rather than
enhancing performance. Correspondingly, an increase in electric motor power will
impact its performance, and the additional weight of the vehicle must be transported
with more energy. Potential EV buyers in less developed countries have been impeded
by the challenge of charging infrastructure and long battery pack durations.
Approximately 60-70% of the population of India resides in rural areas, posing a
significant challenge for local authorities to install charging stations. Ministry of Power
under the Government of India has issued guidelines and standards for EV charging
infrastructure on 14" December 2018, revised on 1% October 2019. A draft resolution
was made public on 8™ June 2020. These guidelines imply that a minimum of one
charging station will be present in a 3 km by 3 km mesh area within the city, spread out
over 25 km on either side of highways, and that in every 100 km, there will be a
minimum of one fast charging station on each side of the highways suitable for long-
range electric vehicles such as buses, trucks, etc [2].

Table 1-1: EV chargers as provided under Para 3.1 (vi) of the guidelines and
standards issued by Ministry of Power, Government of India [2]

Rated No. of
Charger Sl. Charger Connectors Output Connector Charglng
Type No. Voltage vehicle type
guns
V)
Combined Charging System 200-750 V
(min 50 kW) or higher 1C6 4w
Fast ) CHArgedeMOve (min 50 200—.500 \ 1CG AW
kW) or higher
3 Type-2 AC (min 22 kW)  380-415V 1CG 4V\;’V::’/W’
4 Bharat DC-001 (15 kW) 48V 1CG 4V\;’V:\)’/W’
Slow / 72V or
Moderate Bharat DC-001 (15 kW) higher 1CG 4W

3CGof3.3 4w, 3w,

6 Bharat AC-001 (10 kW) 230V KW each 2W
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The automobile sector encounters significant impediments in leading the industrial
revolution, including the issues related to battery charging time, battery range, and

battery charging site conditions.

1.4 A comprehensive overview of pure electric three-

wheelers

The Air Quality Index (AQI) in many large cities of India is extremely poor as a result
of the harmful gas emissions caused by automobiles. India’s NITI Aayog has proposed
a transition of ICEs into EVs by 2030 to combat the country's persistent environmental
pollution problems, which is among the most polluted countries globally, leading to
37% reduction in CO2 emissions and 64% reduction in energy demand [3]. Contrast to
ICEs, EVs are more eco-friendly and energy efficient, emitting no harmful gases while
driving. They have fewer moving and reciprocating parts, resulting in less vibration
providing zero noise pollution. To address the difficulties the automobile sector
currently experiencing with the adoption of EVs, researchers are conducting research
on different category of vehicles. While research into EVs has exploded recently, little
attention has been given to three-wheelers. In terms of point-to-point connectivity and
convenience, three-wheelers are the most preferred mode of public transport in India
for short distance commuting within a city and its environs. Prior to the development
of e-rickshaws or electric rickshaws, the only other three-wheeler passenger vehicle on
the market was an auto rickshaw. E-rickshaws, as illustrated in Fig. 1-2, have been
gaining popularity in most parts of the world since 2008 and in India since 2011. E-
rickshaws is the best alternative to petrol, diesel, LPG, or CNG powered auto rickshaws
as they are battery powered. Unlike auto rickshaws, e-rickshaws do not discharge
hazardous gases and therefore do not commit to increased air pollution. The batteries
used for the operation of e-rickshaws can be effectively recycled, solving the problem
of battery disposal. The batteries can be easily recharged at home or anywhere where
sufficient voltage is available. They do not cause noise pollution as they do not produce
any noise and because of this, the passengers can have a smooth and comfortable ride.
E-rickshaws provide livelihoods for both ordinary people and the illiterate, and without
investing a lot of money, drivers can earn a good income. They pose fewer risks than

other fuel powered vehicles. They do not have any engine or gearbox, which reduces
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the maintenance burden. The motor used in these e-rickshaws is generally smaller and
the battery is placed underneath. Therefore, maintaining it is much easier, but it has
some major drawbacks. E-rickshaws are generally slower and run at a velocity of
around 30-35 kmh, meaning they cannot match the speed of other vehicles. In case of
an emergency, this is not a preferred mode of transportation. They may overturn
because they are lighter in weight and therefore can hardly compete with heavier
vehicles. One of the biggest drawbacks of an e-rickshaw is the battery issue and most
of the batteries in use are lead acid batteries. The current design of e-rickshaws takes

up a lot of space which lead to traffic congestion.

These major drawbacks of the e-rickshaws make it necessary to convert the competing
auto rickshaws, as illustrated in Fig. 1-3, into pure EVs, using Li-ion battery pack and
this generates a great deal of interest, requiring a thorough analysis of the various
factors involved in its design and development in order to bring forward new and
efficient technologies. The EV revolution in India is being spearheaded by the
development of electric auto rickshaws, but their popularity is curtailed by factors like

energy conservation and range extension.

Fig. 1-2: E-rickshaw

If the two limiting factors can be overcome, the pressing environmental problems will
be solved through significant reductions in air and noise pollution. Pure electric auto
rickshaws will offer a sustainable solution to rising fuel costs, economically benefitting

drivers and reducing the country’s dependence on fossil fuels. In addition, switching to
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pure electric can improve the livelihoods of auto rickshaw drivers by reducing operating
and maintenance costs, thereby increasing their income. Overall, the conversion aligns
with India’s commitment to cleaner transport and promotes a greener and more

sustainable urban transport ecosystem.

Fig. 1-3: Auto rickshaw

1.5 Literature Review

The range extension of EVs is one of the most popular and discussed topics in the
automobile sector. A lot of research work has been done on various types of EVs,
including hybrid electric, fully electric or pure electric, plug-in electric, and many more.
In this literature review subsection, some important studies on range extension of EVs
have been conducted, which form the basis of this thesis and are presented and
discussed briefly. Ribau et al. [4] compared energy efficiencies and CO emissions of
four different types of range extenders, concluding that the consumption of energy of
Range Extended Electric Vehicle (REEV) will decrease compared to ICE, only if the
major distance travelled is spent to urban travel. Bobba and Rajagopal [5] focused on
modelling and analysis of hybrid energy storage systems in EVs and studied the
intricacies of these systems. They provided insights into optimization strategies and
potential benefits by delving deeper into the design and operation of EV hybrid energy
storage systems, contributing to the understanding and advancement of energy storage

solutions. Marker et al. [6] suggested that driving behaviour has a substantial impact on
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the energy consumption of electrified vehicles, stating that the battery size is the most
crucial component of EVs. A Battery-powered Electric Vehicle (BEV) with a large
capacity battery is less effective than a REEV with a smaller battery. They also stated
that the BEV will only cover 50% of the distance (corresponding to 90% of all daily
distances) while the REEV will cover 100% of all daily distances, of which 70% is
electric at a given range of 50 km. This leads to lower CO emissions than the combined
use of Battery-powered Electric Vehicles (BEVs) and conventional cars. Mishra et al.
[7] explored the selection of an appropriate propulsion motor and gear ratio for EVs
operating on Indian city roads, with a focus on improving the performance of EVs in
urban contexts. They developed criteria for motor and gear ratio selection, considering
efficiency, power requirements and road conditions, optimized EV design for Indian
city driving scenarios, and advanced technologies of sustainable transport. Sreejith and
Rajagopal [8] has elaborated on the process of selecting motors and batteries for three-
wheeler EVs. By analysing key considerations such as performance optimization and
efficiency, they provided valuable insights into the field of EV technology, helped
refine design approaches, and suggested possible future research directions. Xian et al.
[9] conducted their studies and concluded that the limited energy density of batteries is
a problem for EVs, contributing to driver anxiety about range. A Range Extender (RE)
is a possible answer to this problem. This paper provides a parametric analysis of how
component size affects REEV performance, including battery capacity, battery cost,
and RE performance. The study is mainly carried out for the driving cycle on the
highway and in the city. Vidhya and Balaji [10] presented the modelling, design and
energy supervision of a hybrid energy storage system for a three-wheeler light EV
following Indian conditions for driving. In this paper, the effective coupling of a Li-ion
battery and an ultracapacitor coupled to an efficient bi-directional converter is
described. A design methodology has been discussed related to vehicle modelling,
motor rating selection, converter design, Li-ion battery size, and ultracapacitor pack is
presented. Tran et al. [11] provided a descriptive overview of the various types of EV
range extension technologies, including ICE, free-piston linear generators, fuel cells,
Micro Gas Turbines (MGT), and zinc-air batteries, and described definitions, working
mechanisms, and some recent developments of each range extension technology. They
also compared the different technologies and highlighted their pros and cons. This is
also presented to meet future research needs. Navaneeth et al. [12] have highlighted the

significant drawbacks of EV compared to ICE since the beginning of the nineteenth
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century, such as shorter and longer refuelling times, higher price and lower range.
Different battery chemistries have been utilized since the beginning of the nineteenth
century. This gives an overview of the main types of batteries used in EVs and shows
the benefits of Solid-State Batteries (SSB) over other chemical batteries. Batteries in
particular offer liquid-filled Li-ion batteries. The best battery following IDC was
discovered. Several factors including energy density, safety, price, cycle life and many
more were compared. He also highlighted why lithium based SSB have potential for
utilization in EV applications. Mohammed et al. [13] discussed the conversion of a
petrol engine auto rickshaw into an electric-powered three-wheeler with an onboard
solar charging system, thereby increasing vehicle performance and increasing range.
Switching from a conventional ICE to an electric powertrain addresses environmental
concerns and reduce emissions. The integration of a solar charging system adds an
innovative dimension and allows longer range without depending solely on the

electricity grid.

1.6 Present work

It is evident from the available literature that a significant amount of experimentation
and work has been done on extending the range of EVs. Many researchers have tried
and found many ways to extend the range of EVs, but little attention has been paid to
extend the range of pure electric three-wheeler auto rickshaws. It has been found that a
considerable amount of research is required to fully understand the possibilities of
extending the range of an auto rickshaw. In this present work, the various forces,
including the tractive force, acting on the auto rickshaw following IDC were calculated
using selected specifications of an auto rickshaw, and on the basis of the total tractive
force, the tractive power required to propel the vehicle was calculated. Motor power
was calculated using tractive power and motor efficiency, and tractive torque was
calculated from tractive force and wheel radius of the vehicle. Finally, the motor energy
demand is calculated based on the motor power at different regeneration efficiencies.
On this basis, an estimate of the state of charge was carried out to verify the initial range
of the vehicle and thus validate the work. After successful validation, the same process
was followed, but this time IDC was not followed, but 6 different modified Indian
driving cycles with different capping velocities were used to test the range difference.

Then the results were obtained and analysed.

10
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1.7 Layout of the thesis

Chapter 1 explores the extraordinary impact of ICEs on the automobile sector, changing
landscape of ICEs: automobile sector’s transition from ICEs to EVs, the challenges of
implementing EV revolution in the automobile sector, and a brief overview of pure
electric three-wheelers. Literatures relevant to the problem of interest are reviewed,
along with the discussion about the present work. Chapter 2 discusses the specifications
of a three-wheeler auto rickshaw. The significance of selected specifications that
directly affect vehicle performance in the broader context of vehicle dynamics and load
modelling is also discussed. Chapter 3 performs pure EV load modelling and state of
charge estimation. Key factors such as the driving cycle, IDC, tractive force, estimation
of energy, power and torque, wheel speed, regenerative braking energy, and state of
charge estimation are described together with the formulation of the present work.
Chapter 4 discusses the results of the present work on extending the range of a pure
electric three-wheeler auto rickshaw. Chapter 5 concludes the present work with some
important concluding remarks drawn from the study, as well as the scope of future

work.

11



Chapter 2

Vehicle Specifications

This chapter takes a closer look at the specifications of a three-wheeler auto rickshaw
and discusses the importance of various parameters that directly affect vehicle
performance in the broader context of vehicle dynamics and load modelling. It is
possible to enhance the drivability, safety and overall performance of a vehicle by

comprehending the significance of these parameters in a specific dynamic scenario in

determining its performance.

Table 2-1: Specifications of a three-wheeler auto rickshaw [14, 15]

Performance

01 Fuel Type
02 Gradeability
03 Maximum Power

Electric (Pure EV)
29% Maximum, 20% Continuous
4.5 kW (Continuous)

04 Maximum Torque 36 Nm

05 Top Speed 45 kmht

06 Transmission 2 Speed AMT
Battery

07 Type Li-ion - LFP
08 Battery Capacity 8.9 kWh

09 1P67 Packaging Yes

Charger

10 Charging Socket Grid Side 3 Pin 16 Amps

11 Charging Time
12 Cable

4 hours 30 minutes < 3 hours — 80%
RCD cable protects from voltage fluctuation

Suspension System

13 Front
14 Rear

Single shock absorber with spring
Independent trailing arm with helical spring

12
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Braking System

15 ABS

16 Hill Hold Assist

17 Parking Brake

18 Regenerative Braking System
19 Type

No

Yes

Yes

Yes

Hydraulic drum brake system

Chassis & Weight Distribution

20 Chassis Type
21 Seating Capacity

Monocoque chassis with cabin
4 persons (including driver)

22 Curb Weight *472.17 kg
23 Gross Vehicle Weight, GVW 732 kg
Dimensions

24 Overall Length, L 2,714 mm
25 Overall Width, W 1,350 mm
26 Overall Height, H 1,772 mm
27 Rolling Resistance Coefficient, C,r 0.015

28 Air Drag Coefficient, Cad 0.44

29 Frontal Surface Area, At 2.09 m?
Tyres

30 Type Radial tubeless
31 Size 120/80-R12

Only a few key specifications of a three-wheeler auto rickshaw have been selected from

the table above, which will be further used in load modelling, as outlined in Table 2-2.

Table 2-2: Selected specifications of an auto rickshaw for load modelling

SI. No. Parameters Values
1. Gross Vehicle Weight, GVW 732 kg
2. Rolling Resistance Coefficient, Cir 0.015
3. Air Drag Coefficient, Cag 0.44
4, Frontal Surface Area, A 2.09 m?
5. Tyres 120/80-R12

13
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2.1 Curb Weight

For an ICE vehicle, the curb weight is the total weight of the vehicle, including the
frame or chassis, the engine, and all essential consumables required for operation such
as engine oil, coolant, transmission oil, brake fluid, and a full tank of fuel. However,
for a pure EV, the curb weight is the total weight of the vehicle, including the frame or
chassis, motor, battery pack, and all essential consumables such as transmission oil and
brake fluid. The chassis weight of each specific vehicle type would be the same if the
chassis is based on the same platform and built on the same architecture. However, the
curb weight would be different for each specific vehicle type as unlike ICE vehicles,
pure EVs do not have engines and other associated components, but rather a motor and
a battery pack. The curb weight and fuel tank capacity of an LPG model is 384 kg and
20.6 | (Water equivalent) respectively [16].

This present work refers to a pure EV and the actual curb weight is unknown and will
be needed later to determine various parameters. However, both LPG and pure EV
models are known to have the same chassis counterparts. In order to determine the exact
curb weight of a pure EV model, the weight of the chassis must first be determined. As
mentioned, although the two models share the same chassis counterparts, their chassis
weights are also the same. To determine the exact chassis weight of an LPG model, the
weight of the engine, the weight of other associated components and the weight of the
fuel must be subtracted from the curb weight. To determine the full tank fuel weight,
the maximum fuel volume must be multiplied by the density of water and the specific
gravity of LPG. The weight of the engine and other associated components such as the
Fuel Injection (FI) system, throttle body, fuel tank, fuel pump and exhaust system is
estimated at approximately 64 kg (32 kg for the engine + 3 kg for FI system and throttle
body + 14 kg for the fuel tank and the fuel pump + 15 kg for the exhaust system). The
fuel weight is 11.33 kg (20.6 x 1 x 0.55). The exact weight of the chassis is therefore
308.67 kg (384 kg — 64 kg — 11.33 kg).

Now, to determine the exact curb weight of a pure EV model, the weight of the motor

and battery pack must be added to the weight of the chassis. The weight of a compact
5.2 KW Permanent-Magnet Synchronous Motor (PMSM) is 28.5 kg [17]. The weight

14
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of a Lithium Ferro Phosphate (LFP) battery with a capacity of 8.9 kwWh is 135 kg [18].
Thus, the curb weight of a pure EV model is *472.17 kg (308.67 kg + 28.5 kg + 135

kg).

2.2 Gross Vehicle Weight

Gross Vehicle Weight (GVW) refers to the total weight of the vehicle, including parked
and moving loads, as declared by the competent authority of the country of registration.
It includes the weight of the driver and the maximum number of people allowed. In this
case, a maximum of 3 people are allowed as passengers in an auto rickshaw, excluding
the driver, according to the standards for category L5M vehicles [19]. According to
reports, the average weight of Indian men is 65 kg [20]. Based on this, the weight of 3
passengers is 195 kg (65 kg x 3). Adding the weight of the driver gives a weight of 260
kg (195 kg + 65 kg). Therefore, the gross vehicle weight of a pure EV model is 732.17
kg (472.17 kg + 260 kg) ~ 732 Kkg.

2.3 Rolling Resistance Coefficient

The rolling resistance coefficient is a parameter which characterizes the resistance
undergone by the tyres of a vehicle when they roll on a surface. It is a measure of the
energy required to overcome the friction between the rolling surface and tyres. It is
usually represented as a dimensionless value or a percentage. It depends on diverse
factors, including the type and condition of the tyres, the type and condition of road
surfaces, and the load supported by the tyres. In general, softer tyres and rough road
surfaces tend to have a higher rolling resistance coefficient and require more energy to
maintain forward motion. Conversely, harder tyres and smoother road surfaces result
in a lower rolling resistance coefficient, which reduces the energy needed to propel the
vehicle. The rolling resistance coefficient helps in determining the vehicle’s overall
energy consumption. A higher rolling resistance coefficient leads to greater energy
losses, requiring more energy to propel the vehicle. Therefore, manufacturers and
engineers strive to minimize rolling resistance by optimizing tyre design, selecting tyres

with low rolling resistance, and developing a smoother road surface.
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2.4 Drag Coefficient

The drag coefficient is a dimensionless quantity that represents the resistance
experienced by a body as it moves through a fluid, such as air or water, and quantifies
an object’s aerodynamic efficiency. It is a crucial parameter for understanding and
analyzing the aerodynamic properties of a vehicle in interaction with a fluid medium.
The drag coefficient depends entirely on the shape, size and surface finish of the object.
It is determined experimentally by wind tunnel tests or CFD (Computational Fluid
Dynamics) simulations. A lower drag coefficient means that the object encounters less
resistance as it moves through the fluid, resulting in improved efficiency and lower
energy consumption. On the other hand, a higher drag coefficient indicates greater
endurance and higher energy requirement for movement. The drag coefficient is an
essential factor in various technical fields. In automotive design, reducing the drag
coefficient helps improve energy demand and vehicle performance. Understanding the
drag coefficient and its influence on the overall aerodynamic behavior of objects helps
engineers and designers to optimize shapes, reduce drag and improve performance.
Significant improvements in efficiency, stability, and speed can be achieved by

carefully analyzing and adjusting an object’s geometry.

2.5 Frontal Area

The frontal area is the vehicle’s cross-sectional area seen from the front. The frontal
area plays an important role in aerodynamics and directly affects the drag force
experienced by the vehicle. It is usually measured in square units such as square meters
and is determined by multiplying the width of the object by its height or diameter,
depending on its shape. The larger the frontal area, the greater is the resistance
encountered by the object when moving through a fluid medium, such as air. This
resistance is known as Drag. Therefore, minimizing the frontal area is an important
aspect of vehicle design to reduce drag and improve aerodynamic efficiency. Engineers
strive to reduce the frontal area of the vehicle by designing streamlined shapes and
minimizing protrusions or unnecessary areas. This helps improve energy efficiency,
reduce wind noise and improve overall vehicle performance. The frontal area is often
used in conjunction with the drag coefficient to calculate the aerodynamic drag

experienced by a vehicle. The relationship between frontal area, drag coefficient and
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their influence on vehicle performance has been described in Chapter 3 on Pure EV
Load Modelling.

26 Tyre

Regardless of the type of vehicle, Tyres are considered the most important component
as they affect almost all performance factors such as braking, acceleration, handling
and comfort. They provide good grip on the surface, preventing slipping and skidding,
so they perform well on both dry and wet road conditions. Tyre functions include load
bearing capacity, shock absorption while driving, ability to turn left or right, and
optimal acceleration and braking. Tyres can be categorized by the tube used (e.g. tube-
type and tubeless-type) and their construction (e.g. cross-ply, radial-ply and bias-ply).
The size and material of the tyre must be selected to support the vehicle load and to

withstand varying loads during rotation.

Currently, tubeless radial-ply tyres are widely used in the automobile industry because
they have lower rolling resistance loss, resulting in lower energy consumption, longer
tread life due to reduced heat generation, better braking efficiency and greater resistance

to punctures and cuts.

Tread Belt
Sidewall Carcass

Bead filler Chafer belt
Bead Nylon Chafer
Rim

Steel chafer

Strands

Fig. 2-1: Construction of a radial-ply tyre

Some embossed numbers and letters can be seen, when looked closely at the tyre

rubber. These numbers and letters are often referred to as tyre markings. The tyre
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markings on the rubber of a tyre are there for a purpose. Firstly, it shows important
information such as the size and specification of the tyre and secondly, it proves that

the tyre meets the necessary safety standards.

Fig. 2-2: Tyre markings

Tyre markings vary depending on tyre construction. The two most commonly used tyre

markings are listed below as examples.

Example 1: 4.00-8, 4PR

This is the simplest tyre marking and is mostly used for bias-ply tyres. The first part,
4.00, is both the tyre width and the tyre sidewall height (in inches). The second part, 8,
is the rim diameter (in inches). The last part, 4PR, indicates the ply or load rating. So,
a 4.00-8, 4PR tyre will fit on an 8 inches diameter rim, with a width of 4 inches and
sidewall height of 4 inches. Therefore, the overall height of the tyre will be 16 inches
(8 inches + 4 inches + 4 inches).

Example 2: 120/80-R12 66S

This is the most common tyre marking and is mostly used for radial-ply tyres. The first
part, 120, is the tyre width (in millimeters). The second part, 80, is the tyre aspect ratio
(tyre width : tyre sidewall height). The third part, R, indicates that the tyre is a radial-
ply tyre. The fourth part, 12, is the rim diameter (in inches), the fifth part, 66, indicates
the load rating. The last part, S, represents the speed rating. So, a 120/80-R12 66S tyre
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will fit on a 12 inches diameter rim, with a width of 120 millimeters and sidewall height
of 96 millimeters (80% of 120 millimeters). The overall height of the tyre can be worked
out by converting both dimensions to either millimeters or inches, and adding the rim
diameter to twice the sidewall height. Therefore, the overall height of the tyre will be
496.8 millimeters (304.8 (12x25.4) millimeters + 96 millimeters + 96 millimeters) or
19.55906 inches (12 inches + 3.77953 (96/25.4) inches + 3.77953 (96/25.4) inches).

Section
Width ‘ A
Section
Height
External Diameter
of Tyre
Rim or
Diameter Overall height of
Tyre
y

Fig. 2-3: Tyre aspect ratio

2.7 Wheel

Wheel is usually made of a metal or alloy rim, which provides structural strength and
houses the tyre. The tyre’s bead (inner edge) fits into a groove on the wheel rim,
ensuring a secure fit. The wheel, together with the tyre, supports the weight of the
vehicle, its occupants, and cargo. The wheel evenly distributes the load across the
contact area of the tyre with the road surface, ensuring stability and safe handling. The
design of the wheel, such as its width, can affect the shape and footprint of the tyre,
affecting traction and grip. The tyre’s flexible sidewalls and air-filled construction help
absorb shock and provide a cushioning effect. The stiffness and strength of the wheel
helps to maintain the structural integrity of the tyre, preventing damage or deformation.

The tyre and wheel must be of compatible size. The tyre size, specified by
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measurements such as width, aspect ratio and diameter, must match the correct wheel
size. Incompatible tyre and wheel sizes can cause improper fitment, impaired handling,
and potential safety hazards. The wheel and tyre have a symbolic relationship, where
the wheel provides structural support, load distribution and compatibility, while the tyre
provides traction, grip, shock absorption and adjustability. Together they are an integral

part of the overall performance and safety of the vehicle.

The radius of the wheel plays a significant role in vehicle dynamics, directly influencing
several key factors that affects vehicle dynamics. In this present work, the diameter of
the wheel is 496.8 millimeters or 19.55906 inches. Therefore, the radius of the wheel
is 248.4 millimeters or 9.77953 inches (Diameter of the wheel / 2) and the
circumference of the wheel is 1560.406048 millimeters or 61.413379 inches (m %
Diameter of the wheel).
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Pure EV Load Modelling

3.1 Driving Cycle

In EV modelling and simulation, driving cycles are used to select and predict the
performance of a powertrain system. Driving cycle is a sequence of operating points,
representing the vehicle’s velocity versus time, and this plot indicates how a vehicle
will be driven in a realistic world under various driving conditions. The Automotive
Research Association of India (ARAI) has conducted several vivid researches regarding
traffic pattern in different Indian cities, establishing the Indian Driving Cycle (IDC), as
shown in Fig. 3-1, where a vehicle reaches a maximum velocity of 42 kmh™ in a cycle
in accordance with the BIS Code for battery powered vehicles [IS 15886:2010], as well
as its various parameters are outlined in Table 3-1 [21]. Any modification to this IDC
leads to the formation of Modified Indian Driving Cycle (MIDC). MIDC focuses on
the European Driving Cycle (EDC), consisting four repeated cycles of the ECE 15
driving cycle, indicating the urban mode, pursued by the Extra Urban Driving Cycle
(EUDC). While realistic, driving cycles do not accurately reflect real-world driving
circumstances, for which alternative techniques are applied to acquire the real-time
driving cycle [22, 23].

0.8 T : : 50
—— Acceleration (ms™?) —— Velocity (kmh")L

0.6F

0.4}

Acceleration
Velocity

0 10 20 30 40 50 60 70 80 90 100 108
Time (s)
Fig. 3-1: Indian driving cycle (maximum velocity: 42 kmh1)
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Table 3-1: Breakdown of Indian driving cycle operations [24]

Duration
No. of State Velocity ~ Acceleration  of each  Cumulative
operations (kmh) (mMs2) operation  Time (s)
(s)
01 Idling 0 0 16 16
02 Acceleration 0-14 0.65 6 22
03 Acceleration 14-22 0.56 4 26
04 Deceleration 22-13 -0.63 4 30
05 Steady Speed 13 0 2 32
06 Acceleration 13-23 0.56 5 37
07 Acceleration 23-31 0.44 5 42
08 Deceleration 31-25 -0.56 3 45
09 Steady Speed 25 0 4 49
10 Deceleration 25-21 -0.56 2 51
11 Acceleration 21-34 0.45 8 59
12 Acceleration 34-42 0.32 7 66
13 Deceleration 42-37 -0.46 3 69
14 Steady Speed 37 0 7 76
15 Deceleration 37-34 -0.42 2 78
16 Acceleration 34-42 0.32 7 85
17 Deceleration 42-27 -0.46 9 94
18 Deceleration 27-14 -0.52 7 101
19 Deceleration 14-0 -0.56 7 108

Table 3-2: Summary of an Indian driving cycle (maximum velocity: 42 kmh1)

Idling time (s) in a cycle

Total time (s) taken in a cycle

Total distance (km) covered in a cycle

Maximum velocity (kmh™)

Average velocity incl. stops (kmh™)

Maximum acceleration (ms)

Maximum deceleration (ms)

16
108
0.658
42
21.93
0.65
0.63
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3.1.1 Indian Driving Cycle (IDC)

An Indian-derived driving cycle has been adopted from the Automotive Research
Association of India (ARAI) as this work is conducted for Indian road conditions.
According to the selected specifications of a three-wheeler auto rickshaw, reaching a
maximum velocity of 45 kmh™ in a cycle, the IDC shown in Fig. 3-2 is taken into

account and the data used to represent this figure are outlined in Table 3-3.
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- 110
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Time (s)
Fig. 3-2: Indian Driving Cycle (IDC)

The idling, steady state, acceleration, and deceleration of a vehicle can be predicted
using either Fig. 3-2 or Table 3-3. Table 3-3 can also be used to summarize IDC
specifications as shown in Table 3-4. The initial and final velocity at each operation in
an IDC are taken from Table 3-3 and converted from kmh to ms™ by multiplying the
values by the conversion factor of (5/18) or 3.6. By substituting the converted values

of the initial and final velocity at each operation into the equation a = % the

acceleration (ms) at each operation in an IDC can be calculated, where v is the final
velocity (ms™), u is the initial velocity (ms™), and t is the time (s). Similarly, by

substituting the converted value of the initial velocity, and the calculated value of the
acceleration (ms) at each operation in an IDC into the equation S = ut + %atz, the

distance (m) travelled at each operation in an IDC can be calculated, where u is the
initial velocity (ms™), t is the time (s), and a is the acceleration (ms). The acceleration

and distance distribution for each operation in an IDC are given in Table 3-5.
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Table 3-3: Breakdown of selected IDC operations

No. of Velocity Acceleration Durationof . ..
operations ate (kmh-t) (ms?) ea(_:h Time (s)
operation (s)
01 Idling 0 0 16 16
02 Acceleration 0-14 0.65 6 22
03 Acceleration  14-22 0.56 4 26
04 Deceleration  22-13 -0.63 4 30
05 Steady Speed 13 0 2 32
06 Acceleration  13-23 0.56 5 37
07 Acceleration  23-31 0.44 5 42
08 Deceleration ~ 31-25 -0.56 3 45
09 Steady Speed 25 0 4 49
10 Deceleration  25-21 -0.56 2 51
11 Acceleration  21-34 0.45 8 59
12 Acceleration  34-45 0.44 7 66
13 Deceleration  45-37 -0.74 3 69
14 Steady Speed 37 0 7 76
15 Deceleration  37-34 -0.42 2 78
16 Acceleration  34-45 0.44 7 85
17 Deceleration ~ 45-27 -0.56 9 94
18 Deceleration  27-14 -0.52 7 101
19 Deceleration 14-0 -0.56 7 108
Table 3-4: Selected IDC specification
SI. No. Particulars Time (s) Percentage
1 Idling 16 14.81 %
2 Steady state points 13 12.04 %
3 Accelerating points 42 38.89 %
4 Decelerating points 37 34.26 %
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Table 3-5: Velocity and Distance distribution in an IDC

Duration Velocity (ms?)
No.of  of each Acceleration
operations operation Initial Final (ms?) Distance (m)
(s)

1 16 0 0 0

2 6 0 3.888888889 0.65 11.7

3 4 3.888888889 6.111111111 0.56 20.03555556

4 4 6.111111111 3.611111111 -0.63 19.40444444

5 2 3.611111111 0 7.222222222

6 5 3.611111111 6.388888889 0.56 25.05555556

7 5 6.388888889 8.611111111 0.44 37.44444444

8 3 8.611111111 6.944444444 -0.56 23.31333333

9 4 6.944444444 0 21.77777778

10 2 6.944444444 5.833333333 -0.56 12.76888889

11 8 5.833333333 9.444444444 0.45 61.06666667

12 7 9.444444444 12.5 0.44 76.89111111

13 3 125 10.27777778 -0.74 34.17

14 7 10.27777778 0 71.94444444

15 2 10.27777778 9.444444444 -0.42 19.71555556

16 7 9.444444444 12.5 0.44 76.89111111

17 9 125 7.5 -0.56 89.82

18 7 7.5 3.888888889 -0.52 39.76

19 7 3.888888889 0 -0.56 13.50222222

From the above tables, total idling time, total time taken to travel the distance, total
distance travelled by the vehicle, maximum velocity, average velocity including stops,
maximum acceleration, and maximum deceleration achieved by the vehicle in an IDC

can be concluded. All of these factors and their values are summerized in Table 3-6.
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Table 3-6: Summary of an IDC

Idling time (s) in a cycle 16
Total time (s) taken in a cycle 108
Total distance (km) travelled in a cycle 0.668
Maximum velocity (kmh™) 45
Average velocity incl. stops (kmh) 22.29
Maximum acceleration (ms) 0.65
Maximum deceleration (ms) 0.74

3.2 Tractive Force

The various forces acting on a vehicle and preventing it from moving forward determine
the energy, power, and torque demands of that vehicle. The three-wheeler auto rickshaw
is modelled as a road load, and various longitudinal forces acting on it are determined

from Newton's second law of motion as illustrated in Fig. 3-3 [5].

& ; t 20

Mg

Fig. 3-3: Forces acting on a three-wheeler auto rickshaw during uphill drive
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Tractive or traction force, F;, is the force required to overcome drag forces and move

the vehicle forward, and is represented by the equation:
Ft=F1'1'+Fad+ic+Fla+Fwa (31)

Where,
E.. =Rolling resistance force

F,; = Aerodynamic drag or drag force
F;,. = Hill climbing force or gradient force
F;, = Linear acceleration force

F,, = Rotational acceleration force

From Eq. (3.1), it is evident that the main force needed to propel the vehicle is the
tractive force or the traction force, comprising of five other forces. Namely, Rolling
Resistance Force (F,..), Aerodynamic Drag or Drag Force (F,;), Hill Climbing force or
Gradient Force (F,.), Linear Acceleration Force (F;,) and Rotational Acceleration
Force (F,q)-

3.2.1 Rolling Resistance Force

When a wheel or tyre rolls on a surface, rolling resistance force opposes the motion of
the wheel or tyre, generally caused by the deformation of the wheel or tyre and the
adhesion between the wheel and the surface. The vehicle’s ability to move depends on
this rolling resistance force, but if it rises above a certain point, the vehicle’s energy

consumption will also rise.
The equation for rolling resistance force (E,.,.) is:
F..=C.,MgCos¥ (3.2

Where,
C,» = Rolling resistance coefficient (dimensionless)

M = Gross mass of the vehicle (kg)
g = Gravitational acceleration (i.e., 9.81 ms?)
¥ =Grade angle (°)
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The factor ‘Cos ¥’ in Eq. (3.2) will only be taken into account, if there is an inclination
on the road, as ¥ denotes the gradient of the road. Cos ¥ will be equal to 1, if the road
is flat or has a gradient (=0°), since Cos 0°=1. Similar to this, if the road is slightly
inclined, a very small value for ¥ can be considered and in this instance, the value of

Cos W will also be equal to 1.

This force is a self-generating force and is based on the GVW. According to Eq. (3.2),
it is clear that the rolling resistance force will rise as the weight of the vehicle increases.

3.2.2 Aerodynamic Drag or Drag Force

Aerodynamic drag or drag force is the force that air resistance exerts against a moving
vehicle. It is brought on by the shape of the vehicle and can be diminished by altering
the shape to one that is more aerodynamic. A common man can feel this force by simply

putting their hand outside the moving vehicle.

The equation for aerodynamic drag or drag force (F,y4) is:
1 2
Foq = EpAfCadU (3.3)

Where,
p = Density of atmospheric air (i.e., 1.22 kgm™ at 27°C)
Ar  =Frontal area (m?)
C,q = Drag coefficient (dimensionless)

v = Resultant velocity of the vehicle and the wind (ms™)

The most typical method of reducing aerodynamic drag or drag force is to utilize a
spoiler, forming a low-pressure area on the back of the vehicle and lessening air
resistance. According to Eq. (3.3), it is clear that the drag force is directly proportional
to the square of velocity. If the velocity is doubled, then the drag force will increase by

quadruple.
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3.2.3 Hill Climbing Force or Gradient Force

Hill climbing force or gradient force, only comes into play when the path has an
inclination, declination, or slope. From Fig. 3-3, it is clear that there are two components
of vehicle weight, one parallel and one perpendicular to the inclined path, and their

values are Mg Sin W and Mg Cos W respectively.
The equation for hill climbing force (Fj,.) is:
Fn. = MgSin¥ (3.4)

Where,
M = Gross mass of the vehicle (kg)

g = Gravitational acceleration (i.e., 9.81 ms?)
¥ = Grade angle (°)

Equation (3.4) will only be taken into account, if there is an inclination on the road, as
Y denotes the gradient of the road. Sin W will be equal to O, if the road is flat or has a

gradient (=0°), since Sin 0°=0, which ultimately nullify the whole equation.
3.2.4 Linear Acceleration Force
Linear acceleration force is a force that is required to accelerate the vehicle.
The equation for linear acceleration force (Fy,) is:
Fiu, = Ma (3.5)
Where,

M = Gross mass of the vehicle (kg)

a = Acceleration (ms?)
The value of this force may be positive or negative depending on the velocity of the

vehicle. As the vehicle decelerates, the value decreases and vice versa. Equation (3.5)

shows that the linear acceleration force is directly proportional to the mass.
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3.2.5 Rotational Acceleration Force

Rotational acceleration force is the force that is necessary to accelerate an object in a
rotational motion. It is proportional to the mass of the object, its rotational velocity, and
the rate of change of that velocity. This force is generated by a torque, which is the

product of the moment of inertia and the angular acceleration.
The equation for rotational acceleration force (F,,) is:
F,,=01xFy, (3.6)

Where,

F;, = Linear acceleration force (N)

The extended form of Eq. (3.1) is given by combining Eq. (3.2), (3.3), (3.4), (3.5), and
(3.6):

Fy = C;;Mg Cos¥ +—pA;Coqv? + Mg Sin¥ + Ma + 0.1F, (3.7)

The total tractive force required by a three-wheeler auto rickshaw in an IDC was
calculated using the Eqg. (3.7), based on selected specifications of a three-wheeler auto
rickshaw (refer to Table 2-2). The various forces acting on an auto rickshaw in an IDC
are depicted in Fig. 3-4.
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(0'5) Fl Frr F;ul
300F F\T ic (05) Flu F(v 1
200} ‘\—1 r\/‘ [//1 ﬁ
= 100F ’J
: d=c H |
g o =
W
-100} \\/\\-
200} g
-300 . N N N N N . . N N
(0] 10 20 30 40 50 60 70 80 90 100 108

Time (s)
Fig. 3-4: Various forces acting on an auto rickshaw in an IDC
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It can be ascertained that the acceleration force, F,, is the major opposing force that

the vehicle must overcome, becoming negative as the vehicle decelerates.
3.3 Estimation of Energy, Power and Torque

The selected specifications of an auto rickshaw used for road load modelling, is already
outlined in Table 2-2. The Gross Vehicle Weight (GVW) is 732 kg with a Permanent-
Magnet Synchronous Motor (PMSM) and a LiFePQg, Lithium Ferro Phosphate (LFP),
battery pack. A PMSM has been chosen over induction motor, Brushless DC (BLDC)
motor and Switched Reluctance Motor (SRM) due to its relatively higher efficiency
and torque. The efficiency coefficient of a PMSM ranges from 92% to 97%, an
efficiency of 0.94 is assumed. LiFePO4 battery pack is selected over Valve Sealed Lead
Acid (VRLA) and nickel-metal hydride batteries for its longer life, zero maintenance,
extremely safe, and most importantly, improved charging and discharging efficiency.
Li-ion battery packs are increasingly popular and widely accepted in the automobile
industry. Therefore, a Li-ion based pure electric auto rickshaw is considered for this

study.
3.3.1 Power Demand

The tractive power, P, required at the wheels can be determined from the instantaneous
tractive forces and the velocity of the vehicle, as depicted in Fig. 3-5, and is represented

by the equation:
P.=(F;XR) Xv (3.8)

Where,
F, = Tractive or traction force (N)

R = Regeneration efficiency (dimensionless)

v = Resultant velocity of the vehicle and the wind (ms™)
Regeneration efficiency is the fraction of energy recovered through regenerative

braking system. It will only be taken into account, if F; is negative in a particular

operation in an IDC, else 1 is considered.
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Fig. 3-5: Tractive power demand in an IDC

The motor power, B, required by the motor is derived from the tractive power, P;, as

depicted in Fig. 3-6, and is represented by the equation:

PtZO,Pm=:—t;Pt<O,Pm=Pt><nm (3.9)

m

Where,
P, = Tractive power (W)

Nm = Motor efficiency (dimensionless)
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Fig. 3-6: Motor power demand in an IDC

The distribution of tractive and motor power in an IDC is depicted in Fig. 3-7.
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Fig. 3-7: Distribution of tractive and motor power in an IDC

3.3.2 Torque Demand

The tractive torque, T, distribution in an IDC is depicted in Fig. 3-8, and is represented

by the equation:
T,=F;Xxrm, (3.10)

Where,
F, = Tractive force (N)

1, = Radius of the wheel (m)

The motor torque, M., is represented by the equation:

M,=LF, (3.11)

Tw

Where,
G = Gear ratio (dimensionless)

1, = Radius of the wheel (m)

F, = Tractive force (N)
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Fig. 3-8: Distribution of tractive torque in an IDC
Wheel Speed

Wheel speed, W;, plays a major role in vehicle load modelling. It represents the
rotational velocity of a vehicle’s wheels and directly affects factors such as traction,
stability and braking. Accurate wheel speed data is essential for evaluating vehicle
dynamics, load distribution and overall performance. In load modelling, wheel speed
help simulate real-world scenarios and predict how different loads affect a vehicle’s

motion and driveability, and is represented by the equation:

Lox X (3.12)

21Ty, 2n

VVS=

Where,
v = Resultant velocity of the vehicle and the wind (ms™)

1, = Radius of the wheel (m)

The change in wheel speed, with respect to the tractive torque, T, is depicted in Fig. 3-
9.
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Fig. 3-9: Torque-speed operating points in an IDC

3.3.3 Energy Demand

90 100

The motor energy, E,,, demand at each operation in an IDC, is represented by the

equation:
Em = [ Pn % dt

Where,
P,, = Motor power (W)

t = Time difference between each operation (s)

3.4 Regenerative Braking System

(3.13)

When a vehicle is in motion, it has kinetic energy and momentum. However, when the

vehicle decelerates or brakes in traffic, this energy is wasted. According to the first law

of thermodynamics, energy can neither be created nor be destroyed, it can only change

from one form of energy to another. During braking, this kinetic energy is converted

into frictional and thermal energy and is released into the environment. Using the

regenerative braking concept, this energy can be reverted to the battery using the motor
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[25, 26]. The powertrain of an EV automatically engages a regenerative braking system
to make up for energy lost during deceleration and transfer the energy back to the motor,
which now functions as a generator to charge the battery. This energy conversion is
carried out by the motor of an EV.

In this work, four efficiencies of regenerative braking are considered, namely 0%, 40%,
50% and 100%. Regenerative braking efficiency at 0% means that no regenerative
braking system is activated, while at 100% means that there is no energy loss, which is
not possible because not all energy can be converted. Therefore, the regenerative

braking efficiency of 40% and 50% seems more appropriate, as illustrated in Fig. 3-10.
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Fig. 3-10: Motor energy demand in an IDC
3.5 Determination of State of Charge

The State of Charge (SOC) is the ratio of the battery’s remaining capacity to its total
capacity, or the charge level of a battery related to its capacity. The SOC is 100% when
the battery is completely charged and 0% when it is discharged. The SOC depends on
many factors, such as temperature, charging and discharging current of the battery, also
known as battery C-rate. C-rate is primarily the rate at which the battery is charged or

discharged. 1C means the battery will be completely discharged in an hour and 2C
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means the battery will be discharged in half an hour. There are several ways to find the
SOC of a battery such as open voltage method, columb counting method, and the
Kalman filter method [27]. Among all these methods of calculating SOC, the simple
and generalized equation is given by:

Energy consumed in an operation

soc=1- (3.14)
Total Energy
100 : . . . : |
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Fig. 3-11: Variation of SOC with distance

The graph above shows that with the selected vehicle, motor and battery specifications,
the vehicle can travel up to 77.69 km on a single charge without regenerative braking.
This distance can be extended to 108.216 km, 112.892 km and 144.288 km with a

regeneration efficiency of 40%, 50% and 100% respectively.
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Results & Discussions

Range extension refers to the process of increasing the distance an Electric Vehicle
(EV) can travel on a single battery charge. Increasing the range of Electric Vehicles
(EVs) is essential to overcome the limitations of battery technology and alleviating
range issues. Hybrid vehicles amalgamate an Internal Combustion Engine (ICE) with
an electric motor and a battery. Range Extended Electric Vehicles (REEVS) have an
electric motor powered by a battery and a standby ICE, such as a Micro Gas Turbines
(MGT), generating electricity to extend the EV’s range once the battery is depleted.
However, for a pure EV, the range can only be increased by working more on battery
technology, battery thermal management, improving the charging infrastructure, or via
predictive driving assistance, optimizing driving routes and energy consumption based
on real-time data. According to Para 3.1 (vi) of the guidelines and standards issued by
the Ministry of Power, Government of India (refer to Table 1-1), it should be noted that
a minimum of one charging station will be present within a radius of 25 km on either
side of the highways. The selected three-wheeler auto rickshaw is a pure EV, following
the iterated Indian Driving Cycle (IDC) to select and predict the performance of a
powertrain system. An attempt is made to check the difference in range and energy
consumption of the vehicle by capping the maximum velocity in an IDC, resulting in
Modified Indian Driving Cycle (MIDC), for the last 25 km of the vehicle’s ideal range.
With the normal IDC (maximum velocity: 45 kmh™), 6 other Modified Indian Driving
Cycles (MIDCs) were taken into consideration, whose maximum velocity is capped at
15 kmh, 20 kmh, 25 kmh, 30 kmh?, 35 kmh™ and 40 kmh respectively, i.e., a
difference of 5 kmh* in capping velocity between the different MIDCs. Using all the
equations, formulations, and data from the previous chapter, the simulation begins with

the range extension of a pure electric three-wheeler auto rickshaw.

IDC with a maximum velocity of 45 kmh and 2 of the other 6 MIDCs with a capping
velocity of 30 kmh* and 20 kmh are shown in Fig. 4-1 and the data used to represent
this figure is outlined in Table 4-1, 4-2, and 4-4.
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Table 4-1: Velocity distribution in IDC and MIDCs

Velocity (kmh't) Duration
No. of Capping Velocity (kmh-1) of each
operations IDC MIDCs operation

45 40 35 30 25 20 15 (s)

01 0 0 0 0 0 0 0 16
02 0-14 014 014 014 014 014 0-14 6
03 14-22 14-22 14-22 14-22 14-22 14-20 14-15 4
04 22-13 22-13 22-13 22-13 22-13 20-13 15-13 4
05 13 13 13 13 13 13 13 2
06 13-23  13-23 13-23 13-23 13-23 13-20 13-15 5
07 23-31 23-31 23-31 23-30 23-25 20 15 5
08 31-25 31-25 31-25 30-25 25 20 15 3
09 25 25 25 25 25 20 15 4
10 25-21 25-21 25-21 25-21 25-21 20 15 2
11 21-34 21-34 21-34 21-30 21-25 20 15 8
12 34-45 34-40 34-35 30 25 20 15 7
13 45-37 40-37 35 30 25 20 15 3
14 37 37 35 30 25 20 15 7
15 37-34 37-34 35-34 30 25 20 15 2
16 34-45 34-40 34-35 30 25 20 15 7
17 45-27 40-27 35-27 30-27 25 20 15 9
18 27-14 27-16 27-14 27-14 25-14 20-14 15-14 7
19 14-0 140 140 140 14-0 140 14-0 7

Cumulative Time (s) 108

Table 4-1 clearly shows that the number of steady state points, i.e., the points where

velocity is constant or the initial and final velocity are equal, increases as the capping

velocity in a cycle decreases. This symbolizes that if the vehicle is following MIDC

with a lower capping velocity, it will have a greater number of steady state points in a

cycle, and a greater number of steady state points means the vehicle is moving at a
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constant velocity over a longer period of time in a cycle, resulting in zero acceleration

at points where the vehicle is moving at constant velocity, as shown in Table 4-2.

Table 4-2: Acceleration distribution in IDC and MIDCs

Acceleration (ms2) Duration
No. of Capping Velocity (kmh-1) of each
operations IDC MIDCs operation

45 40 35 30 25 20 15 (s)

01 0 0 0 0 0 0 0 16
02 0.65 0.65 0.65 0.65 0.65 0.65 0.65 6
03 056 056 056 056 056 042 0.07 4
04 -0.63 -0.63 -0.63 -0.63 -0.63 -0.49 -0.14 4
05 0 0 0 0 0 0 0 2
06 0.56 0.56 0.56 0.56 0.56 0.39 0.11 5
07 044 044 0.44 0.39 0.11 0 0 5
08 -0.56 -0.56 -0.56 -0.46 0 0 0 3
09 0 0 0 0 0 0 0 4
10 -056 -056 -056 -0.56 -0.56 0 0 2
11 045 045 0.45 0.31 0.14 0 0 8
12 044 024 0.04 0 0 0 0 7
13 -0.74  -0.28 0 0 0 0 0 3
14 0 0 0 0 0 0 0 7
15 -042 -042 -0.14 0 0 0 0 2
16 044 0.24 0.04 0 0 0 0 7
17 -056 -04 -025 -0.09 0 0 0 9
18 -052 -052 -052 -052 -044 -024 -0.04 7
19 -0.56 -056 -0.56 -0.56 -0.56 -0.56 -0.56 7

Cumulative Time (s) 108
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Four different types of operating points in each driving cycle are idling, steady state
points, accelerating points, and decelerating points. The duration of occurrence of each
type of operating point varies between driving cycles. Table 4-3 shows the different
operating point types and their durations of occurrence in IDC and MIDCs with
different capping velocity, as well as the percentage contribution of each operating

point type for different driving cycles.

Table 4-3: Operating points in IDC and MIDCs

Time (s) Percentage (%)
Capping Velocit
Sl. PPIng Y Capping Velocity (kmh-)
N Particulars (kmh)
0.
IDC MIDCs IDC MIDCs

45 35 30 25 20 45 35 30 25 20

1 Idling 16 16 16 16 16 1481 1481 14.81 1481 1481
Steady state
2 _ 13 16 32 44 59 12.04 14.81 29.63 40.74 54.63
points
Accelerating
3 _ 42 42 28 28 15 38.89 38.89 25.92 2592 13.88
points
Decelerating
4 37 34 32 20 18 34.26 31.48 29.63 18.52 16.66

points

IDC with a maximum velocity of 45 kmh™ and MIDC with a capping velocity of 40
kmh! have the same duration of occurrence of each type of operating point. Similarly,
the MIDCs with a capping velocity of 20 kmh™ and 15 kmh* have the same duration
of occurrence of each type of operating point. Therefore, the MIDCs with a capping

velocity of 40 kmh™ and 15 kmh'! are not included in Table 4-3.
Distance distribution in IDC and 6 other MIDCs with different capping velocity is

outlined in Table 4-4. It can be observed that the total distance travelled decreases as

the capping velocity decreases.
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Table 4-4: Distance distribution in IDC and MIDCs

Distance (m) Duration
No. of Capping Velocity (kmh?) of each
operations IDC MIDCs operation

45 40 35 30 25 20 15 (s)
01 0 0 0 0 0 0 0 16
02 11.7 117 11.7 11.7 11.7 11.7 11.7 6
03 20.04 20.04 20.04 20.04 20.04 1892 16.11 4
04 1940 1940 1940 1940 1940 18.30 1555 4
05 723 723 723 7.23 7.23 7.23 7.23 2
06 25.06 25.06 25.06 25.06 25.06 2293 19.43 5
07 3744 3744 3744 36.82 3332 27.78 20.83 5
08 2331 2331 2331 2293 20.83 16.67 125 3
09 27.718 27.718 27.78 27.78 27.78 2222 16.67 4
10 12.77 12777 1277 1277 1277 1111 8.33 2
11 61.07 61.07 61.07 56.59 51.15 4444 33.33 8
12 76.89 7199 67.09 58.33 48.61 38.89 29.17 7
13 34.17 32.07 29.17 25 20.83 16.67 125 3
14 7194 7194 68.06 58.33 48.61 38.89 29.17 7
15 19.72 19.72 19.16 16.67 1389 11.11 8.33 2
16 76.89 7199 67.09 58.34 48.61 38.89 29.17 7
17 89.82 838 7738 7135 625 50 37.5 9
18 39.76 39.76 39.76 39.76 37.83 33.00 28.19 7
19 135 135 135 135 13.5 13.5 13.5 7

Total

Distance 6635 650.6 627 581.6 523.65 442.25 349.2
(m)

Cumulative Time (s) 108

Table 4-5 summarizes the important factors like total idling time, total time taken to

travel the distance, total distance travelled by the vehicle, maximum velocity, average
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velocity including stops, maximum acceleration, and maximum deceleration achieved

by the vehicle in IDC and 6 other MIDCs with different capping velocity.

Table 4-5: Summary of IDC and MIDCs

IDC MIDCs
Capping Velocity (kmh?1) 45 40 35 30 25 20 15

Idling time (s) in a cycle 16 16 16 16 16 16 16

Total time (s) taken in a
108 108 108 108 108 108 108

cycle

Total distance (km)
_ 0.668 0.650 0.627 0.581 0.523 0.442 0.349

travelled in a cycle

Maximum velocity (kmh?) 45 40 35 30 25 20 15

Average velocity incl.

stops (kmht)

2229 2169 2091 1939 1746 14.74 11.64

Maximum acceleration
065 065 065 065 065 065 0.65

(ms?)
Maximum deceleration
074 063 063 063 063 056 0.56
(ms?)
45kmh'  30kmh' 20 kmh’
Acceleration -—--—- —
Velocity ——— : —_—
0.8 . . . . . . . 50

"

Acceleration (ms™)

Velocity (kmh™)

10 20 30 40 50 60 70 80 90 100 108
Fig. 4-1: MIDCs in contrast to IDC (capping velocity: 30 and 20 kmh1)
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The total tractive force required for a three-wheeler auto rickshaw following the MIDC
with a capping velocity of 20 kmh™ together with the various forces acting on it is
calculated using Eq. (3.1 — 3.7), stationed on the selected specifications of an auto
rickshaw (refer to Table 2-2). The various forces acting on a three-wheeler auto

rickshaw in MIDC with a capping velocity of 20 kmh™* are depicted in Fig. 4-2.

ForIDC: - (0.5)F, ——--- F F.q F,, - F
For MIDC: —— (0.5)F, —F, Foq F,
400

C

300t

200}

s e

10 20 30 40 50 60 70 80 90 100 108
Fig. 4-2: Various forces acting on an auto rickshaw in MIDC

Figure 4-2 shows that the values of the various forces acting on an auto rickshaw in
MIDC with a capping velocity of 20 kmh are significantly lower compared to IDC,

which will result in less power demand.
4.1 Determination of Energy, Power and Torque Demand

The tractive power, P, required at the wheels can be determined from the instantaneous
tractive forces and the velocity of the vehicle, and is calculated using Eqg. (3.8), as
depicted in Fig. 4-3.
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Fig. 4-3: Tractive power demand

The motor power, B,,, required by the motor is derived from the tractive power, P;, and
is calculated using Eqg. (3.9), as depicted in Fig. 4-4.
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Fig. 4-4: Motor power demand

The distribution of tractive and motor power in IDC and MIDC with a capping velocity
of 20 kmh is depicted in Fig. 4-5.
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Fig. 4-5: Distribution of tractive and motor power

Figure 4-5 shows that the tractive and motor power demand for MIDC with a capping

velocity of 20 kmh™ are much lower than that for IDC, and both power demands

remained constant for more than 50 s in a driving cycle of 108 s.

Distribution of tractive torque, T, is calculated using Eq. (3.10), and is depicted in Fig.

4-6. Figure 4-6 shows that initially the tractive torque demand was almost the same for

both IDC and MIDC with a capping velocity of 20 kmh, but later the torque demand

for MIDC with a capping velocity of 20 kmh™ was much less than the corresponding

IDC.

The change in wheel speed, calculated using Eq. (3.12), with respect to the tractive
torque, T, is depicted in Fig. 4-7 and it is to be noted that the wheel speed for MIDC

with a capping velocity of 20 kmh was much lower than that for IDC.
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Fig. 4-6: Distribution of tractive torque
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The motor energy, E,,, demand with different regeneration efficiencies in each

operation of IDC and MIDC with a capping velocity of 20 kmh is calculated using Eq.
(3.13), and is depicted in Fig. 4-8.
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Fig. 4-8: Motor energy demand with different regeneration efficiencies

Figure 4-8 shows that the energy demand is quite linear and much lower for MIDC with
a capping velocity of 20 kmh than for IDC and lower energy demand means that

energy consumption will be lower.

4.2 Determination of State of Charge (SOC)

The State of Charge (SOC) is calculated using Eq. (3.14), and the graph between SOC
and distance is shown in Fig. 4-9.
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Fig. 4-9: Variation of SOC with distance
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It can be seen from the figure above that the SOC decreases at a constant rate, deviating
from a point of 52.69 km on the x-axis, which means that the vehicle has started to
follow the MIDC with a capping velocity of 20 kmh™ from this point, further extending
the range. However, the level of SOC drop is not the same for different regenerative

braking efficiencies.

With the selected vehicle specifications, the initial range of a three-wheeler auto
rickshaw was found to be 77.69 km with regenerative braking efficiency of 0% or
without regeneration, 108.22 km with regenerative braking efficiency of 40%, and
112.89 km with regenerative braking efficiency of 50%. This initial range difference is
only due to the different regenerative braking efficiencies. An overall increment in
range of 39.29% and 45.30% can be achieved only by using regenerative braking
efficiency of 40% and 50%, respectively. The vehicle initially follows IDC and before
25 km from the initial range with regenerative braking efficiency of 0% or without
regeneration, i.e., from 52.69 km, the vehicle starts following MIDC with a capping
velocity of 20 kmh™, extending the range to 101.83 km. Similarly, this range is further
extended to 143.82 km and 149.13 km using regenerative braking efficiency of 40%

and 50%, respectively.

The overall energy consumption, the total amount of energy that can be conserved, and
the range that can be extended using the amount of energy saved by using different
regenerative braking efficiencies and MIDCs with different capping velocity for the last
25 km of the initial range are outlined in Table 4-6, Table 4-7 and Table 4-8.
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Table 4-6: Overall energy consumption

Energy Consumption (kWh)

IDC + MIDC (last 25 km of initial

IDC
range)
Max. Velocity Capping Velocity (kmh)
apping Veloci mh-
(kmh) ppIng y
45 40 35 30 25 20 15
With 0% Regenerative
7.68 737 7.10 6.92 6.70 6.47 6.28
Energy
With 40% Regenerative
5.52 531 516 5.08 4.98 482 4.70
Energy
With 50% Regenerative
5.29 510 497 489 480 465 4.54

Energy

Table 4-7: Total energy conserved

Energy Conserved (kWh)

IDC + MIDC (last 25 km of initial

IDC
range)
Max. Velocity Capping Velocity (kmh-)
apping Veloci mh-
(kmh) ppIng y
45 40 35 30 25 20 15
With 0% Regenerative
0 031 058 076 098 121 14
Energy
With 40% Regenerative
2.16 237 252 26 27 286 298
Energy
With 50% Regenerative
2.39 258 271 279 288 3.03 314

Energy
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Table 4-8: Effective ranges after extension

Range Extension (km)

IDC IDC + MIDC (last 25 km of initial range)
Max.
Velocity Capping Velocity (kmh-1)
(kmh?)
45 40 35 30 25 20 15
With 0%
_ 8142 8538 8886 9417 101.83 110.36
Regenerative  77.69 (0)
(3.73) (7.69) (11.17) (16.48) (24.14) (32.67)
Energy
With 40%

108.22  115.92 122.37 126.10 132.42 143.82 155.73

Regenerative
(30.53) (38.23) (44.68) (48.41) (54.73) (66.13) (78.04)

Energy

With 50%

Regenerative

112.89 120.48 126.76 131.34 137.66 149.13 160.61

(35.2) (42.79) (49.07) (53.65) (59.97) (71.44) (82.92)
Energy

It can be predicted from the tables above that if the vehicle uses a regenerative braking
system and MIDC with a capping velocity, also coined as an energy saving mode, for
the last 25 km of its range, the overall range will increase as the capping velocity of the

MIDC decreases.
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Conclusion & Scope for Future Work

5.1 Conclusion

In this work, the range extension of a pure electric three-wheeler auto rickshaw is
performed without a Range Extender (RE). A parametric study was conducted to
appraise the impact of the regenerative braking system and the Modified Indian Driving

Cycle (MIDC) on the driving range of an auto rickshaw under Indian road conditions.

The maximum velocity in MIDC is capped at different velocities in order to check its
impact on the overall range of the vehicle. It has been observed that vehicle range
increases significantly as capping velocity decreases, meaning that MIDC with a
capping velocity of 20 kmh™ will provide better range than MIDC with a capping
velocity of 40 kmh™. However, as the capping velocity decreases, the time it takes to
cover the distance increases. The combination of an increase in regenerative energy
efficiency and a decrease in the capping velocity will help conserve energy, which

certainly contributes to increase the range of the vehicle.

The range of the vehicle calculated with the selected vehicle specifications was initially
77.69 km. The range was subsequently increased by 39.29% and 45.30%, extending to
108.22 km and 112.89 km using 40% and 50% of the energy gained through
regenerative energy, respectively. From the point of 52.69 km, MIDC with a capping
velocity of 20 kmh? was followed, designated as ‘Energy Saving Mode’. After
complying with MIDC, the total range was increased by 85.12% and 91.95%, extending
the overall range to 143.82 km and 149.13 km, respectively. The combination of

regeneration energy and MIDC seems eminent for extending the range of the vehicle.
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5.2 Future Scope

¢ A Li-ion battery pack with lower capacity could be designed if the conserved energy

is not leveraged in extending the range, making the vehicle lighter.

e A Range Extender (RE) could be introduced to further extend range by charging the
battery on the go while driving.

e A real-time range monitoring application could be developed to continuously

monitor the battery status.
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