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ABSTRACT

In recent years, battery electric vehicles (BEVs) have gained attention due to their zero emissions
and improved efficiency. However, their global market spread is hindered by the range anxiety of
customers associated with a limited driving range and the requirement of long time to charge the
battery. To alleviate the challenges, grid power forecasting, energy consumption estimation, range
prediction and lifecycle analysis need to be addressed considering the use phase conditions. The
BEV manufacturers are focusing on the market of developed countries and their operating cycle
evaluation is also based on those countries. However, to increase market share, their development
should explore new operating conditions and duty cycles, particularly for developing countries. This
dissertation develops a Systems Engineering methodology for the integration of an electric
powertrain within vehicle sizing and synthesis, specifically tailored to the driving profile of Addis
Ababa, Ethiopia. It assesses energy consumption, powertrain efficiency, and dynamic performance
characteristics in a virtual environment using valid models and a simulation setup. A new BEV
driving cycle was developed for Addis Ababa, Ethiopia, using GPS-collected data and compared
with the k-means clustering method and legislative drive cycles. This cycle was then integrated with
powertrain sizing. Top-level energy-based modelling and subsystem parametric models were
employed to validate the method and simulate country-specific energy consumption, powertrain
efficiency, and driving range. According to the simulated results, acceleration requirements demand
the maximum force and power, with low and high speeds needed for desired performance. The
proposed BEV drive cycle shows a 14.57% and 8.9% reduction in energy consumption compared to
the Urban Dynamometer Driving Schedule (UDDS) and Worldwide Harmonized Light Vehicles Test
Cycle (WLTC)-2. The Addis Ababa and its suburbs (AASU) cycle demonstrated an average cycle
efficiency of 88.7%, reaching 96% efficiency of the implemented electric motor. Additionally, the
AASU cycle provided 5-20 km more range than the WLTC cycle, reducing the battery size by 3.4
kWh for urban car driving. Subsequently, a Finite Element Method (FEM) model of the body
structure integrated with the powertrain package was analyzed for both aluminum and structural
steel. The aluminum body structure exhibited a weight reduction of 11.75%, resulting in energy
savings and extending the range by 18.21 km. The study, conducted in a Computer-Aided Design
(CAD) model, also revealed that powertrain components packaging and side wind velocity impact
aerodynamic drag and stability. The increase in drag force was attributed to drag-induced
underbody, rear side, and the opposite side of the wind attack. The car's power requirement
increased significantly with side wind, potentially causing instability in high winds exceeding 15 m/s.
However, at no wind effect, the drag force of the variant with a clustered battery pack decreased by
7.15%. The implemented methodology for sizing and packaging the BEV powertrain resulted total
reduction of battery size by 7.23 kWh. The study further evaluated the ride dynamic performance of
a converted car using MATLAB/SIMULINK software. While no significant changes in comfort were
observed, there was an increase in vertical displacement peak and pitch motions due to center of
gravity (CG) position changes. Acceleration over a bump profile ranged from 0.6 to 0.9 m/s2, with
discomfort less than 0.315 m/s2. However, no major consequences were observed for a short
duration. Finally, the methodology demonstrated its capability in sizing BEV powertrains based on
typical driving cycles, vehicle dynamics characteristics, and customer needs.

KEYWORDS: Addis Ababa, Battery electric vehicle, aerodynamics, Driving cycle, Energy
consumption, Modelling, Power-train sizing, Driving range and Vehicle stability
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

1.1.1 The Environment and Energy Concern of the Transport Sector

Road mobility is crucial for economic and social development, as it facilitates access to
services, jobs, and opportunities. Rapid urbanization has increased the demand for
transportation, but internal combustion engine vehicles contribute to local pollution and
greenhouse gas emissions (GHG) (Chesterman & Chevallier, 2022; Hossain, Kumar, Islam,
Selvaraj, & Miralinaghi, 2022). Fossil fuel combustion produces greenhouse gas emissions,
primarily carbon dioxide, contributing to global warming. The transport sector has
consistently increased emissions, with road transport accounting for 70% of these emissions
in 2019, generating nearly 8.5 Gt CO> and three times higher than 1990 as shown in Figure
1.1(Outlook, 2022).
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Figure 1.1: Global CO2 emission by transport system since 1990 to 2022 (Outlook, 2023)



The burning of fossil fuels releases pollutants into the local air, such as carbon monoxide
(CO), ozone, sulphur oxides (SOx), nitrogen oxides (NOx), and volatile organic compounds
(VOC). These pollutants are linked to heart disease, lung cancer, pregnancy problems, and
unfavourable birth outcomes (Outlook, 2023). This is particularly true in low-income nations
with older car stocks and loose emission regulations (Jihui, Agyemang, Zhaolin, & Gao,
2022). Fossil fuels dominate the transportation industry, accounting for 30.8% of their use.
The global fleet of vehicles is forecasted to reach 2 billion by 2050 (Jihui et al., 2022). With
vehicle ownership near saturation in high-income countries and rapid motorization in low-
and middle-income countries, energy demand is increasing, but many countries rely on
imported oil, making balances vulnerable to price shocks (Chesterman & Chevallier, 2022;
Hossain et al., 2022; Sayed, Kassem, Saleeb, Alghamdi, & Abo-Khalil, 2020).
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Figure 1.2: The global energy consumption by transport sector since 1970 to 2022

In 2022, the transport sector accounted for 62% of global oil consumption, with 80%
allocated to road vehicles. Countries are encouraged to develop a low-emissions strategy
under the Paris Agreement, focusing on environmental protection and investing in CO»-
neutral technologies (Hoang, Pham, & Vu, 2022; Sanjarbek, Mavlonov, & Mukhitdinov,
2022). Governments promote public transportation and BEV sustainability priorities
(Outlook, 2023). The issue of climate change and energy sustainability necessitates a
comprehensive approach, involving technological advancements, policy modifications, and

alterations in consumer behaviour, crucial for the planet's health and future generations.



1.1.2 Global trends in Transportation Electrification

BEV fleets are expanding at a fast pace with 14% of all new cars delivered worldwide by
2022. As in prior years, the number of electric vehicles on the road climbed by 60% to 26
million due to higher sales, with BEVs contributing more than 70% of this rise annually.
Across areas and powertrains, the growth in sales of electric cars varied, but China continues
to lead the way. In 2022, China sold 4.4 million BEVs, a 60% increase over the previous
year. In 2022, there were 2.7 million electric cars sold in Europe, a 15% increase from 2021.
Europe remained the second-largest market for electric vehicles after China, accounting for
25% of all electric vehicle sales worldwide in 2022. Sales of electric vehicles rose by 55%
in the US in 2022 over 2021. This increase accounting for the world’s largest vehicle markets
of China 60 %, Europe, and the United States in common 39 %. The three largest markets
for electric vehicles worldwide in 2022 were China, Europe, and the United States, together
accounting for approximately 95% of sales.
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Figure 1.3 Uptake of global BEV stock in developed economy market since 2010

The market share of electric cars in developing countries and emerging markets (EMDESs)
other than China is quite small. With less than 0.5 percent of total sales, electric mobility is
now very minor in low- and middle-income countries (LMICs). Although the motorization
levels on the African continent remain the lowest, most African countries are experiencing
one of the fastest rates of vehicle growth over 10% when compared to just 4% in European

nations. Moreover, just one out of every ten cars brought into the region is brand-new; the
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majority of automobiles are second-hand. These offers African nations a unique opportunity
to reduce the fleet's emissions before motorization takes off much more (Outlook, 2022).

In 2021, governments increased their focus on electrifying road transport and aiming for net
zero emissions. They also emphasized the need for strategic electric vehicle (EV) charging
infrastructure and resilient supply chains. China reduced subsidies for new energy vehicles,
while the US set targets for 50% EV sales by 2030 and 500,000 public chargers. The
European Union's Fit for-55 package also aimed for 100% ZEVs by 2035. In 2021, Japan,
Korea, and India introduced significant funding packages for EVs and charging subsidies
(Outlook, 2023). They extended eligible funding until 2025 for slow chargers and EVs. India
increased subsidies for electric two-wheelers and committed to battery-swapping policies
and EV manufacturing. Most Asian and Latin American countries aim for 100% ZEV sales
by 2030-2050. Africa has a small share of EVs, but countries are creating conditions to
support electric mobility. The number of BEV models is expected to increase rapidly,
particularly in emerging markets and developing economies (Chesterman & Chevallier,
2022).

However, the transition to electrification of transportation is a complex process involving a
shift from fuel-intensive to material-intensive energy systems, raising policy questions and
affecting sustainability, growth, and inclusion. E-mobility involves multiple value chains,
charging networks, and multi-sectoral cooperation. It may add complexities to local systems
and potentially be contested, impacting the environment, economy, and society.
Transitioning to e-mobility is driven by sustainability and economic impact on supply chains
and markets. The switch to electric mobility represents a substantial technological advance,
and these changes are frequently accompanied by a change in the infrastructure from fueling
to charging. Large electricity infrastructure expenditures are needed to support this
transition.

Challenges vary across countries due to policies, consumer preferences, and infrastructure
availability. Due to differences in baseline vehicle fleet age, performance, and composition,
LMICs have particular transport policy contexts. (Konig et al. 2021). However, most studies
in relation to electric mobility challenges have never been considered from the LMIC
perspective. Therefore, pprioritizing sustainable economic development through efficient
energy resource utilization at the national level is crucial to overcome these barriers (Hoang
etal., 2022; G. Zhao, Wang, & Negnevitsky, 2022).



1.1.3 Prospective of E-mobility in Ethiopia

The second-most populated nation in Africa, Ethiopia, has challenges including poor water
supplies, a lack of access to quality healthcare, a growing population, a lacklustre economic
growth, poor institutional frameworks, and a lack of awareness. As the capital of Ethiopia
and the headquarters of the African Union (AU), AA is home to a plethora of distinct
economic, political, cultural, and diplomatic environments, in addition to population
dynamics, shifting geography, and congested transit. AA is a densely crowded metropolis
with over 5.23 million citizens, and it is increasing at a 4.4% yearly rate. The total number
of vehicles in the nation exceeds 1,325,000, of which around 630,000 are registered cars
classified as AA. The number of vehicles per km on a single-lane asphalt road is 168 (Gebisa,
Gebresenbet, Gopal, & Nallamothu, 2022). The huge volume of fossil fuel usage requires
significant foreign currency spending and has an impact on the balance of payments, as well
as socioeconomic and environmental challenges that affect social infrastructures such as
health care and education.

The administration is concentrating on important policy tools to deal with these problems.
The nation's government has identified alternative energy sources to replace the use of fossil
fuels, making the energy sector one of the core pillars of its Climate Resilient Green
Economy (CRGE) policy. In 2022, a "targeted subsidy" system was implemented to reduce
fuel subsidies, leading to a trade deficit and reduced investment in health and education
(Gebisa et al., 2022). Ethiopia is implementing a CRGE strategy to reduce GHG emissions
by 36 MtCO.e from 2010 to 2030. The government promotes alternative energy sources,
hybrid and EVs fleets, and renewable rail networks. Ethiopia's government has reduced EVs
tax rates to 15%, promoting environmental safety, public health, climate, biodiversity, and
renewable energy use, while reducing fuel imports.

BEVs are considered an NDC-aligned scenario, with goals of meeting emissions targets by
2030 and 2035, as well as reaching net zero emissions (NZE) by 2050. Ethiopia is promoting
electric mobility through a campaign and media, with ambitions to add 4,800 electric buses
and 148,000 autos over the next ten years.

Ethiopia has the second-highest hydropower potential in Africa (45,000 MW) (Khan, 2017,
Belay Kassa, 2019; Lin, 2004; Kabalan, 2020). Renewable energy sources such as
hydropower, wind, and geothermal have a 1,402GW electricity exploitable potential. The
region's low temperatures, low travel speeds, and everyday travel distances of less than 80
kilometres make EV solutions suitable. Driving BEV in Ethiopia is reported to be 88 folds
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cheaper, when 1kilo watt electricity compared with equivalent 1 litre of gas that can reduce
the country’s fuel expenditure by one-third. Typical 26kWh and 4-seater automobiles that
are imported by Green-tech require only 9.10 Eth birr (about USD 0.17) to qualify full charge
daily driving range of 200 km (Khan, 2017; Belay Kassa, 2019).

1.1.4 Overview of BEVs and Their Challenges

Globally, there is a growing interest in environmentally friendly technologies, with electric
propulsion being a primary alternative to traditional vehicles and the electrification of road
vehicles is an emerging trend. BEVs offer higher powertrain efficiencies, less maintenance,
and zero tailpipe emissions, offering clean and efficient road transportation that is very
different from the classical ICEV as shown in (Table 1.1). BEVs are valuable and
commercially viable in complex intelligent transport systems due to their supervisory
management and dynamic control capabilities (Sayed et al., 2020; Shin, Kim, Yoo, Kim, &
Han, 2023). Electric vehicles have modular designs, making them compact and ideal for new
technologies like ADASs and AD. They have high torque at low speeds, better dynamic
performance, and wider speed range compared to traditional gasoline and diesel engines.
Their noise, vibration, and harshness performance is also impressive.

These vehicles combine key automotive technologies, including mechanical, electric
traction machines, power controllers, and energy storage devices. Powered by electricity and
motors supported by rechargeable batteries, they can enhance energy security and
macroeconomic resilience in countries generating electricity from renewable and alternative
energy sources. EVs use an electric propulsion system, consisting of a motor drive,
transmission device, and wheels, to overcome road load and resistance, generating power
and delivering it to the wheels. BEV powertrains store energy in a battery and receive power

from a Motor Generator (MG).

Table 1.1: Comparison of gasoline, diesel, hybrid EV (HEV) and BEV

Drive cycle Model Fuel Mass  Power Unadjusted. Fuel
(Kg)  (kw) economy (mpg)
ML 250 Diesel 2495 150 29.5
FTP ML 350 Gasoline 2381 225 21.9
RX450h GHEV 2268 183 41.2
Model X90D BEV 2495 310 124.2




The MG converts electrical power into mechanical power, which is transferred to wheels
through a simplified transmission. Regenerative braking involves the MG converting
mechanical power into electrical power to recharge the battery, ensuring that the braking
energy is not completely lost. Variations in electric propulsion characteristics, energy
sources, and control requirements lead to different EV configurations. The typical layout of

a BEVs is simplified in Figure 1.4.
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Figure 1.4: Simple schematic representation of a BEV

For automakers, the popularity of BEVs offers both possibilities and challenges. Novel
design approaches are required for new models because of technological developments like
regenerative braking systems and lightweight materials. During the BEV development
phase, automakers are implementing conversion and purpose design ideas. Low investment
costs are necessary for conversion design since it incorporates high-voltage components into
the already-existing onboard system. Design flexibility is however constrained by the current
package and layout of the conventional ICE vehicle. Several nations have made it possible
for conventional automobiles to be converted to electric systems since 2020, providing
possible remedies. According to Pierri et al. (2021) and Nicoletti et al. (2020), new design
concepts that incorporate new vehicle models and component arrangements are required to
improve competitiveness (Outlook, 2023Sankaran, 2022 #34). Thus, development of

sustainable road transportation system, utilizing passenger vehicles with electrified driveline



systems, face challenges in development due to a lack of standardized procedures, improper
simulation methods, and unknown technical details. The uncertainty level affects vehicle

architecture decisions, powertrain sizing and the implemented control strategy.
1.1.5 Importance of Modelling and Simulation in the Process of BEV Design

The design process for BEVs involves multidisciplinary engineering and art, requiring
optimal integration of components, driving characteristics, energy consumption, vehicle
safety, ergonomics, and design {Hossain, 2022 #100, Heimes, 2020 #93}. Prediction
models, engineering design methodologies and simulation tools can be used to support the
development of electric vehicles, taking into account relevant influencing factors (e.g.,
safety, vehicle dynamics) and components (battery, power electronics, motor, gear).
Modelling and simulation is crucial in understanding its performance, efficiency, and
behaviour under various driving conditions. Simulations with appropriate models helps
estimate energy consumption and range of the BEV under various driving cycles and to
optimize the design of the electric motor, gearbox, and battery pack to ensure optimal
performance, efficiency, and durability.

In recent years, several studies have been reported for the formulation of BEV models
including mathematical model {Kabalan, 2020 #137; Martyushev, 2023 #148}, steady-state
model (Elkamel et al., 2019), multi-body dynamics model (Liu et al., 2018, Xia et al., 2020)
and Detailed dynamic and transient models (Decker et al., 2021, Cinar, 2018) to address the
characteristics of BEVs and their sub-components. It was found that most previous methods
in characterizing BEV are based on pre-assumed parameters and does not integrate the
models with vehicle synthesis at the conceptual design stage. In functional models
formulation assumptions, approximations, simplification, linearization, and discretization of
the model are unavoidable. Besides, time-based models have been used most frequently to
represent the characteristics of a vehicle’s operating profile and position-dependent models
have not been assessed well. Hence applicable model of a physical system and assignment
of adequate control strategy is crucial for optimal powertrain sizing and evaluating dynamic
performance of BEV. Utilizing simulation tools and prediction models to analyze dynamic
behavior may yield suggestions for promising vehicle segments and the demand for charging

infrastructure prediction for typical cities or regions.



1.1.6 Significance of Addis Ababa and its Sub-Urban Driving Profile

In previous studies, readily available standard, legislative and representative driving cycles
(DC) were used to evaluate and certify the design requirements of BEV (Zhao et al., 2021,
Peng et al., 2020). However, there are significant differences in torque, power and braking
characteristics of BEV and ICEV in a wide speed operating range (Yu et al., 2020, Sayed et
al., 2020). In recognition of the significant differences in standard and real-data DCs to
determine country-specific energy consumption and to certify the design requirements, most
realistic driving cycles that are unique for each city or region have been developed (Wang
etal., 2022, Peng et al., 2020, Khemri et al., 2019, Arun et al., 2017, Han et al., 2021). The
previous studies conducted on the evaluation of BEV powertrains were based on data from
the road conditions in developed countries (Chandrashekar et al., 2021). Few studies were
conducted based on developing county's road conditions such as on Addis Ababa, Ethiopian
(Gebisaetal., 2022), (Huzayyin et al., 2021). Furthermore, the influence of sub-urban on the
inner city driving pattern and trip duration was not addressed. In most capital cities of low-
income countries and like Addis Ababa, the driving pattern is influenced by roads mixed by
pedestrians and different vehicles, single-lane vehicle composition, poor road quality, the
absence of traffic signals and the interlinked traffic flow in suburbs and urban route setting
{Outlook, 2022 #378;Chandrashekar, 2021 #74}.

As Ethiopia’s capital and the seat of the African Union (AU), Addis Ababa is characterised
by a comprehensive economic, political, cultural and diplomatic environment, with varying
topography, population dynamics and highly congested traffic conditions. Addis Ababa is
characterized a highly populated city, with more than 5.23 million residents, and is growing
at a rate of 4.4 % annually. The city has 630,000 registered vehicles and the count along a
single-lane asphalt road is 168 vehicles per kilometre (Gebisa et al., 2022, Busho and
Alemayehu, 2020). Addis Ababa is surrounded by small towns with 60 km of suburban
routes from the city centre along cross-country main roads. Public transportation using city
buses and passenger cars is the preferred means of transport by those in the low and middle-
income class living in AA and looking for low-cost accommodation in the neighbouring
towns {Belay Kassa, 2019 #9}.

Addis Ababa, the capital city of Ethiopia, is experiencing rapid urbanization and economic
growth, leading to an increase in traffic congestion and air pollution. The Ethiopian
government has set ambitious targets to reduce greenhouse gas emissions and improve air

quality regarding road transport focused on green transport strategy via BEV deployment.
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Ethiopia is developing a local electric platform for entry- and middle-level markets by
incorporating BEV sustainability practices into its industrial ecosystem. However, the
driving conditions in Addis Ababa are unique, with frequent stop-and-go traffic and steep
hills, which can affect the performance and dynamics of BEVs. Therefore, it is essential to
investigate the impact of these driving conditions on the powertrain size and dynamics
characteristics of BEVs. The insight for improved energy consumption and efficiency, by
improving vehicle design and production capabilities enhance local electric vehicle platform
for entry- and middle-level market. Ethiopia’'s young population could benefit from electric

mobility, reducing petroleum dependency and boosting energy security.

1.2 Statements of the Problem

In the current decade, one of the most important topics in automotive sector has been battery
electric vehicles. Electric propulsion has been recognised as a main alternative that can be
easily integrated into existing transportation networks to entirely replace traditional cars in
the near future. The research on Battery Electric Vehicles (BEVS) has significantly
advanced, focusing on battery technology, energy consumption, environmental impact,
infrastructure development, economic feasibility, market adoption, and vehicle performance.
Studies suggested to improve battery chemistry, enhancing energy density, charging speed,
and lifespan, while optimizing energy consumption through advanced management systems
and efficient powertrain designs. Infrastructure studies emphasize the importance of a robust
charging network and grid integration. Economic analyses reveal that declining battery costs
and operational savings make BEVs increasingly cost-effective. Policy and market adoption
research highlights the influence of incentives and consumer attitudes on BEV penetration.
Additionally, performance assessments demonstrate BEVS' superior dynamics, such as
instant torque and better handling, underscoring their potential to revolutionize the
automotive industry despite ongoing challenges in technology, infrastructure, and market
acceptance.

Standard and legislative driving cycles (DC) have been created and employed to assess the
performance of both Internal Combustion Engine Vehicles (ICEV) and Battery Electric
Vehicles (BEV). However, most extensively studied realistic driving cycles pertain to
developed countries and are not suitable for replication in low and middle-income countries
due to differences in road infrastructure, vehicle types and compositions, and fleet

characteristics. As Ethiopia seeks to transition to a more sustainable transportation sector,
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there is a growing need for adoption of BEVs in Addis Ababa. Despite the growing global
interest in BEVs, there is a lack of comprehensive studies on how BEVs perform under the
unique driving conditions of Addis Ababa. Existing research has primarily focused on traffic
patterns, road conditions, and driving behaviours in developed urban areas, with little
attention given to developing cities like Addis Ababa. This gap includes understanding the
common traffic patterns, road conditions, and driving behaviours in Addis Ababa and
comparing these factors to other urban areas. Key performance metrics for BEVs, such as
energy consumption, range, and acceleration, have not been fully explored within this
specific context.

The Addis Ababa driving profile, characterized by frequent stops, congested roads, and
varying topography, poses unique challenges for BEV powertrains. Additionally, the impact
of local traffic conditions and road infrastructure on BEV acceleration, braking, and handling
remains under-researched. There is also a need to examine how different types of roads,
including urban streets and highways, affect BEV performance. Furthermore, modifications
or adaptations to BEV powertrains to better suit the local driving profile have not been
adequately addressed. Optimization of energy consumption and battery life for the
conditions of Addis Ababa is another critical area requiring investigation. Potential
reductions in emissions and fuel consumption compared to conventional vehicles need to be
quantified, alongside an assessment of current policies and incentives for electric vehicle
adoption in Ethiopia. Addressing these gaps is essential for promoting the effective
integration of BEVs in Addis Ababa and similar urban environments

This study examines the performance and dynamics of battery electric vehicle (BEV)
powertrains in relation to the specific driving profile of Addis Ababa, Ethiopia. By analysing
local traffic patterns, road conditions, and driving behaviours, the research aims to assess
how these factors impact BEV performance metrics such as energy consumption, range, and
acceleration. The study investigates the dynamic characteristics of BEVs, including their
handling, braking, and acceleration, under typical Addis Ababa driving conditions. This
study aims to develop a comprehensive model of BEV powertrain performance and
dynamics characteristics under these conditions, with the goal of informing the design and
optimization of BEVs for the Ethiopian market.

This study develops a simulation-based model that accurately captures the interactions
between BEV powertrains and the Addis Ababa driving profile, enabling the development
of optimized BEV designs that meet the needs of Ethiopian drivers. It explores potential

optimizations for BEV powertrains to enhance efficiency and performance in this context.
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Furthermore, there is limited data on the actual performance of BEVs in Addis Ababa,
making it challenging to assess their feasibility for widespread adoption in Ethiopia. Hence,
the study address this problem by collecting data on real-world driving patterns in Addis
Ababa and using it to validate a simulation-based model of BEV powertrain performance
under these conditions. Additionally, the research evaluates impacts of BEV adoption and
considers the role of local policies and infrastructure to provide valuable insights for
policymakers, manufacturers, and users seeking to better understand the potential benefits

and limitations of BEVs in Ethiopian cities.
1.3 Objectives of the Study

1.3.1 General Objective

The goal of this dissertation is to assess the powertrain size of the BEV and its impact on
dynamic performance characteristics of the evolutionary new vehicle by modeling and
simulation in virtual set up that is initialized by typical driving cycle representing Addis
Ababa and its suburbs, Ethiopia

1.3.2 Specific Objectives

The specific objectives of this study are to:-

» Synthesize representative BEV drive cycle for Addis Ababa and its suburbs
driving profile with driving behavior

» Model and assess the characteristics of BEV powertrain size based on realistic
Addis Ababa and its suburbs drive cycle

» Analyze static structural and dynamic characteristics of FEM BEV body structure
integrating battery pack and main powertrain components

» Evaluate aerodynamic performance of the new converted BEV in relation to
minimized energy consumption and improved stability

» Assess ride comfort and stability characteristics of the new converted BEV using

full car dynamic model
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1.4 Scope of the Study

The primary focus of this dissertation is on mathematical modelling and simulation of BEVs,
which may be utilized in the predesign stage to examine and identify the best combination
of multiple factors influencing powertrain design. To represent actual control variables and
points, high-level supervisory management of the powertrain was linked with sizing
optimization based on a realistic driving profile. This driving profile was created using field
data from the Addis Ababa route. A methodology for optimal powertrain sizing and dynamic
analysis is offered in order to improve the vehicle's performance and stability. In this study,
a combination strategy including propulsion electrification and vehicle size at the early idea
stage was used, with a body in white (BIW) conversion platform, to examine the dynamic
performance of BEVs.

The study initially examines the normal driving cycle and driving behavior for Addis Ababa
and its suburbs using GPS-collected real-world data. By using the synthesized drive cycle,
it investigates a method for CS and the best control strategy for this integration notion via
system modelling and simulation. The study utilizes 3D Euler/Navier Stokes equations and
computational aerodynamic techniques to investigate car body aerodynamics, addressing the
lack of research on powertrain evolution's impact on low-speed cars' aerodynamic
performance and stability. Finally, the full car suspension Simulink model and applied
mathematical analysis are replicable, allowing for a thorough evaluation of various design
choices based on the interactions and trade-offs between various subsystems, assessing the
effectiveness of the mathematical approach and validating the outcomes and control
algorithms. Experiments were done to develop cost-effective and reliable instrumentation
for gathering driving profile data from GPS-enabled vehicles. Detailed design of powertrain
components, thermal effects of battery pack and component based controller design are out

of the scope of this study.
1.5 Significance of the Study

The study focuses on BEVs and their powertrain dynamics, which is a critical aspect of
electric vehicles' overall performance and efficiency. Addis Ababa, Ethiopia's capital, is
chosen as the study location due to its unique driving conditions, which are characterized by
varying road types, traffic congestion, and climate. The study contributes to the

understanding of BEV performance and its suitability for adoption in Addis Ababa, a city
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with growing traffic congestion and environmental concerns. This information will help
policymakers and stakeholders make informed decisions about promoting electric vehicle
adoption.

The research adds to the existing body of knowledge on electric vehicle dynamics and
powertrain modeling, providing a new case study on a developing country context. The
research develops and validates a dynamic model of BEV powertrains, which can be used to
predict and optimize vehicle performance in various driving conditions. This model can be
applied to other cities with similar driving profiles, enhancing the overall efficiency and
effectiveness of electric vehicles.

This research develops the first new AASU BEV DC for Addis Ababa's interconnected urban
and suburban routes, using a novel micro-trip random selection-to-rebuild with behavior
split approach and determining the maximum simulation period based on real-world data.
The study introduces demand power intensity analysis for vehicle operation, combining
subsystem parametric models with vehicle-level energy flow and power demand analysis to
visualise overall performances with respect to energy consumption, range, and efficiency in
simulation framework. It also introduces a novel clustered design for packaging batteries,
enabling air cooling and improved vehicle stability even in higher wind conditions. Another
innovative component of this research is the investigation of an aerodynamically efficient
architecture for the battery pack and its integration with the body and frame of the baseline
vehicle, which has not before been investigated in the literature. It also evaluates the
possibilities of a baseline suspension system for integrated packaging in offering maximum
comfort within an acceptable vibration threshold of natural frequency.

The study provides valuable insights into the specific driving profiles and conditions in
Addis Ababa, which can inform the development of BEVs tailored to meet local needs. This
includes optimizing vehicle design, energy consumption, and range for the Ethiopian market.
The study's findings can inform the design of BEVs tailored to Addis Ababa's driving
conditions, ensuring optimal performance and efficiency. The research can help planners
and policymakers develop charging infrastructure that meets the needs of BEV users in
Addis Ababa. Understanding the impact of driving conditions on BEV performance can
inform pricing strategies for electric vehicles in Ethiopia. Overall, this dissertation study has
significant implications for promoting sustainable transportation options in Addis Ababa and

beyond, while contributing to the broader field of electric vehicle research.
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1.6 Organization of the Dissertation

This research's first chapter presents the topics and justification for the investigation. In order
to address a particular audience and establish a wide framework for the topic, background
and rationale are examined. Within an acceptable scope, research questions are addressed
while defining the problem and stating its aims. Lastly, the research’s significance and the
target audience have been mentioned. The remaining portions of the dissertation are arranged
as follows. A thorough assessment of prior research on BEV powertrain sizing, energy
management techniques, and the vehicle's interconnected dynamic performance is provided
in ‘Chapter 2°. The methodological framework developed is described in detail in ‘Chapter
37, and it serves as the foundation for this research's model-based powertrain sizing, battery
pack packaging, aerodynamics improvement, and trade-off assessment of suspension and
body structure of the integrated systems of BEVs with a focus on vehicle dynamics analysis
and system development. In ‘Chapter 4’ results and discussion are presented. ‘Chapter 5’

summarizes results and conclusions and makes recommendations for additional research.
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CHAPTER TWO
LITERATURE REVIEW

2.1 BEV Development Methodologies

2.1.1 Overview of Engineering System Development

Design methodology is an organised process that integrates design science, cognitive
psychology, and real-world experience to create technical systems. It encourages
rationalisation, innovation, and impartial assessment. Good design techniques are supported
by systems theory, which connects socio-economic-technical processes, procedures, and
methodologies. Methods of Engineering design involve acquiring system needs, defining
goals, and evaluating solution concepts. Systems theory has been applied in various contexts
Pahl et al. (2007). According to the Defence Acquisition University (DAU) (2001), system
Engineering (SE) is a process that transforms customer needs into system functional and
performance descriptions, generating information for decision making and providing output
for the next design and development phase.

Numerous authors have contributed to product design, focusing on mechanical design
processes applied to complex systems. Pahl et al. (2007) discuss engineering design theory
in relation to product life cycles, while Ulrich & Eppinger (2012) describe concept
development as an iterative front-end process. Ullman (2010) presents a sequential design
process.

Price et al. (2006) discuss challenges in integrating integrated approaches to Systems
Engineering life-cycle design, including lack of basic models, cost considerations,
multidisciplinary optimization, data flow, and low fidelity models, emphasizing cost
integration. They proposed a new methodology for cost-effective, predictable system
development, utilizing value-based statistical methods for commercial vehicle design,
focusing on High Speed Civil Transport studies and evaluating value throughout the design
lifecycle.

Kossiakoff and Sweet (2003) suggest that technological advancements and complex
systems’ obsolescence offer opportunities for system upgrades, design changes, or retrofits.
They suggest a separate life cycle for systems development with phases like concept
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development, exploration, concept definition, and engineering development. Integration
faces challenges due to repairs and configuration uncertainty.

Pugh's method and Design Structure Matrix (DSM) methods are proven approaches for
comparing alternative concepts. Pugh's method involves a step-by-step approach, scoring
each concept based on criteria. DSM is useful in engineering management and system
modifications, predicting propagation of the change within complex systems.

Predicting design change relationships is necessary for managing complex system
modifications. Trade-off studies lead to synthesis, which develops feasible system concepts.
Systems analysis was utilized to develop concepts and define detail, using simulation,
analysis models, and tools to evaluate results against criteria like TPMs and metrics.

2.1.2 The BEV System Design

Multidisciplinary engineering and art are used in the design of BEVs, which necessitates the
best possible integration of parts, driving characteristics, energy consumption, vehicle
safety, ergonomics, and design (Heimes, Kampker, Haunreiter, Davids, & Klohs, 2020;
Hossain et al., 2022). SE as the core design strategy for electric driveline development, a
widely used design approach for systems that are complex with different levels of
verification cycles and correlations among interdisciplinary knowledge. The "V chart" is the
foundation of SE design, describing the design and validation process. However, it is not
clearly defined how to analyse such coupled methods of power management strategy (PMS)
and CS where all options and value ranges are included, and the solution space might be

very large, as shown on Figure 2.1.

Energy
management
strategy

Power train
size

Figure 2.1: Possible design space in development process of BEV
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Therefore, it is compulsory to device a method that involves gathering and manipulating
components, decomposing elements, and verifying them to encounter customer and public
expectations. This section presented the knowledge required to realize the technology behind
and challenges of designing for fully BEVs; review of works done by different scholars
related to BEV design approach, existing CS and vehicle dynamics analysis. The approaches
were classified into various sub-types in a systematic manner, with essential features and
limitations highlighted for each, and the gap in currently reported methodology was

recognised and explained to provide a valuable reference for active researchers.
2.2 BEVs Layout

BEVs are intelligent machines that are primarily made up of important automotive,
electrical, electronic, information, and chemical technologies. As a result, the subsystems
that make up their system architecture are mechanical, electrical, electronic, and
informational. There are different type possible EV configurations as a consequence of the
variations in electric propulsion characteristics, energy sources and control requirement. The
retrofitting process involves evaluating vehicle system architecture to avoid cost escalation
and motion dynamics risks. The propulsion system, electric motor, controllers, external

dimensions, power needs, and suspension system of the vehicle should be evaluated.

—

Motor ‘ Transmission ‘ ‘ Differential ‘
f

Figure 2.2: Single axle drive arrangements or basic BEV driveline architecture

The evolution of BEV powertrain architecture is basically from ICE vehicle drive line
replaced by electric propulsion including electric traction machine, a clutch, a gearbox, and
a differential. According to (Hassan, Mohd, Aris, Azura, & Ibrahim, 2015) Low level control
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(LLC) is the arrangements of EV power hardware mainly energy storage system (ESS),
electrical motor (EM), power converters and mechanical and electrical link. Different LLC
architectures have reported based up on intended use addressing the design criteria of
powertrain. Single assembly transaxle arrangement with simplified electronic control to
produce high-torque low-speed and constant-power high-speed zones (Huang et al., 2018,
Guo, Zhang, Dong, & Guo, 2019). Two traction motors by torque splitting control without

mechanical differential (C.-C. Lin, Peng, & Grizzle, 2004) and further in-wheel drive train

attained (Cinar, 2018; Lajunen, 2018).

l

‘ Transmission and differential ‘
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—

Figure 2.3: Single assembly transaxle layout
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Figure 2.4: Wheel motor with torque splitting control or In-Wheel motor arrangement;
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Moreover, the design of EV propulsion can be Single Motor (SM) shown in Figure 2.3 or
Multiple Motors (MM) in Figure 2.4, (Grunditz, 2016) categorized as concentrated Single
Axle (SA) or distributed through several. (Wager, 2017) categorized one-motor and two-
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motor based powertrains. (Pathak, 2019) introduced the term booster for assistant motor,
where powered only when the vehicle power requirement is very high such as aggressive
acceleration, climbing slopes, slope starting and tack over is required. Additionally, boosters

enhance regenerative brake energy if drive wheels have both hydraulic and regenerative

brake while boosted wheels are only regenerative brake.

Table 2.1: Summary of Low Level Component Architectures

Topology Key features Limitations Ref
SA SM Smaller foot print, lower Less tractive effort (Pathak, 2019)
drive cost and simpler control than MM
algorithms
SA MM Smaller foot print, a lower Complex control (Brahim,  Abdelfatah, &
drive cost and requires torque algorithmsthan SM  Automation, 2012; Deur,
vectoring Skugor, & Cipek, 2015)
FWD Improved tractive effort High load on front (Brahimetal., 2012)
based on geometry and Less braking
axle load
RWD Lower load on front Lower tractive effort (Ehsani, 2018)
steering wheels than FFWD
4WD Increased tractive effort, Increased mass and (Silvas, Hofman, &
fail safe functions, complex control Steinbuch, 2012)
efficiency
AWD with  Good  tractive  effort Increased mass and (Pathak, 2019)
boosters efficiency, regenerative complex control
braking

In summary, multiple motor Four Wheel Drive (4WD) configurations were found to have
better vehicle characteristics of maximum speed, acceleration, and top speed. Because of the
principle of longitudinal vehicle dynamics, having several propelling axles has the potential
to improve tractive effort and dependability. Furthermore, this configuration is capable of
providing fail-safe functionalities, allowing the vehicle to continue driving after a
component fails. However, increasing the power mix to both axles improve efficiency until
an optimum is reached, at which point efficiency falls (Pétursson, 2017). The disadvantages
of this setup include the necessity of a sophisticated algorithm for power splitting and the
increased weight and expense of additional components. On contrary, a propulsion system
concentrated in a SA has a smaller footprint, lower cost, and requires simpler control

algorithms, making it an excellent contender for low-cost vehicles.

2.3 MODELLING BEV
2.3.1 Battery Model

20



Batteries are the common energy storage devices used in BEVs. They are combined
electrochemical cells that store chemical energy and release it back as the electrical energy
when demanded. Lithium-lon Batteries (Li-ion) that are broadly used in consumer
electronics such as mobile phones, laptops, etc., because they are characterized by high
energy to unit mass ratio compared to other types are identified as best fit for BEV. Besides,
they are identified by their high specific power, high-energy efficiency, and better high
temperature performance and low self-discharge. However, much research work is being
conducted to make them more cost-effective, extend their usable life, and improve safety
against overheating (Bisschop, Willstrand, & Rosengren, 2020; Martellucci & Krishna,
2021).
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Figure 2.5: Equivalent circuit battery model

In the simulation study and analysis or control design for BEVs, an accurate battery model
verifying its behaviour is required. Equivalent circuit models (ECM) are commonly used for
SOC and SOH estimation.

Table 2.2: Comparison of the seven models for modern battery {Lekshmi, 2019 #203}

Battery model Remarks Features
Shepherd model ~ Simplest  electro-chemical Battery behaviour modelled in relation to
model voltage and flow of current
Unnewehr model Simplified shepherd model Variation in resistance modelled in terms SOC
Nernst model Modified Shepherd model SOC modelled as exponential function

Combined model Most  accurate  electro- Combination of three electrochemical models
chemical model

Rint model Equivalent circuit model Simplest considering only internal resistance

Thevinin model ~ Based on Rint model RC circuit added in series to consider
polarization

Dual polarization Modified Thevenin and most Two RC circuits to consider concentration and

model accurate model electro-chemical polarization separately
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This model is identified by easy online application and low computational burden. A simple
ECM (Fotouhi et al., 2016a) (Propp et al., 2016) can consist of a resistor in series with one
or many RC-elements, terminal voltage (\Vt), load current (IL), internal resistance (RO) and
polarization resistance (Rp) and capacitance (Cp) respectively shown on Figure 3.1(Zou et
al., 2015). They are particularly of high interest to estimate battery state accurately (Reick,
Kaufmann, Stetter, & Engelmann, 2021; Saldafia, San Martin, Zamora, Asensio, &
Ofiederra, 2019). Table 2.2: shows summary of model equations along with comparison of

seven modern battery models are presented.
2.3.2 Electric Traction Machine and Transmission Models

Most reviewed electric machines are DC, AC, SAC, IM and AAC machines. DC machines
(Hedon, 2018) benefit from an easy control, but their use in BEVs is limited due to
performances, wear susceptibility and higher cost. Permanent magnet SAC machines (Un-
Noor et al., 2017) present the best performances in relation to efficiency, torque and mass
power, maintenance and controllability. However, because of the field weakening technique,
those machines have extremely low efficiency at high speeds. The field-weakening zone can
be better controlled in wound rotor machines, by acting directly on the current. However,
the global efficiency is still lower than for permanent magnet machines (Ehsani, 2018).

In AAC machine, a difference exists between the synchronous speed and the operating
speed. This machine is well known technology by little maintenance, performance, and a
large scale of speed with a better efficiency even at maximum power and maximum speed
(Jazar, 2017). However, its efficiency is below that of permanent magnets machines and
heavier than synchronous machines in general.

An electric machine being complex to model, best compromise for trade-off between time
of computation and accuracy can be done by using efficiency map based models (Hayes et
al., 2019). However, the dynamic effects are not represented in this model. According to
(Chavan and Talange, 2017), the Simulink model that expresses the vehicle's rotational
speed and input torque best captures the dynamic effect. It has been shown that a powertrain
with MM can distribute torque requests unevenly. The relation for motor drive model can

described as;

T,=J Ea)r +Fo, +T,
dt (2.1)
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Where, Te is electromagnetic torque, the maximum motor (TM) is mechanical torque and wr

IS motor speed.

With the available drive line gear ratios, the maximum tractive force of the vehicle can be
achieved by creating traction with the highest power plant torque. Thus, having a solid
considerate of the wvehicle's engine plant and gearbox characteristics can help the
implementation of traction controllers. The gearbox matches the speed-torque characteristics
of the source with the load demand by supplying gear ratios {Dagci, 2018 #153}. For
comparing lower and higher gear ratios, planetary gear gearbox with a constant differential

gear ratio is preferred. These can be modelled analytically by Equations (2.2) and (2.3):

_Ng+Ng Wy (f.c086,, +5ind,,,)

Igr,l - .
NS Tmaxlgr,fntf (22)
N +N Za)em,Rl i)
" NR Vmaxlgr f (23)

Where, Tmax IS maximum torque of electric motor, igr1and igr,2 are the lower and higher gear
ratios, n« is combined efficiency of transmission and final drive, wem,iangular speeds of each

electric motor, Ns and Nr are number of teeth of ring and sun gears respectively.
2.3.3 Regenerative brake model

The BEVs' use of regenerative braking greatly improves the required energy usage. In order
to charge the battery, the technology transforms the kinetic energy emitted while braking
into electrical energy. The system consists of a precisely controlled power converter coupled
with an electric motor/generator {Jin, 2015 #315}. The vehicle deceleration can be used for

braking force calculation as:

dv
F, =Mgya, =My, )
dt (2.4)
Where, Mgy is the vehicle’s gross mass, Fy braking force, ax is deceleration of vehicle and
V is velocity of vehicle
When running on graded roads, the deceleration measured by the onboard sensor is the

resultant of the deceleration on plain roads and acceleration due to gravity, g sina, where a
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is the road angle. As the required force for braking are proportion to the coefficient of
friction, its distribution is in accordance with the corresponding ratios on R and R {ltani,
2016 #316}. According to {Khodaparastan, 2018 #267} regenerative braking power can be
described as,
R (CACEIIY)
(t-t) (2.5)

Where, JT is total inertial reflected at traction motor shaft, w1 is initial angular velocity and

w2 is final angular velocity.

2.3.4 Characterizing BEV dynamics

2.34.1 Longitudinal dynamics

Until now, a great deal of research has been documented regarding the development of BEV
models for verifying the top-level performance requirements and to characterize the vehicle
with its sub-systems (Sayed et al., 2020, Hossain et al., 2022, Sanjarbek et al., 2022).
Different authors developed the vehicle's basic dynamic model from fundamental physics of
Newton's 2" law applicable for motion. (Tudoroiu et al., 2018, Mastanamma et al., 2017,
Patwardhan et al., 2019, Chavan and Talange, 2017). Most authors used simple estimation
of tractive power to determine power required by EV against predefined conditions
{Tudoroiu, 2018 #271;Ripaccioli, 2009 #231;Mastanamma, 2017 #240;Patwardhan, 2019
#297;Chavan, 2017 #296}.

Figure 2.6: Typical road loads of longitudinal dynamic vehicle considering road slope
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The total power required to overcome rolling resistance, aerodynamic drag, the weight
component that must be compensated for while climbing slopes, and vehicle acceleration is
used to compute this tractive power. In a specific DC, the tractive effort required to propel
the vehicle is expressed as {Smith, 2020 #293};
F=F+F +F+F; 26)
Where, Fr is total tractive effort whereas F, Fg, Farand Far are rolling, grade, aerodynamic
drag and acceleration resistances of the given vehicle respectively.
Numerous complex and simplified models having different degrees of freedom are also
described mathematically to represent vehicle dynamics. A mathematical model
(Martyushev, Malozyomov, Sorokova, Efremenkov, & Qi, 2023; Sharmila et al., 2022)
steady-state model (Elkamel et al., 2019), multi-body dynamics model (Xia et al., 2020,Liu
etal., 2018, Xiaetal., 2020) and Detailed dynamic and transient models (Decker et al., 2021,
Cinar, 2018) used to assess the characteristics of BEVs and their sub-components. The
authors found that multibody dynamics model suitable for multi-degree vehicle dynamics,
detailed for component-level effects, and a longitudinal model for energy and efficiency
analysis, with the ability to represent the road slope. However, previous methodologies for
characterizing BEVs often use pre-assumed parameters and do not integrate with vehicle
synthesis during the phase of conceptual design. Time-based models are mainly used, but

position-dependent models not yet evaluated properly.

2.3.4.2  Vertical dynamics

BEV powertrain components, heavier than ICEV components, may expose them to
vibrations in the critical frequency span due to mass and geometric location variations,
affecting axle weight distribution.(Arora, Kapoor, & Shen, 2018; Pierri, Cirillo, Vietor, &
Sorrentino, 2021). Such Vibrations can cause deflection, stress, malfunctions, decreased
component lifetime, discomfort, and vehicle rollovers when component frequency matches
applied load, amplifying oscillation. Besides, road irregularities impact vehicle’s ride and
stability. Therefore, the imparted influence on suspension system performance as a
consequence of BEV powertrain integration should be assessed considering road
irregularities and the response of natural frequency (Gohrle et al. 2014; Kim and Choi, 2016,
lexandru, 2020 #462}.
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Research for ride comfort analysis has focused on optimizing parameters including
excitation spectrum, rider's vibrating frequency response, and exposure duration in various
automotive models. Numerous researchers have examined quarter-car model’s vertical
behaviour using numerical analysis to determine changes in parameters like mass and ratios
of dampers’ damping and springs’ stiffness as shown on Figure 2.7. Although, this model is
the popular method for analysing suspension it fails to account for pitching, yawing, and
rolling motions those are affecting vehicle ride quality and stability over uneven terrain
(Funde, Wani, Dhote, & Patil, 2019).
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Figure 2.7: A quarter car model considering vertical behavior for the vehicle body

Studies aim to improve parameters related to ride and handling using half car model
illustrated on Figure 2.8: considering bounce and pitch on rough roads, and propose
suspension control systems (Al-Ghanim & Nassar, 2018; Alexandru, 2020; Khan, Abid,
Ahmed, Wadood, & Park, 2020). Researchers have created full dynamics vibration models
for vehicle dynamics analysis and integrated control, accurately representing the suspension
and predicting dynamic performance and comfort (Deepankumar et al., 2021; Lefévre,
Kracht, & Schramm, 2020; van Kempen, 2019). Commercial software packages like
ANSYS-Motion and Recur Dyna analyse vehicle dynamics, but impose computational
burden and require experience. Therefore, a faster but affordable method that is capable for
driving tests through simulation is desired (C. Liu, Fang, Liu, & Hu, 2018; Sharmila et al.,
2022).
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Figure 2.8: A model considering pitch bounce behavior for the vehicle body
2.3.4.3  Aerodynamics of the BEV

To bridge the gap caused by limited battery technology, BEVs must improve how well they
use the energy stored in their batteries and the efficiency of their motor. Furthermore,
aerodynamics analysis is highly important as aerodynamic resistance significantly impacts
energy demand and BEV stability, especially when running at high speeds, increasing the
tendency of roll instability (Cavusoglu, 2017; Huluka & Kim, 2019; Muhammad Nabil
Farhan et al., 2021). Reports indicated that the shape and powertrain arrangement affect
aerodynamic characteristics of traditional fuel vehicles. However, BEVs have a unique
structural layout for large battery pack replacing the fuel tank. This complicates layout
planning and can disrupt airflow. More research should be conducted to better realize the
influence of battery pack construction.

Experimental test by using wind tunnel tests, theoretical analysis, and computer calculations
have been utilized to investigate BEV aerodynamics. Real-world tests yield accurate results
but are expensive. Theoretical analysis models simple problems but cannot satisfy complex
phenomena. Computational fluid dynamics (CFD) is used for accurate turbulence models
(Cavusoglu, 2017; Muhammad Nabil Farhan et al., 2021), (Alexandru, 2020; Khan et al.,
2020)

The study by Arora and Cavusoglu analyzed the battery pack’s effect on the aerodynamic
characteristics of BEV in steady-state motion. It reveals that battery pack structural

parameters impact drag and lift coefficients, with longer packs resulting in lower drag and
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higher lift, enhancing EV performance, fuel economy, and handling stability. Accurate
results require quality mesh generation and proprietary code computation (Alexandru, 2020;
Stanciu et al., 2021), Phoenics CHAM 2017).

2344 Tire model

Linear tyre models are frequently used for vehicle dynamic simulations, assuming constant
tyre stiffness coefficients in both longitudinal and transverse directions. Since linear models
are easily implementable, they have been accustomed for designing linear controllers for
active systems. However, they do not fully represent nonlinear tyre behaviour. Many
nonlinear tyre models, such as the Pacejka, Delft, Sakai, Buckardt, Brush, Dugoff, and
Pacejka "magic formula” models, have been studied for simulation. These models,
characterized by 10-20 coefficients for force generation, are mostly used in professional
simulations for dynamics of a vehicle and racing car games because of their accuracy, ease
of programming, and quick solution. The popular magic formula can be expressed by
equations (2.7) and (2.8).

Y = Dsin(Carctan(Bg))+S, 2.7)

$=(1-E)(X +S,)+(E/B)arctan(B(X +$,)) 28)
Where, Y is lateral force, longitudinal force or aligning moment, X is slip angle or
longitudinal slip, B is stiffness factor, E is curvature factor, C is shape factor, D is peak

factor, Sy is horizontal shift and vertical shift factor in magic formula (Sv) is vertical shift.
2.4  Characterization of Vehicle operation over longer events

Different drivers use vehicles in typical environments, requiring different capability
requirements of static and dynamic road load. Understanding that use phase for modelling
vehicle operation independently is crucial for successful design and fair comparison. A
driving cycle can model vehicle operation, including driving patterns, road type, speed
levels, and daily driving range {Grunditz, 2016 #7;Jacobson, 2016 #60}.

2.4.1 Driving Cycles (DC)

28



The DC is a standardized testing tool for vehicle performance evaluation, used globally by
EPA, UDDS, FTP-75, and WLTC.

WLTC class 3, v5, speed Profile
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Figure 2.9: WLTC Class-3, V5 driving cycle for 1800sec duration

It certifies new designs and evaluates vehicle performance, with modified versions used
since 1969 for pollutant emissions and fuel economy tests {Outlook, 2020 #132;Yildirim,
2022 #430}. The EPA developed the NYCC cycle for congested traffic in large cities, used
in HEV and PHEV testing {Dhand, 2015 #156;Cinar, 2018 #158}. The Artemis project,
involving 40 European research labs, developed three WLTC drive cycles for vehicles’
power-to-mass ratios between 22 and 34W/kg, estimating pollutant emissions founded on
data from European countries {, #557;, #279;Mohagheghi Fard, 2016 #633;Gidofalvi, 2008
#635}. DC data can be collected by on-road vehicles using sensors like GPS, cameras, Lidar,
and radar connect microscopic vehicle activity to macroscopic modelling. DCs can be
synthesized using extrapolation, selection, and simulation methods (Rashed, Li, Pang, Zhao,
& Kheshti, 2021).

Time, speed, and acceleration-related derived parameters can be used to assess the vehicle's
performance. Like total time, driven distance, and acceleration, these parameters can be
combined together as level parameters. Relative time spent motionless, during acceleration,
and between predetermined intervals are examples of distribution measurements. An
oscillatory metric called Relative Positive Acceleration (RPA) is used to identify high power
accelerations (Jiang, Shan, Du, & Pu, 2022; Jihui et al., 2022).

With RPA values ranging from 0.17 to 0.20 m/s2, test cycles SOC03 and Artemis Urban
have the highest peak acceleration levels. The maximum RPA value and peak acceleration,
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both positive and negative, are found in the UC (LA92) cycle. The highest peak acceleration
values are seen in the US06 and REPO5 cycles; however, the RPA value and the average and
standard deviation of acceleration are higher in the US06 cycle. The strongest braking
acceleration occurs at high speeds on the Artemis Motorway cycles, which feature the
highest acceleration values throughout the speed range. Accelerations and decelerations
typically last longer than decelerations (Berjoza, Pirs, & Jurgena, 2022; D. Zhao et al., 2022),
(Gebisa et al., 2022).
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Figure 2.10: J1015 PRUIS sample real world drive cycle

To analyse and validate BEV design requirements, researchers and automakers use standard
and legislative DCs. The torque, power, and braking characteristics of BEVs and ICEVs
differ significantly, making correct calculation difficult. In response, some nations and
producers have created customised DCs for every city or area (Khemri, Supina, Syed, &
Ying, 2019; Peng, Jiang, Ding, & Tan, 2020; Wang, Wang, Song, Niu, & Hu, 2022).

Prior research has synthesised traffic data through the use of modal analysis, clustering,
random selection, and pattern classification. Random selection is effective but requires
extensive statistical analysis. Pattern classification is useful but requires accurate
measurement. Modal method cycles fail to match real-data parameters (Chandrashekar,
Agrawal, Chatterjee, & Pawar, 2021, Han, Wu, Gu, Ji, & Xu, 2021, Khemri et al., 2019; D.
Zhao et al., 2022). Previous research on BEV DC synthesis has primarily examined the road
conditions in industrialised countries, with minimal or no input from emerging and low-
income countries. Driving patterns in the cities of emerging and low-income countries are

significantly influenced by mixed use, single-lane vehicle composition, poor road quality,
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and lack of traffic signals (Gebisa et al., 2022), (Huzayyin, Salem, & Hassan, 2021),
(Chandrashekar et al., 2021).

2.4.2 Driving Pattern

Although driving behaviour has a significant role in urban driving patterns, driving profile
factors make it challenging to measure in a direct manner. Several approaches, such as the
classification of driving behaviour as aggressive, average, or mild, have been put forth to
ascertain driving behaviour from data. Research has demonstrated a relationship between
acceleration, cycle velocity, and driving style; aggressive driving uses more energy.
However, most of the previous studies focus on acceleration behaviour and ignore braking
(Bouhsissin, Sael, & Benabbou, 2023; Ghandour, Potams, Boulkaibet, Neji, & Al Barakeh,
2021; Jonas, Hunter, & Macht, 2022), (Berjoza et al., 2022; Busho & Alemayehu, 2020;
Huzayyin et al., 2021; Thomas, 2020; M. Zhao et al., 2021).

A DC can be condensed into the driving pattern, a 2-dimensional speed-acceleration
function. Studies show that high acceleration levels and speed significantly impact energy

consumption, even though the frequency is small (Singh, Pathivada, Rao, & Perumal, 2022).
2.4.3 Road Type and Speed Limit Specifications

Speed levels are crucial for determining vehicle top speed and are often assigned to urban,
rural, or motorway categories. Differences in speed limits and definitions exist across
regions. For example, rural speed is almost 100% at 80 km/h in Japan and Korea, while
100% in European countries is 100 km/h. Time spent at different speeds determines the
adaptation of road classifications. Maximum grade levels for newly constructed and
upgraded roads are advised by the Swedish Office of Traffic (M. Zhao et al., 2021) {Lasocki,
2021 #582;, #531}. Highway cycles typically have longer uphill and downhill segments,
with 80% of uphill occasions shorter than 25s or 38s. Grade climbing time is twice
acceleration time. Electric car driving ranges depend on typical travel distances.
(Chandrashekar et al., 2021; Han et al., 2021).

2.5 BEVs Powertrain Sizing and Energy Management

The design process for electrified vehicles should focus on minimizing energy utilization

and improving powertrain efficiency, considering typical operating profiles, EV
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components, driving characteristics, and constraints. A comprehensive analysis of
multidisciplinary art and engineering is vital for fully BEVs, including technology, topology,
dynamic characteristics, and optimal use of stored energy (Pierri et al., 2021; Xia et al., 2020)
(Hossain et al., 2022; Jiang et al., 2022; Wang et al., 2022).

2.5.1 Energy and Power Management Strategies

PMS optimizes energy consumption, improves vehicle performance, prolongs battery life,
and reduces system replacement costs. Control strategies for energy management in BEV
applications include rule-based, optimization-based, and learning-based approaches, which
align with existing EMSs (Huang et al., 2018) for EV applications.

Rule-based strategies are effective control methods for embedded processors, offering
simplicity and real-time implementation. However, these strategies may be affected by
driving conditions, necessitating other optimization techniques. Deterministic and fuzzy
logic strategies are broadly used, including filter control, finite state machine, wavelet-
transform, logic threshold control, optimized membership fuzzy control, adaptive fuzzy
control, and predictive fuzzy control (Guo et al., 2019), (Elkamel et al., 2019).
Deterministic RB-EMS extracts rules from experience, focusing on optimizing energy
expenditure and minimizing transmission loss. Finite state machine-based energy
management use Bayesian Monte Carlo algorithms to estimate battery and ultra-capacitor
capacity and power. FL-based EMS is adopted in BEV by lifetime degradation model.
Adaptive FL-based EMS maximizes efficiency and minimizes battery current variation, but
FL strategies cannot guarantee optimal performance {Wang, 2019 #325;Wang, 2019
#329;Wager, 2017 #154}.

Optimization Based (OB) EMS aims to find the optimal control sequence that minimizes a
cost function while meeting dynamic global and local state constraints. Offline and online
OB strategies are grouped based on prior knowledge of driving conditions. Offline power
management is non-causal and globally optimal, using a widespread range of input
information. Offline OB strategies use four types of problem-solving approaches: direct,
indirect, gradient, and derivative free. Direct algorithms approximate optimal control
problems as static optimization, while indirect algorithms are dynamic based on optimal
control theory. Gradient algorithms can reduce calculation time and increase robustness
{Kessels, 2008 #342;Song, 2015 #324;Yu, 2020 #300}.
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Online strategy involves instantaneous optimization of offline EMS, with ECMS and MPC
being popular real-time EMSs. ECMS offers best energy consumption reduction and battery
stress reduction. MPC addresses DP algorithm issues and achieves global optimal control
with advance driving profile information. OB method finds optimal power allocation for
specific loads, but requires specific operating conditions. Improving online algorithm
accessibility is an urgent problem.

Research evaluates energy management using various indicators, including battery life and
system efficiency. The DP algorithm's performance is crucial, as it seeks the optimal result
in reverse direction. Filter control performs better than other RB algorithms due to its softer
and more detailed energy distribution. RB methods are faster than OB methods, but DP is
difficult to apply to actual systems as it requires in advance knowledge of working conditions
{Hussain, 2019 #357%}, {Liu, 2019 #356}.

Table 2.3: Comparison of optimization strategies for energy management

Technique Key features Limitations Ref
Direct DP Global optimality Driving cycle information {Pourabdollah, 2014
(off-line) Benchmark for other needed in advance, High #348}
EMSs computational cost
Indirect PMP Global trajectory Model approximation to (Guo etal., 2019)
(off-line) optimal control reduce computation effort,
Complex mathematics
Gradient (LP, QP, Fast computation Complex mathematics {Panday, 2016 #345}
SQP, and CP) Strong model
(off-line) simplification
Derivative free Capable  of local Limited amount of (C. Lin, Gao, Wang,
(SA, GA, MOGA, optima by stochastic iterations, Optimality not & Chen, 2016)
PSO) (off-line) solution search guaranteed
ECMS (on-line) Real time Only local optima DC (Elkamel etal., 2019)

MPC (on-line)

Sliding mode
control(on-line)

implementable
Interpretation of single
cost function

Adaptive and
predictive, Online
close to global optima
with less
computational effort
Robust to uncertainties
and parameters change

sensitivity of equivalence
factor

Preview driving pattern
and future driving
information Prediction
horizon sensitivity
Complex mathematic
formulation

{Zhou, 2017 #352}
{Wang, 2019 #353}
{Wang, 2019 #355}

{Zhang, 2015 #354}

2.5.2 Powertrain Components Sizing

Component sizes determine the powertrain’s potential and the success of the implemented

PMS of the propulsion system. The methods of CS can be classified into experience-based,
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equivalent calculation, and OB sizing. Traditional methods are centered on past performance
databases, design experience, or trial-and-error simulations. Equation-based sizing is
grounded on vehicle operating circumstances and dynamic performance indexes. Both
methods are simple but not optimal or sub-optimal when feasible domains are different or
large. Solving energy management and CS problems separately is not justifiable as they are
coupled by nature. {Huang, 2018 #279;de Castro, 2012 #245}, {Verbruggen, 2020 #217}.
Researchers are increasingly using optimization algorithms to solve complex systems (CS)
and control problems. These algorithms search for combinations of optimization variables
in a multidimensional parameter space, aiming to minimize or maximize an objective
function. The implemented algorithm for optimization should work with a powertrain model
to achieve the best solution. This combination of CS and controller optimization is achieved
through four coordination structures: iterative, sequential, simultaneous, and bi-level.
Iterative optimization approach improve component size without considering control
performance, but convex optimization size components using obtained management
strategies. In sequential coordination approach, the component sizes should be optimized

initaly and then controller optimization will be followed in a sequential manner.
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Figure 2.11: Iterative coordination of CS and control
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Figure 2.12: Design first, then optimize approach
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A bi-convex model integrates powertrain components' size and operation to optimize energy
consumption. Sequential optimization uses predefined strategies for control, not solving

couple problems (Guo et al., 2019)

J

Optimize Energy
Management
Strategy

J

Optimize

component size

Figure 2.13: Nested Bi-level coordination

Nested bi-level coordination employs two loops in a nested optimization framework, while
the outer loop for component sizes optimizing and the inner for designing optimal
controllers. An integrated sizing and energy management framework combines an inner and
outer layer to maximize vehicle performance, achieving optimal torque allocation via
dynamic programming and desirable powertrain parameters on the outer layer (Huang et al.,
2018).

Some authors have used DP and Pareto optimization algorithms to achieve system-level
optimality in powertrain parameters. They used two loops that are nested to solve component
size problems and control problems using DP.

Simultaneous coordination optimization involves finding optimal component sizes as well
as control in one loop. A multi-objective optimization was proposed, incorporating battery,

super capacitor, and vectored fuzzy inference systems {Dharumaseelan, 2019 #295}.
[
Simultaneously Optimize component size

and control by searching and selecting best
coordination

Figure 2.14: Simultaneous coordination of component size and control
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Table 2.4: Comparison of four optimal CS structures

Coordination Optimization Key Features Ref
Algorithm
Iterative DP near-optimal offline (Zimmermann,
2016)
Sequential DP; PSO It is simple but sub-optimal; offline  (Wang, 2018)
Nested GA Globally optimal with a heavy (Kouchachvili et
computational burden; offline al., 2018)

Simultaneous SDP; PCOA CO Globally optimal; time-consuming (De Castro, 2012,
and mathematical challenge; offline  Erb, 2016)

2.5.3 Modelling the Simulation Set up

Vehicle dynamic research primarily focuses on virtual modelling followed by simulation,
but prediction models, design methodologies, and tools that can support BEV’s development

by considering relevant factors and components are needed.
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Figure 2.15: Back ward-facing modelling approach
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Figure 2.16: Forward facing modelling approach
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Recent research has shown promising results in dynamics of vehicle and control research
without the problems of full-sized testing. Modelling approaches for EV power train
development include forward-facing and backward-facing models. Backward-facing models
use motions as inputs and calculate the demanded power for specific drive profiles (Sharmila
et al.,, 2022; R. Yuan et al., 2020). Forwards-facing modelling shown on Figure 2.17 is
perhaps the most natural approach for engineers, taken by default, which the ‘inputs’ are
forces and torques; the ‘outputs’ are the resulting motions. This approach gives a designer

lot of flexibility in designing the components due to access of internal variables.
2.6 Battery Packaging

Nowadays, it's common practice to develop BEVs from commercially available car models
by taking use of their lower costs and more developed production platforms. Electric motors,
large battery packs, controllers, energy management systems, cabling, and mounting
components all entirely different from the original powertrain are used in BEV conversions.
BEV drive train components should be placed in unused spaces without major modifications
of BIW concept, when adopting existing automotive body and chassis architecture. The
ICEV platform should accommodate the evolutionary powertrain of BEVs, with axle
housings being ideal for motors and transmissions. To make battery packs cost-competitive
and market penetration, modifications to size of battery cell, layout, and packaging clearance
can make them compact, lightweight, and thermally stable (Arora, 2017; Outlook, 2022),
(Sandeep, Shastri, Sardar, & Salkuti, 2020) , (Krlger, Spohr, Merdivan, & Urban, 2022;
Pierri et al., 2021).

Cells of lithium-ion battery that are the most preferred type for BEV applications, available
in pouch, cylindrical and prismatic architectures. The packing density of smaller cylindrical
cells is higher, while pouch cells have two times less packing density (Nicoletti, Kohler,
Konig, Heinrich, & Lienkamp, 2021). The packaging compactness affects thermal
performance, with increasing cell-to-cell spacing causing 1°C loss of temperature in steady-
state (M. Li et al., 2020; Martellucci & Krishna, 2021). Prismatic cells are simple for
assembly, while pouch cells require special precautions to prevent stress development and
delamination needed for electrode layers. BEV designers face challenges in maintaining
satisfactory integrity of body structural and battery pack during car accident. Therefore, it
requires robust design to address thermal runaway, crash safety and vibration isolation at

cell and modular levels (Kruger et al., 2022).
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Table 2.5: Battery pack’s long term performance and USABC goals (Arora et al., 2018)

Parameter (units) Minimum target of Long term
commercialization target
Specific energy @ discharge rate of C/3 (Wh/kg) 150 200
Discharge specific power @ 80% (DOD)/30s (W/kg) 300 400
Regeneration specific power @ 20% (DOD)/10s 150 200
(W/kg)
Energy density @ C/3 discharge (Wh/L) 230 300
Power density (W/L) 460 600
Specific power to energy ratio 2:1 2:1
Nominal recharge time (hours) 6 4
Life (years) 10 10
Cycle life @ 80% DOD (cycles) 1000 1000
Power and capacity degradation (%) of rated spec 20 10
Selling price of 25,000 units @ 40kWh ($/kWh) <150 100

Battery packs of BEV should be placed in unused areas to minimize mechanical stresses and
fatigue on the mounting frame. They should be located outside the occupants’ compartment
to protect the battery from potential impacts (Arora et al., 2018; Martellucci & Krishna,
2021). The ideal space is at the vehicle’s middle part beneath the floor, but limited ground
clearance in passenger vehicles requires careful design (Sandeep et al., 2020; Yang, Fang,
Li, & Xie, 2019). The front engine bay or bonnet offers weather protection but faces safety
issues like high voltage shock and battery explosion (Pierri et al., 2021; Razak et al., 2019).
The car's packaging should be considered for providing occupant accommodation space
while granting their protection from car accident. Accordingly, the Seating Reference Point
coded by SgRP being the most crucial point for ergonomic positioning. The SAE’s 95"
percentile of male manikin is taken for ergonomic positioning, determining the volume
occupants should control the vehicle or sit as passengers. Visibility is set by angles over and
below the horizontal datum line, with an upper angle of 14 degrees and 4 degrees for lower
angle. Body components must ensure structural integrity, restrict deflection, and maintain
static stiffness while minimizing mass (HAILU & Kibret, 2016; Niroomand, Bach, & Elser,
2021). The vehicle's underbody stiffness for torsion should be assessed esentially to meet
safety requirement and the induced value should be as low as 200 kNm/rad. It's essential to
avoid body resonance, especially in the frequency range of suspension’s resonance and cabin
noise. Safety characteristics in vehicle design are vital to maintain passenger compartment
integrity and reduce deceleration and injuries (Ping et al., 2022, Pierri et al., 2021, Sharmila
etal., 2022, Wang and Zhao, 2016).
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The electric and electrical systems of the car were the subject of numerous earlier studies,
but the handling and comfort of an EV conversion was not one of them. As a result, it's
unclear how the vehicle's suspension system would function after an EV conversion, as well
as how well the passenger compartment will be isolated from the car's severe road profile. It
is possible for BEV conversions that entail the retrofitting of new evolutionary technology
to incur additional or decreased weight. Additionally, provided the design and development
are completed without significantly altering the current chassis and body platform, the BEV
conversion may be feasible. Utilising the area inside the chassis that was previously occupied
by the benchmark vehicle's traditional power plant is one such approach.

Any change in the amount of weight on the chassis during packaging design will result in a
shift in the weight distribution between the front and rear axles of the vehicle. Due to the
fact that the current suspension system tuning was not created with the increased weight and
load distribution at the front and rear axles in mind, this may affect the vehicle's handling
performance and ride comfort. Numerous earlier research, mostly pertaining to the traction
and yaw stability control systems, were discovered to concentrate on enhancing the stability
of EV conversion during manoeuvring. In EV yaw stability control, the emphasis is on yaw
motion control, which involves managing the motor's operation, and traction control system,
which regulates the electric motor to prevent wheel skidding when accelerating, thereby

guaranteeing complete control over the vehicle.
2.7 Summary of Literature Review

Electric motors offer high performance and energy conversion efficiency, making BEVs
attractive for sustainable transportation. However, the shift to electrified transportation
presents challenges due to lack of standardized development procedures, inconsistent design
methods, and unknown technical details. To alleviate these limitations, innovative designs
and manufacturing methods are required to utilize limited space for BEV powertrain
components.

The design process for BEVs involves multidisciplinary engineering and art, integrating
components, driving characteristics, energy consumption, safety, ergonomics, and design.
BEV system architecture consists of mechanical, electrical, electronic, and information
subsystems. Multiple motor 4WD configurations offer better speed -acceleration, but require
complex algorithms. They are heavy and costly. Concentrated propulsion systems offer

smaller footprints, lower costs, and simpler control algorithms.
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Lithium-ion batteries are ideal for BEVs due to their high power-to-weight ratio and energy
efficiency. DC machines benefit from an easy control, but their application in BEVs is
limited due to performances, wear susceptibility and higher cost. PMSMs offer superior
efficiency, torque, specific power, maintenance, and controllability. These motors are also
suitable for implementing appropriate control strategy for regenerative braking. Besides,
regenerative capability is highly influenced by the capacity of selected energy storage, the

driving profile and driver behaviour.

The vehicle’s dynamics are studied using mathematical, steady-state, multi-body dynamics,
and detailed models. A multibody dynamics model was found suitable for multi-degree of
freedom vehicle dynamics. Concentrated mass longitudinal model is capable of modelling
road slope and minimizes computational burden. BEV functional models rely on backwards-
facing models for steady-state functions, whereas forwards-facing models require driver
models and controller design. The most frequently used models are time-based that are
implemented to represent the vehicle and its operating profile characteristics.

Accurate control strategy is necessary for optimal powertrain sizing and dynamic assessment
of BEVs. Standard numerical models are needed for analysing the demand energy, efficiency
and cross-coupling dynamics.

Prior research on the synthesis of BEV DC has primarily depended on data from developed
countries, with few contributions from developing nations like India. Scholars and
manufacturers employ standard or legislative DCs; nonetheless, precise approximation may
be challenging, given the notable distinctions between BEV and ICEV torque, traction
power, and braking attributes.

The design of BEV systems require careful consideration of topology and power
management strategies to optimize component size. Control based on rule sets is simple and
time-efficient in embedded processors. OB methods find optimal power allocation but
require specific operating conditions.

Battery pack layout in EVs is unsolved issue involving factors like space, collision safety,
and heat dissipation. The most reported placement is the chassis, which can compress space
and affect airflow. Analyzing the pack’s architectural impact on vehicle aerodynamic flow
and pressure field is also crucial, since it affects the energy demanded and stability of BEV.
CFD has been used to study aerodynamic body shapes, calculating accurate turbulence

models using high-performance computers.
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2.8

Research gap

The dynamic characteristics of BEVs are significantly different from those of internal
combustion engine vehicles, making them vulnerable to various factors affecting
their performance, efficiency, and safety. Despite the growing interest in BEVSs, there
is a lack of research on the specific dynamic characteristics of BEVs in developing
countries like Ethiopia, where driving patterns and infrastructure differ significantly
from those in developed countries. Existing studies have focused primarily on
European or North American driving profiles, neglecting the diverse driving
conditions found in Africa.

Standard and legislative DCs fail to represent the operating profile of a typical city
or region. No investigations have been conducted on connected urban and suburban
settings, such as emerging large cities like AA. There is a need to develop a
comprehensive understanding of the driving profile in Addis Ababa, including speed
distribution, acceleration, braking patterns, and traffic density, which will allow for
more accurate simulation and validation of BEV dynamics.

Most existing studies on BEV dynamics have focused on idealized powertrains,
neglecting the impact of real-world powertrain designs on vehicle performance and
efficiency. Most previous studies on BEV dynamics rely on theoretical models or
simplified simulations. A data-driven approach is needed to validate the accuracy of
these models and provide more reliable predictions of BEV behavior.

Weather conditions, road quality, and altitude variations can significantly affect BEV
performance and efficiency. These factors need to be incorporated into the analysis
to provide a more comprehensive understanding of BEV dynamics in Addis Ababa.
Driver behavior plays a crucial role in shaping vehicle dynamics. Investigating driver
behavior in Addis Ababa, such as acceleration and braking patterns, can help
improve the accuracy of simulations and reduce the risk of accidents.

The placement of a battery pack in a limited space could result in protruding,
compressing space, changing car shape, and impacting airflow. The effect of pack
placement and architectural variation on energy consumption and dynamic
characteristics was not studied well. Aerodynamic characteristics, battery pack
integration with body structure and its stiffness, suspension performance addressing

the trade-off in ride comfort and stability not assessed well for converted BEV.
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CHAPTER THREE

METHODOLOGY

3.1 Description of the Study Area

The energy consumption and efficiency of BEV can be improved by improving the
component’s technology, rectifying topology/structure, and allocating appropriate dynamic
control method. The improvement is crucial for achieving mission objectives that depends
on the powertrain components being assembled and sized properly. This research explores
the integration of propulsion system electrification in vehicle sizing and synthesis, aiming to
reduce mass and space claim, while improving efficiency and dynamic performance. Using
GPS data, the study looks at the impact of driving habits and patterns of AA and its
surrounding areas on BEV energy consumption and powertrain efficiency. Its objectives are
to investigate CS method for this integration concept, design an efficient battery pack
architecture and assess its impact on aerodynamic characteristics, ride comfort and stability

of converted BEV based up on BIW concept.
3.2 Source of Information and Benchmark Data

This dissertation uses sources like Google Scholar, Scopus, and the websites of Automotive
OEMs, SAE, EPA and testing and licensing organizations. The benchmark data was
collected from the best-selling BEVs based on homologation compliance. Homologation is
a process of testing and certification to facilitate international technical harmonization and
streamline internal market restrictions of vehicles used on public roads. The benchmarked
vehicles are tested and certified by manufacturers, SAE and EPA as well as approved by
their corresponding countries’ authority.

The driving profile data was collected from AA and its suburbs, Ethiopia using GPS

instrumented six vehicles.

3.3 Research Design
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The interdisciplinary engineering process for creating BEVs is examined in this study. It
integrates driving characteristics, operational circumstances, ergonomics, energy usage, and
componentry to balance end user expectations with final design.

Since the use of cutting-edge computer technology makes virtual tools potent in the
realization of physical systems, modelling and simulation form the foundation of this study's
methodology. To gather trustworthy field data for driving cycle generation, an experimental
investigation was carried out to find affordable and dependable instrumentation. The flow

chart on Figure 3.1 presents the overall methodological approach that was used.
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Figure 3.1: Schematic flow representing the implemented methodological framework

A simulation-based SE approach was used to design vehicle powertrains and assess dynamic
characteristics of the BEV. This comprehensive methodology links customer expectations
to final component specifications and validates recommended configurations. The proposed
methodology integrates powertrain in vehicle sizing concept with the help of Bi-level
modelling approach. This method effectively assesses several design iterations using a
simulation-based technique, speeds up the design of vehicle dynamics, and optimizes targets
at the vehicle, sub-system, and component levels.

To this end, a methodological framework developed, which forms the building blocks in this
research contribute towards model-based powertrain sizing, battery cell packaging, and

assessment of structural integration with body structure, aerodynamics characteristics, and
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suspension performance with regard to ride comfort and stability of converted BEVs

focusing on a class of system development and vehicle dynamics analysis.
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Figure 3.2: The V-chart methodology

v Top vehicle level models were modified with modular weight estimation and energy
based modelling approach for analyzing of point and mission performance

v" The implemented approach for sizing and dynamics characterization was made
possible by the capturing of sub-system performance parameters using bi-level,
physics-based parametric models that were connected to the requirements at the
vehicle and mission levels.

v' The definition of EV propulsion designs is sufficiently adaptable to take into
consideration different topologies and their effects on the vehicle and mission levels.
Optimal operating conditions for every topology type are obtained by integrated
PMS.

v’ The process of sizing facilitates the shift from high-level to granular investigations,
enabling the dynamic models to catch important transients.

v Representative DC typical for AA and its suburbs, Ethiopia was modelled using GPS

collected data.
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Various computer programs were used for modelling and analysis of the vehicle, its sub-
systems and components such as MATLAB/Simulink, CATIA, MS-Excel, ANSYS and
commercial Phoenx.

Data analysis verification and validation were conducted at multi-level based up the nature
source and type of data. Statistical analysis of experimental data was performed for
confirming its representativeness to the whole population and filter out false data.
Correlation and regression analysis are performed at various instances in this work. Physics
based parametric, mathematical and numerical models were verified by employment of
virtual experimentation. The synthesized AASU DC validated based up on experimental data
and standard dive cycles. The generated concept vehicles and powertrain layouts were
validated by comparing with the results of benchmark analysis, manufacturer and
homologation index standards. Furthermore, some of the results are validated against

published experimental work.
3.4 Benchmark Analysis and Target Definition

The benchmark data for fully electric vehicles was collected from over thirty SAE and EPA-
indexed models that have been the top-selling light-duty BEV models globally since 2010.
This served as a point of reference. The majority of crucial design and performance
information has been obtained mostly from automakers. Table B.1 lists all of the car models
from various manufacturers and categories, together with their characteristics, the data that
was gathered, and the references that correspond with it. VVehicle size, passenger capacity,
curb weight, top speed, acceleration time, approved driving range, and energy consumption
are the most crucial factors.

The current car models are divided into three groups, small, medium-large (midsize), and
high performance, based on the European passenger car category to facilitate benchmarking
even more. The small cars, known as B or economy, are suitable for urban driving. The
midsize segment, C, D, and E, is wider class from economy to executive and high
performance includes luxury and sport segments. The first three segments of European
passenger vehicles categories account the largest share of the global passenger car market.
The economy segment cars are the most preferred by most middle level people living in AA
and the surrounding small towns. Since small and midsize economy cars are ideal for
Ethiopia and emerging markets, small (urban) and midsize (long range) cars conceptualized

to address customer concerns. Although, limited high performance BEV models, like Tesla
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S long range plus, are available on AA roads, midsize (High performance) car
conceptualized for comparison and analyse conversion design capability.

The three concepts aim to provide four + cargo transportation in Ethiopia and emerging
economies, requiring efficient packaging to maximize interior space and minimize cost,
weight, and aerodynamic drag. The concepts must qualify top vehicle-level entities,
including attributes, functions, and requirements for vehicle development. Primary needs
include performance, drivability, energy consumption and driving range and while
maintaining acceptable ride comfort and stability for urban and suburban driving. These
qualitative targets were specified by quantitative measures including top speed, acceleration
time, maximum grade negotiable, and driving range per full charge.

The next section discusses three concept light duty passenger BEVSs, each with specific

qualitative and quantitative performance requirements shown in Table 3.1.

Table 3.1: Three concepts of midsize BEVs

Number  Vehicle Top Accelerati Grad Range
of seats class speed on time ability
City 4 Small car Medium Medium Medium Medium
Highway LR 4-5 Midsize High Short High Very Long
Performance 4 Midsize  Very High  Very Short  Very High Long

3.4.1 Curb Weight and Geometric Parameters
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Figure 3.3: EPA categorized car classes based on curb weight of each vehicle
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Data on curb weight is available for all BEV models. In general, the small cars have the
lowest masses: around 750-1100 kg and the standard midsize cars’ weights are 900-1500 kg.
The high range midsize models weigh between 1000-2300kg and the high performance
models in the range of 1100-1900 kg as shown in Figure 3.3.
The purpose and external dimensions determine a vehicle’s class that can be represented by
overall exterior dimension of all passenger cars as-
V) o = LXWxH (3.1)

Where, Vv,ova is the overall exterior dimension, L is the overall length, W is the
maximum width and H is the maximum height of the vehicle.
Passenger vehicles are now categorized into compact, mid-sized, and premium sedans.
Automakers use "module™” or "platform™ strategies to avoid creating new chassis for each
variant. OEMs have limited chassis and powertrain configurations, with economical options
at lower end and sophisticated, luxurious, and expensive options at upper end.
Accordingly basic exterior dimensions of each concept are selected from lower to upper

limits with in standard class to meet OEM packaging requirement.
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Figure 3.4: Exterior dimensions reference BEVSs since 2010 with their class or category

The concept city car's gross weight is set at 1200 kg, representing both small (higher range)
and standard midsize (base range) cars. The highway car's long-range capability weighs 1800
kg, reflecting midsize (higher range) car values. The high-performing car's curb weight is

set at 2000 kg. The small cars have a footprint of 2.1m?, providing ample passenger and
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cargo space for city taxis and highways. Midsize cars have a footprint of 2.25m?, with a
wheel base of 60% of vehicle length. The static weight distribution for BEVs ranges from
42:58 to 50:50, with 44:56, 48:52, and 50:50 weight distributions assigned for small, long-

range, and high-performance cars.
Height (h) of COG can be determined experimentally based on given vehicle geometry for

any inclination 6 or for maximum inclination (Omax).

tan @, = L3
h (3.2)

However, as a starting point it can be estimated to be 30-40% of total length, with 38% for
small and long range cars and 34% for sport cars. Data on vehicle front area has shown linear
relation with vehicle class and approximately 86% of the product of height and width.

Top-selling BEVs in 2020 use tire sizes ranging from 15 to 20 inches, with high-pressure
tires used for passenger vehicles to minimize rolling resistance. City cars used 16 inch tire,
and long range used 18 inch tire with 55% aspect ratio to withstand 2.6bar, aim to reduce

road loads for improved energy consumption.

3.4.2 Performance attributes
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Figure 3.5: The relation between driving range and curb weight for high performance and

long range BEVs

Small-midsize models typically have top speeds of 120-160 km/h, with high-performing
models reaching 190-249 km/h. Most countries have a top speed limit below 120km/h. The
maximum achievable speed for small concept cars is 130 km/h, while long-range highway

cars reach 160 km/h, matching the fastest midsize BEVs. The acceleration time for high-
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performance models is shortest at 3s-6s, while small cars have a larger spread of 8s-13s. City
cars maximum time is set to 10s, while highway cars have a maximum time of 6s.

The WLTC range for small cars is 69-150 km, midsize cars 162-200 km, long-range models
250-402 km, and high-performance cars 200-600 km. The concept city car has a WLTC
range of 160 km, 250 km for standard midsize cars, covering 90% of average daily driving
distances. High performance long range cars have a WLTC range of 350 km, matching
Model S models. The concept vehicles' grad ability is not based on typical BEV values, but
on specific requirements. They should start in 25% uphill grade, drive at 88.5 km/h in 3%
grade, and 72.4 km/h in 6% grade. Long-range and high-performance cars should sustain
120 km/h at 6%, while city cars must negotiate 90 km/h. Table 3.2: depicts dimensions and

performance attributes of the three concept cars.

Table 3.2: Performance requirements and relevant parameters of the three concept BEVs

Parameters City car Long-range High performance
Number of Seats 4 4-5 4
Curb weight [kg] 1200 2000 1800
Acceleration time (0-100 km/h) [s] 10 6 4
Top speed [kph] 130 160 180
WLTC range [km] 160 250 350
Drag coefficient (Cq) 0.35 0.3 0.28
Area [m?] 2.05 2.3 2.0
Tire size [in] 16 18 19
Tire pressure [bar] 25 2.6 2.7
Starting grad ability [%] 25 25 25
Grad ability (Speed at grade) %[kph] 6 (90) 6 (130) 12 (130)

3.5 Methods and Materials for Synthesising AASU DC
3.5.1 Route Selection

AA is surrounded by small towns such as Bishoftu (east), Sandafa (north), Sululta (north-
west), Holeta (west) and Sebeta (south), with 60 km of suburban routes from the city centre
along cross-country main roads. Public transportation using city buses is preferred by most
low-income people and extends to the five towns as destinations starting from the central
station (stadium), operating daily from 5.00 am to 9.00 pm. Furthermore, passenger cars are
the preferred means of transport by those in the middle-income class living in AA and
looking for low-cost accommodation in neighbouring towns (Busho & Alemayehu, 2020).

Routes were selected so as to represent typical driving patterns observed in the study area
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considering home-to-work trips, population differences and road classifications (Gebisa et
al., 2022).
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Figure 3.6: Road network of the study area of AA and suburbs.

Accordingly, the inner city routes covering all types of routes and trip segments and
extending to all five neighbouring towns were selected, marked in yellow in Figure 3.6(a).
The inner city road network is shown in Figure 3.6(b). The longest route, which also features
an expressway, stretches from AA to Bishoftu. Overall, this route is 59.8 km long and is
comprised of a 19.8 km expressway, a 15.9 km suburban ring road and a 4.8 km feeder road,
while the remaining 10.6 km and 8.7 km are the AA and Bishoftu inner city routes

respectively.
3.5.2 Data Collection and Processing

Initially, the driving profile data files were recorded by GPS at a frequency of 0.1 Hz using
six vehicles: three from each passenger and city bus category. The collected raw data were
filtered and de-noised to minimize errors and to obtain a smooth data, and then concatenated
into a unified dataset using MATLAB code, as shown in Figure 3.7(a). Initially a car speed
below 1 m/sec was changed to 0 m/sec as its real applicability was insignificant, while
speeds above 120 km/h were adjusted to the allowable maximum speed limit of 120 km/h.

Next, data corresponding to the dwell time where vehicles stop for a duration of more than
180 seconds were removed. Higher acceleration values due to a GPS error and sudden

peaking speed were considered outliers. A void in speed values and alternating zero speed
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values may be recorded due to a GPS sensor defect or by being blocked by tall buildings (Y.
Liu & Zhang, 2021; Rashed et al., 2021; M. Zhao et al., 2021). The outliers of void and false
data were treated using shape-preserving cubic interpolation, followed by the Bayes wavelet

signal de-noising method to smooth and transform to 1 HZ.

Yes Filtered dataset
Raw data —> <l:l/s —> Replace’0’ \L

Kinematic MT Division Statistical Anal.
4 No T |
Is Tiat Cluster approach RSBS Approach
No >180s V ¢
Yes PCA Category Behaviour split
L———» cut i
Is false \l/ k-means ;
Statistical analysis
outlier < Mod-data d/ j/
Performance 2
x distribution
» Interpolat Q/
No Yes \I/ k- means DC RSBS DC
De-noise \_y RMS error analysis 4—‘
» Filtered data Select best fit
(a) Flow chart of data (b) Development methods of DC

processing to filter noise
Figure 3.7: Systematic flow chart of data filtration and driving cycle development.

Finally, processed data equivalent to an approximate distance of 1,390.47 km were
determined for use in DC development methods, as shown in Figure 3.7(b). Table 3.3
summarizes the processed data, where zero drift and void are only 0.5 % and 0.11 %
respectively. 8.18 % of data were removed due to the long dwell time. The speed-

acceleration distribution of the filtered and unified dataset can be seen in Figure 3.8.

Table 3.3: Unified dataset before and after filtration process.

Data type Total number of data Percentage of data (%0)
Raw data 179894 100.00
Long dwell 14724 8.18
Zero drift 900 0.50
False zero 200 0.11
Removed 15824 8.80
Filtered 164070 91.20
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Figure 3.8: Speed-acceleration distribution of the unified and filtered dataset.

3.5.3 Driving Feature Definition and Pattern Characterization

Numerous studies have proposed different calculated parameters related to speed-
acceleration distribution and time proportion in order to define driving features. They are
categorised as level, distribution and oscillatory measures (Rashed et al., 2021).

However, there is no clear evidence of relevant parameters to predict the power and energy
demand of a BEV. In this study, the twelve most prominent features with more variability
and less of a relationship between them were selected, after box plot statistical correlation

analysis had been performed on seventeen feature parameters presented in Table 3.4.

Table 3.4: Features used to characterize AA and its suburban driving pattern.

No. Feature category Driving features Symbol
1 Average speed (Km/h) Vave
2 Maximum speed (Km/h) V max
3 Average running speed (Km/h) Vrave
4 Average acceleration (m/s?) Aave

5 Level measures Maximum acceleration (m/s?) Amax
6 Average deceleration (m/s?) Jave

7 Maximum deceleration (m/s?) Ormax
8 Total duration (s) Thot

9 Approximated distance (km) Ding
10 Relative positive acceleration (m/s?) RPA
11 Oscillatory measures  Positive aggressiveness index (m?/s®) PAI
12 Relative negative acceleration (m/s?) RNA
13 Negative aggressiveness index (m?/s®) NAI
14 Time percentage of idling (%) Tidle
15 Distribution measures ~ Time percentage of cruising (%) Tenz
16 Time percentage of acceleration (%) Taccel
17 Time percentage of deceleration (%) T decel
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When characterising driving patterns, the impact of driving behaviour mainly as a result of
the driver’s driving style must be included (Singh et al., 2022). Although it is difficult to
measure driving behaviour, there is a high correlation between driving style and
acceleration-related feature parameters. Hence, acceleration-related features including aave,
dave PAI, NAI, RPA and RNA were analysed to define different driving behaviours to
characterise the driving pattern. RPA and RNA were considered principal components since
they have a high correlation with the BEV energy consumption rate and the regenerative
potential of braking kinetic energy per range respectively (Kabalan, 2020; Lasocki, 2021;
Zhou, Zhao, Cheng, & Min, 2019). RPA and RNA are defined as (Rashed et al., 2021):

RPA= [V (Da(t)’ / [V ()t (3.3)

RNA= [V (Da(t) /[V ()t (3.4)

where V(t) is speed, a(t) * is positive acceleration, a(t) " is negative acceleration and dt is the

change in time.
3.5.4 Trip and Micro Trip Division

A trip cycle here covers the driving profile from the dispatching centre to the destination
without a prolonged stop duration. For AA intercity and feeder routes, the segmentation of
trips was based on a long stop of more than 1200 s. However, a trip on the ring road and
expressways was extracted by matching the google map location with data points. Trip data
points established from criteria set to define kinematic modes as shown on Table 3.5: were
used to remove outliers. Thereafter the 490 trips found were categorized into three speed
phases (low/medium/high) based on a speed threshold of (40/80) {Nagaraj, 2021 #411}. The
AA and its suburbs route showed the majority of the distances travel at vehicle speed 1-
40km/h along 740.68 km (53.3%) and travel in 101994 s with 69.94 % to the whole trips.
The lowest distances travel at medium speed category 41-80 km/h with only 249.86 km
(17.97 %) to whole distances travel and take 26227 s in the duration of travel (17.99 %).

Table 3.5: Criteria set to define kinematic mode trip cycles and micro trips.

Kinematic mode Speed (V) Acceleration (a) Duration (T) Distance (D)
Stop mode V<im/s >-0.15m/s?& <0.15m/s>  Tige 0
Acceleration V>Im/s >015m/s2&<4.5m/s?  Tew Dcruz
Cruising V>Im/s  >-0.15m/s? & <0.15 m/s?  Taccel Daccel
Deceleration V>Im/s <-0.15m/s? & >-45m/s? Tl Ddecel
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The high speed 81-120km/h trips with medium distances of travel 399.93 km (28.75 %) and
contributed the least about 17485 s, which is 12.01% of the whole travel time. Similarly,
filtered and smooth data were classified into micro trip (MT) and stop bins based on criteria
set to remove unrealistic values, and there were 4463 MT and 3236 stop data bins. Statistical
models were built to obtain an idea of how the different parameters of trip cycles and MTs
behave and what their distribution is.

3.5.,5 Random selection-to-RSBS method

A new approach was devised to utilize the suitability of random selection for heterogeneous
traffic conditions such as AASU routes, and to characterise the driving behaviour split based
up on acceleration-related features, focusing on the assessment of their influence on demand

power intensity and energy consumption.

Table 3.6: Characteristic distribution for short trips and stops of the three-speed phases.

Profile Characteristics Low Medium High
Traffic speed limit (km/h) 30-40 40-80 80-120
Real data proportion (%) 70 18 12
Phase duration (s) 924 238 159
Average short trip duration (s) 64 251 131
Average stop duration (s) 11 5 5
Short trips 10 1 1
Stops 11 2 2

The length of the total duration of candidate cycle for AASU routes was set based on the
statistical results of trip cycles, whereas phase durations for each of the three speeds were
calculated proportionate to the collected data. The results are presented on Table 3.6.

Equations (3.5) and (3.6) used in the synthesis of WLTC were adapted to determine the
optimum number of short trips (ST) for each speed phase. Thus, ten (10) STs were obtained
with a corresponding eleven (11) stops for the low speed phase, and single but relatively
longer trips for the medium and high-speed phases. A separate statistical analysis was
performed to assign the first ST and chaining sequence of each. Then, driving behaviour was
split based on the position of the average score on a quartile graph obtained from cumulative
diagram functions (CDF) of acceleration-related features (T. Yuan et al., 2022). The
combination of STs was made from each mild and aggressive acceleration and braking

behaviours.
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NST = (Tsp _TAS)/(TAST _TAS) (3.5)

Ng = Ng; +1 6

where number of ST (Nst) and Ns are the numbers of ST and stops, and Tsp, Tast and Tas
are the durations of speed phase, average short trip and average stop respectively. After
combining STs, the candidate cycle with the smallest chi-squared values of RPA and RNA
were selected from each behaviour. Finally, the combination cycle consisting of each
behaviour in proportion to the percentile score distribution was synthesized as a candidate

cycle for the AASU driving profile.
3.5.6 K-means clustering method

Here, the k-means clustering approach was implemented to group the samples with data
similarity without a given classification category. Initially, the features were scaled to the
same range before applying a dimensionality reduction by principal component analysis
(PCA). Dimensionality reduction was performed by employing PCA to avoid crowding and
visualize the results more effectively. Then, eigenvectors and eigenvalues of the exposed
covariance matrix were calculated, which helped to select the most essential initial features
based on the variability being prioritised. The quality and representativeness assessed
through the variance were explained using a Pareto graph.

Finally, MTs were grouped by k-means clustering, which calculated the distance between
data points to find the closest ones based on their driving features. Prior to clustering, the
silhouette coefficient employed and cluster quality were evaluated to find the ideal number
of clusters that best fits the data set. A representative number of MTs were selected from
each cluster based on their closeness to the cluster centres until a cycle duration of 1320 s
cycle was achieved. The duration distribution for each cluster was calculated in proportion
to the data count as follows (Chandrashekar et al., 2021):

Teq
TMTC(i) = [TC—OJTMT
pc (3.7)

where Twvrcg) is the duration of MT from the i cluster, Tcg is the duration of the i" cluster,
Twr is the total duration of MTs clustered, and total duration of the candidate drive cycle
(Tocy) is the total duration of the candidate DC.

3.6 Modelling and Sizing of the BEV Powertrain

55



Detailed analysis of vehicle dynamics is starting point in sizing of BEV powertrain. The
energy flow within vehicle and the interaction between vehicle and longitudinal road loads
were characterized based on physical models to analyse the energy consumption. The main
energy flows in proposed model was considered from the battery pack to the wheels for
propulsion of the vehicle, from the wheels to the battery pack during regenerative braking.
Forward facing method was implemented to fully capture the dynamic effects of powertrain

sub-components and driving condition modulated by driver model.
3.6.1 Characterization of Vehicle Longitudinal Dynamics

The road vehicles are subjected to forces that the propulsion system has to overcome in order
to propel vehicle. The tractive effort (Fr) which needs to overcome these forces by
transmitting power via the vehicle drive wheels and tires to the ground. The modelling of
the propulsion system performance was embedded within a function (grsp) of Equation (3.8),
which was responsible for computing the propulsive power (FtVix) and the rate of change
of vehicle energy content (dE/dt) (Decker, Forster, Gauterin, & Doppelbauer, 2021;
Martyushev et al., 2023).

[(Frvi,x).dE/dt | = gpe | P Fr Vi, x ite e 7m P T | 9

where, Vix is velocity, Pp is the power demand to overcome total road load, Pm and
Tm are motor power and torque, nm is efficiency of motor, iy and 7 are combined
transmission gear ratio and efficiency respectively. The total power demand of a vehicle to
overcome the road loads for complete trip is expressed in Equation (3.9) and the excess
power can be used to meet the acceleration or gradability requirement based on change of
state variables.

Po =Por + Per + PGR + PaR + P (3.9)

where: Ppr, Prr, Per, Par and power demand to overcome translational inertia (Pir)
are power demand to overcome aerodynamic drag, tire rolling resistance, road slope,
translational inertia of the vehicle, and rotational inertia of the wheels and transmission
elements during acceleration respectively. The power intensity influenced by instantaneous
state variables of driving profile such as velocity, acceleration and road slope and can be

resolved as presented in Equations (3.8-3.20):
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The instantaneous power demanded to overcome aerodynamic drag resistance (Pp,i) to the
forward motion of a ground vehicle can be calculated by using the drag equation (W. Gao et
al., 2021) as:

PD,i :1/2paCD Af (Vi,x )3 (3.10)

_ 3
PD,i _:Bavi,x (3.11)

where: pa is the density of air in (kg/m®), Cp is the overall drag coefficient for the
vehicle, As is the projected frontal area (m?) of the vehicle, and pa is the coefficient of drag
power intensity.
The rolling resistance equation can be used to estimate the power overcoming resistance due

to hysteresis of the tire at the contact patch with the roadway as:

P

R,i

= MGQCOVi,x + Megcl\/i,BX (312)

3

PR,i - ﬁsvi,x +ﬁD\/i,X (3 13)

where: Mg is the gross mass of the vehicle (Kg), g is the acceleration due to gravity

(9.81m/s?), Co and Ci are static and dynamic coefficients of rolling resistance of the
vehicle’s tires, ffsand fp are coefficients of rolling resistance power intensity respectively.

The power intensity required for overcoming the translational inertia (Pa,i) of the vehicle at

a time instant (i) can be determined using Newton’s second law of motion:

P.=a.V
) i, X i,X (314)

where ajx is the translational acceleration of the vehicle along the longitudinal
direction of motion.
The finite difference of time instant (i) was utilized to calculate the overcoming PI;), where

the change in rotational Kinetic energy within a short timespan (= 4¢) divided by the timespan

1 I 2 2
i (Ejg(“’m o) (3.15)

where: | is the total equivalent rotational inertia (kg.m?) for all the wheels and

duration:

rotating transmission elements of the vehicle and is the rotational speed of the wheels (rad/s).
Factoring the squared difference and multiplying the numerator and denominator by the
square of the effective radius of the wheels (rw) and then rearranging terms as 4z tends to

zero Equation (8) can be simplified (Hamza & Laberteaux, 2018) as:
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(/).

The term in the parenthesis can be substituted by the equivalent mass of the rotating
components (M), and the ratio of (M//Mg) is the proportion of inertia mass factor (1), which

depends on operating gear.

ﬁlalx i,X (317)

Combined inertia power intensity (Pa,i), which is the sum of demanded powers overcoming

the translational and rotational inertias at a time instant (1) can be expressed as:

_[1+ﬂ]a|x i,X (3.18)

The component of power (Pg;) due to the gross weight of a vehicle along the road slope and

overcoming its uphill motion can be determined using elementary mechanics as:

P, =gV, , sin(arctan(s)) (3.19)

Where: s is the slope of the road (%), with a positive value indicating an uphill climb.
The total instantaneous power intensity (Pi) in a vehicle, which was attributed for

overcoming all resistance forces at a time instant within a mission trip can be expressed as:

= [1+ B ]a| Vi "‘[:Bs +0 sin(arctan(s))]\/i,x +[,BD + /5, ]Vusx (3.20)

Maximum availability in terms of energy and power during braking can be obtained from
changes in kinetic energy and rate of initial kinetic energy as expressed in Equations (3.21)

and (3.22) respectively.

E.. =M /r2(v -V )
r,max (i,X)o (i,x)f

(3.21)

P =M 1 2(Vi 00 1y ) (3.22)

where, Vixjo and Vxy are the initial and final velocities of the vehicle in braking
instance respectively. tomin IS the minimum time of deceleration to stop the vehicle as a
possible shortest stopping distance. Full recapturing has not achieved yet due to loss of
energy during conversion as well as the very short deceleration time required to stop the
vehicle. The efficiency of regeneration was determined from simulation, which in turn

influences the size of the on-board ESS.

3.6.2 Modelling Powertrain Components and The Simulation Setup
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In this section the simulation setup that is flexible for different type vehicle category and
capable to handle different architectures was modelled in Simulink window. MATLAB code
was written to initialize the simulation, input vehicle characteristics, and allocate power split
and energy management strategy. Here it was decided to use combined approach using
backwards models for coarse-tuning at vehicle and system levels and forwards models for
fine-tuning transient effects of individual component. A backward-facing technique was
utilised to anticipate the energy consumption of a typical driving profile, which was then
used to compute the power required to track that specific drive profile. Forward modeling is
the most realistic approach, where the inputs are forces and torques and the outputs are the
resulting motions. In this approach also typical drive profile taken as input, but driver model
(PID) is incorporated to exactly trace the profile and minimize errors so as to adjust the
trajectory to reference or set point cycle (Huang et al., 2018). Figure 3.9: depicts the whole
simulation setup of forward facing, which allows for flexibility in component design due to

access to internal system variables.

Figure 3.9: MATLAB/Simulink simulation setup for sizing the BEV powertrain

Code was written in MATLAB function as m-file to be utilized as power split Simulink
block for overall simulation as shown on Figure 3.10 and 3.11. Besides user defined
MATLAB function blocks were built in editor window based up on hi-level parameters of
each component. Overall simulation set up in MATLAB editor window consists of run block
to initialize each function blocks such as vehicle, motor, battery, and power split blocks.

Besides predefined Simulink blocks and simulation set up was used to visualize and analyze
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the expected output. Longitudinal Kinematic of concept car was modelled based up on

energy and power conservation and magic formula was used to model tire dynamics.

+v5 | EV_Simmodel_run.m | Motor_Effcncy.m | road_load0723.m | dc_plot_new.m | cdf_plot.m
L= clc

= clear

3= close all

4

L= m _gv=2000; % mass in Kg,

& — Cd=0.3; % drag coeffi

= A f= 2.15; % fronta

f]= w_tr =215;% tire width mm

4 - 5 as=50; % aspect ratio %

10 - D rm=18; %rim diameter

10 = p_tr=2.60; %tire inflat

17 |= alpha = atan(0/100);

13 — g = 9.81; %[

14 — rho = 1.18; % [kg/

15 — Jw = 0.6; % [kg*m”

16 — Jm = 0.06; % [kg*m

7= mu_ X = 0.85; % [-] ¢

18 — mub = 0.8; % [-]

15 %% drived relations

20 — R = ((25.4*0.5*D rm)+ (s_as/100*w_tr))./1000; % [m] tire rolling radious
27 = b.v_max = 130/3.6; % [m/=] vehicle maximum sp

22 — c o= 0.005 + 0.01*(1/p_tr); % [-] static rol

23 — c 1= (0.0095/p_tr)*(b.v max/100)"2; % [

24 — A = m gv*g*(c_o*cos(alpha)+sin(alpha)); % road lo

25 — B = m _gv*g*c_l*cos(alpha)+0.5*rho*Cd*A fv; % % road load

Figure 3.10: Sample of script in editor window used for MATLAB function blocks

Figure 3.11:

Re = 0.98*R; % [m] effective rolling radious

b4 Editor - EV_Simmodel_run.m ‘F;rcjeci BV

WM e W

L T T B T e e e B e
A W N D0 MW N O

| EV_Simmodel_run.m i | Motor_Effcncy.m | road_load0723.m [ rlload_Irang.m | dc_plot_new.m

')

F_RWD = input ('Ente
= fprintf('please

= F_AWD = input ('Enter the ue: '):
= if F_ FWD < F_RWD && F_FWD < F_AWD
= F t2 = b.mu x * F_FWD;

= Fz = F_FWD;

= elseif F RWD < F_FWD && F _RWD < F_AWD
o F t2 = b.mu x *F_FWD; %

= Fz = F_RWD;

& else

= F t2 = b.mu_x *F_AWD;

= Fz = F_AWD;

= end

= F _tmax = min(Ft_1,F t2);

= fprintf ('Tmax = %:l‘\:',F_cmax);

= "[‘_requet=b i n*b.thou t*b.Re*F_ tmax; % motive torque of moto
= b.Fb_max=b.mu b*m gv*g;

M-file in editor window used for MATLAB function block of vehicle

FWD, RWD and 4WD with single traction motor topologies are analyzed to access traction

limit due to static weight distribution and dynamic load shift in front and rear axles. Two
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speed planetary gear ratios are incorporated to analyze toque and speed improvement
capability at low and high speeds respectively. All possible and feasible topologies are
generated using energy flow matrix among all energy and power sources. Power and energy
management strategy was allocated by classifying vehicle operation modes and
characteristics of each source and power electronics.

The vehicle block input is the torque value coming from the motor block, the outputs are the
actual vehicle speed and the distance travelled. The inside structure shown on Figure 3.12:
where the first section is dedicated to the wheel representation, the second one collects the
dynamic equations that rules the motion, a third block is employed to evaluate the travelled
distance.

1=FWD
2:RWD —

=4l
b.S_FWD . $=AND i

p Nt F.
) . *.3
Ft i S S
.
bF_AWD I

speed
Fr_lebAb.Bv2 NS

[ »(2)

Oim)

s

Trip Distance

Figure 3.12: Vehicle dynamic model in Simulink to visualize traction tractive effort

The dynamic equation that rules the vehicle motion and weight distribution on the traction
wheels. It receives as input the traction force that will subtract for the resistant forces that
are computed in the dedicated block. While the vehicle speed is the output of the whole
vehicle block, the vertical force will be exploited to the traction force evaluation of the

previous wheel model block

3.6.3 Weight and Power Constraint Analysis

Primarily, dimensional constraints that could be imposed on BEV concepts because of
legislation, ergonomic issues, and drag force were analysed. In addition, the specific power

constraint based on the ratio of the overall mean power (Pa)-to the gross weight of the vehicle
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was analysed. The specific power of the new design must be equal to or greater than that of
the baseline vehicle limit for successful design as shown in Equation (3.23).

Regardless of the propulsion system architecture, the overall power-to-weight ratio of the
new design must be equal to or greater than that of the baseline vehicle,

(P, /W

VG )Concept (i)

2 (PA /WVG )Benchmark (323)

Where, Pu,q0vq= Overall available power, P, ;= available power in individual
power source
The candidate design must have uniform distributed design static and dynamic loading at
front and rear axles based up on pre-fixed axle ratio so as gross weight of the vehicle
distributed in wheelbase-track area and supported by four wheels at each corner. That was

to satisfy chassis structural strength as well as vehicle dynamic operational requirements.

(WVG / Afpt ) 2 (WVG / Afpt )

Concept (i)

Benchmark (3.24)

On the other hand over all dimension of the vehicle is constrained by legislation and
ergonomic issue while effective frontal area is constrained by drag force.

(Vlntrr / Afrnt )Concept(i) = (Vlntrr / Afrnt )Benchmark (325)

Where, Asp is area covered by footprint, At is frontal area; Vinyr is interior volume
of the vehicle
The vehicle sizing is an iterative process in which each iteration includes the recalculation
of vehicle geometry, component weights, and the required energy of each energy source for

the design and reserve missions.
3.6.4 Energy Constraint Analysis

The main goal of the energy based constraint analysis is to obtain a proper relation between
scaling parameters such as propulsive effort required to overcome road loads at various
operating conditions and surplus power to take over even at high speeds and adequate
suspension support of dynamic and static weight. This can be related by normalized wheel
load (Fi/Wvg) at different speeds and road grades as well as exterior vehicle dimensions,
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occupant interior volume and effective frontal area. The scaling parameters are independent
of the size of the vehicle and thus, this analysis is applicable to vehicle of all sizes.

The energy constraint analysis was based on the energy balance with in-vehicle and the
interaction with longitudinal road loads. The total instantaneous power intensity Equation
(3.20) was modified as shown in Equation (3.26) to determine the rate change of its total
kinetic and gravitational potential energies from the rates of energy supplied or removed

from the propulsion source, tire road traction, and aerodynamic drag.

d( 1w,
(FEV,,)-(P.+P.) = —(WG sin(arctan(s)) + —(—Gj\/in )
dt 2\ 9 (3.26)

The difference between (Fr,.,V) and total resistive power of (DV) and (FggV) is called the
excess power (Ps), and can be modulated through the vehicle’s control effectors to change
the energy state of the vehicle, through a change of kinetic and/or gravitational potential
energy. Depending on the driving cycle phase and the intended manner in which it is to be
flown, the excess power can be suitably apportioned to kinetic and potential energy rates,
thus allowing computation of vehicle acceleration (dV/dt) and rate of grad ability (dh/dt).
The numerical integration of these time derivatives along with time derivatives of vehicle
energy consumption rate form the core of the mission performance analysis method.

In order to visualize the design space, a diagram which incorporates the effects of the
constraints on the road load wheel forces (aerodynamic drag and rolling resistance) for each
of the concept BEVs have been estimated at speed levels within their specified speed ranges
dimensional parameters can be plotted as shown in previous section. Due to the aerodynamic
drag, the wheel force shows a strong dependence on speed. The high performance car
demands the largest wheel force at a certain speed level compared to the other cars, and the
city car demands the lowest. The contour lines represent wheel power for a certain
combination of speed and force.

The difference between tractive power and total resistive power (Ppr+Prr) in Equation
(3.26) is the excess power that could be utilized to provide either grade ability or acceleration
performance depending on the vehicle state and intended control of the vehicle. The
propulsive effort and the power demanded by urban and long-range cars were obtained by
normalizing wheel load at different speeds and road slope as shown in Figures 3.13.

The peak power demands of the urban and long-range concepts to negotiate 6% grade at
high speed (90km/h) were 27.5 kW and 70 kW respectively as shown in purple contour
highlighted with red points in Figures 1 and 2. However, the initial or starting force was
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found to be significantly higher with 3kN for urban and 5kN for long range at 25% grade.
For the stated demanded levels of force and power based on the requirements of top speed,
high-speed grade ability, and high-slope take off, it could be noted that the implied

acceleration capacity of each car would be rather limited.
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Figure 3.13: Road load and power demand of the urban (a) and long-range (b) car

To set the acceleration requirement in design template, three combinations of initial
maximum levels of wheel force and wheel power limits were identified at the base-to-top
speed ratios of 1/4, 1/3, and 1/2 and analysed for each BEV. The torque and speed
characteristics of typical electric machine was assumed to fulfil the acceleration requirement

of the three conditions.
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Figure 3.14: The acceleration requirement and normalized wheel force

In illustrative Figure 3.14 normalized wheel forces are presented in blue colour for 42kW,

48kW and 51kW power levels respectively and the corresponding accelerations are
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presented in red colour. The maximum acceleration of 3.9 m/s? was obtained for urban car
at the lowest base speed and lowest power (42kW) highlighted in red solid line on Figure
3.14 (a). The largest power (51kW) was observed to provide the minimum acceleration
capacity of 2.4m/s? at a half-speed ratio. The maximum acceleration levels of the long-range
car were observed to be lower than urban car.

In specifying the acceleration performance, the minimum time to accelerate is the dominant
indicator than the maximum acceleration attained. Acceleration time differs widely for each
BEVs, since it is influenced by the characteristics of power source and traction limit. To
address the effect of power source, full power acceleration was analysed at wide speed

operating range for the two BEVs.
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Figure 3.15: Full power acceleration of urban car (a) and long-range car (b)

The acceleration requirement of 0-100km/h was achieved around 15 s by the three power
and force levels of the urban and long range cars as shown in Figure 3.15. However, the
acceleration levels at low and high speeds were observed to be different. The lowest base
speed related to the largest initial force (4.7 kN), and lowest power (42kW) was found to
provide the fastest acceleration of 0-50 km/h (just approximately 4 s), while the acceleration
time of 50-100 km/h was the longest (around 11 s).

The full power acceleration performance of urban car was found to be best fit at lower speeds
than the high speed. Besides, the top-level requirement of this car was set based on the city
driving conditions, the low-speed acceleration performance should be preferred over the
high-speed and the lowest power level should be the design template. The acceleration time
(0-100km/h) of long-range car was lower than the urban car for all power levels. The

minimum time attained was 10.5 and 11 seconds by the largest and middle powers
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respectively. However, the middle power (92 kW) attained the best low-speed performance
(3.8 s when accelerating 0-50 km/h) as compared to that of 5 s largest power. Therefore, the
long-range car should be designed to perform well at higher speed levels, and thus the base-
to-top speed ratio of 1/3 is chosen.

The simulation results showed that the demanded power intensity for acceleration (42kW)
is the highest when compared with power intensities to overcome high speed (24kW), 6%
grade at speed (27.5kW) and 25% grade take off (22kW) resistances for urban car. Therefore,
it could be concluded that the acceleration requirement demands the largest instantaneous
force and power from the drive system. However, the requirement on acceleration time from
0-100 km/h alone is not enough when seeking to specify a vehicle's acceleration performance
over the operational speed range. Since the acceleration time from 0-50 km/h, hence also 50

-100 km/h differs for all combinations and should be analysed independently
3.6.5 Energy and Power Analysis for Typical Drive Cycles

The cumulative energy consumption rate by urban and long range cars to negotiate the road
load were calculated for the synthesized AA and its suburbs DC, WLTC2 and UDDS driving
cycles. Speed acceleration distribution of ASU DC is shown in Figure 3.16 and characteristic

distribution of the most essential driving features are presented in Table 3.7.
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Figure 3.16: Speed profile and acceleration distribution of synthesized drive cycle

In Figure 3.17, the area under the curve of the UDDS cycle peaked higher at 0.65 kWh at a
greater speed compared with the AASU’s 0.57kWh for urban car. Less energy was
consumed by AASU DC than by the WLTC-2 and UDDS cycles at a wide operating range,
except at peak velocity.
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Table 3.7: Representative parameters of the synthesized driving cycle

Drive cycle Parameters Drive cycle phases
Low Medium High
Total Duration(s) 840 216 144
Average Speed (km/h) 19.0 49.7 74.0
Maximum Speed (km/h) 38.85 80 120
Average Acceleration (m/s?) 0.22 0.62 0.367
Average Deceleration (m/s?) -0.25 -0.71 -0.39
Distance (Km) 4.196 2.942 2.835
Relative Positive Acceleration (m/s?) 0.185 0.5 0.29
Relative Negative Acceleration (m/s?) -0.22 -0.66 -0.32
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Figure 3.17: Energy demand rate of urban cars for all simulated drive cycles

DS
Wt —_— AACSL
WLTC2

Power (KW)

Time (5)

Figure 3.18: The power demand of urban car for simulated drive cycles



For the high-speed expressway part of the AASU DC, a distinct operating point could be
found at 120 km/h, where the urban car demanded more power (20kW) as shown in Figure
3.18. However, the proportion of the route segment with high speed was only 10 % and the
cumulative demand of cycle was lower. A summary of power and energy demands to

negotiate different road loads are presented in Table 3.9.

Table 3.8: Summary of energy and power requirements of concept cars for tested cycles

Parameters Urban car Long-range
AASU energy (Wh/km) 70 92
WLTC2 energy (Wh/km) 74 97
UDDS energy (Wh/km) 82 107.4
Change in potential for 6% (Wh/km) 18 40
Change in potential for 25 % (Wh/km) 22 45
Range requirement (km) 160 250
Design power demand (kW) 44 92
Design battery demand (kWh) 18.92 46.7

3.6.6 Implemented battery model

The battery cell used was a Lithium-ion cell of laminate type, which was used in Nissan Leaf
BEV models (Kaleg, Hapid, & Kurnia, 2015). The estimation of battery capacity was based
on an equivalent circuit model, where open circuit cell voltage (Vo) has been estimated by
approximating the resistive voltage drop during a C/3 discharge rate, as shown in Figure
3.19 and 3.20. The average open circuit cell voltage within the used SOC window (10 to
90%) has been estimated to 3.89 V.
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Figure 3.19: Simulink model of Battery model
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Figure 3.20: Lithium-ion battery cell discharge capacity and voltage in (10-90)% SOC

To determine the battery energy content of each car desired WLTC driving range and early

calculated wheel energy consumption from Table 4 were utilized. The average number of

series cells was 97.799 for both cars. The number of cells in parallel was found by the

current criterion. A summary of battery data along with calculated parameters shown in

Table 3.9.

Table 3.9: Summary of Battery cell data

Parameters Urban car Long range

Capacity (ah) 28.90 28.90
Maximum voltage (V) 4.2 4.2
Nominal voltage (V) 3.78 3.78
Minimum voltage (V) 25 25
Voltage @90%SOC (V) 4.09 4.09
Voltage @10%SOC (V) 3.62 3.62
Number of parallel cells 1.81(2) 2.76 (3)
Number of series cells 97.799 97.799
Discharge resistance (m<Q) 160.4 103.4
Charge Resistance (mQ2) 134 86.4
WLTC Range (Km) 160 250
Total voltage @90% SOC (V) 332 320

3.6.7 Implemented electric machine and transmission

In this work, PMSM is preferred as it is intended for passenger-class EVs (Chen et al., 2020).

Loss-based motor model was developed instead of assuming a constant efficiency as

represented in Equation (3.28). This model is reported to be suitable for all types of motors

and approximates variable efficiency for known operating conditions in terms of motor
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torque and rotational speed (Z. Gao et al., 2019). The dynamic effect of this machine can be

best represented by motor power Equation (3.27) and Simulink model on Figure 3.21.
P, =T, o, +K.T: +Ka, +K,o, (3.27)

1}Aa%w

M = 2 3
T,0, +K.T, +Kao, +K,a, (3.28)
where: Kc, Ki and Ky are coefficients of power losses due to copper, iron winding

respectively and wwm is rotational speed of motor.
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Figure 3.21: MATLAB function block in Simulink for traction machine and controller
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Figure 3.22: The power torque and speed characteristics of motor used for urban car
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Table 3.10: Summary of PMSM data for the Urban and long-range BEV motors

Parameters Urban Car Long-range Car
Peak Power (kW) 44 92

Max Torque (Nm) 140 220

Base speed (rpm) 3000 4000

Max speed (rpm) 12,000 12,000
Gear ratio 10.5 9.7

Max DC voltage (V) 400 400

Max rms phase current (A) 115 225

Peak Efficiency at 400 V. (%) 96.4 96.8
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Figure 3.23: Implemented motor efficiency as a function of speed for urban car

The sizing parameters for the traction motor can be explored from torque and power plots in
a wide speed range in Figure 3.22 and the efficiency map as shown on Figure 3.23 for urban
cars. A 44 kw and 92 kw PMSM motors have been chosen to meet the power requirement
during the instances of acceleration and maximum grade take-off during the grading of the
road slope. Additionally, the design details along with published machine parameters can be
seen in Table 3.10.
The efficient region was found to be at lower torque around (3000rpm) and moderate torque
(4000-6000rpm) for urban and long-range cars respectively. The high-speed gear ratio was
determined from the motor's maximum rotating speed and the motor’s torque capacity to
reach this top speed using Equations (20).

I, =0y T, /V(i,X)maxif (3.29)
The maximum vehicle speed (Vmax=130km/h) for urban car and (Vmax =160km/h) for large

cars produces a minimum ratio of 10.5 and 9.7 respectively.
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Table 3.11: Implemented electric machine parameters

Motor Parameters Urban Long Range
1-speed 1-speed 2-speed
Low-speed gear ratio 105 9.7 9.7
High-speed gear ratio 6.3
Maximum motor speed (rpm) 12000 12000 12000
Energy consumption (kWh/100Km) 10.57 17.436 17.485
Maximum power (kW) 44 92 92
Maximum Torque (Nm) 140 220 220/250

The low-speed gear ratio was calculated by considering maximum takeoff gradability (25%)
using Equation (3.30).

ill ZWG (ﬁSCOSQmaX + SiI’-]gmax ) /TM ,maxif 77tf (330)

where: Omax i the maximum slope angle the vehicle can take off and i is the final

drive gear ratio and At low speeds, the aerodynamic drag is assumed to be zero and the

maximum motor torque (Tmmax =220Nm) of a range car produces a minimum ratio of 6.3

and was checked against a calculated high-speed ratio of 5.9. Since the calculated value is

lower than 6.3, it was taken as a low-speed ratio. The implemented motor parameters along

with transmission ratios can be seen in Table 3.11.
3.7 Powertrain Packaging and Structural Analysis

In this section, the integration possibility of ESS or battery pack in long range concept
vehicle was evaluated, aiming to maximize energy and power density while considering
technical and geometrical constraints. The battery pack's type, geometry, and disposition
determine the total number of cells and vehicle range. The selection of battery typology and
geometry is crucial for capacity and weight efficiency, while the battery pack location
ensures vehicle stability and optimizes space.

The rated voltage capacity, energy density, power density, c-rate, SOC, and DOD are some
of the operational metrics that are taken into account for evaluation. The driving performance
is ensured and battery systems can be compared using these characteristics. Power density
is the highest possible power of unit volume, whereas energy density is correlated with the
weight or volume of the battery. The high energy produced by power density, and the
corresponding discharge rate, or c-rate, is determined by the charging as well as discharging

current. The residual energy and discharged capacity are denoted by SOC and DOD.
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This study uses laminated lithium-ion pouch cells that are used for Nissan Leaf BEV models,
with a maximum voltage of 400V to achieve top speed cursing power requirement for high
speed cursing power demand. Parallel cells are observed under transient situations (Yang et
al., 2019). Table 3.12: presents a summary of the battery cell data along with the parameters

that were determined.

Table 3.12: Summary of Battery cell data

Parameters Value
Maximum voltage (V) 4.15
Voltage of nominal (V) 3.78
Minimum voltage (V) 2.5
Number of parallel cells 2.76 (3)
Number of series cells 97.799
Discharge resistance (m<2) 103.4
Thickness 7.2mm
Width 129 mm
Length 217 mm
Weight/cell 428 grams
Specific energy 174 Wh/Kg

3.7.1 Battery Pack Sizing

The nomenclature of cell order arrangement is shown by a 4S3P battery, which indicates
there are 4cells are in series with three in parallel. The total cell count in sub-module (see
Figure 3.24 (b)) nine and that of module’s pack (see Figure 3.24 (c)) consists of two sub-
modules, where its voltage would be 3.78V x 6 = 22.68V; nearly equivalent to 24V battery
system of vehicles. The module pack capacity would be 38Ah x 3 = 114Ah, which can
deliver constant velocity current of 114A at 1C discharge rate and transient acceleration or
grade start ability current of 342A at 3C discharge rate. The maximum battery pack power
rating would be 400Vx 114Ah = 45.6kWh. Battery pack parameters are presented in Table
3.13.

Table 3.13: Battery pack and module performance parameters

Criteria Parameters
Power rating 45.6 kWh
Number of total modules 16
Nominal pack voltage 400V
Total pack capacity 114 Ah
Total pack weight 360Kg
Total weight controllers 65Kg
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(@) Cell (b) Sub-module

3.7.2 Weight Estimation

(c) Module

Figure 3.24: Battery pack construction cell (a), sub-module (b) and module (c)

Weight estimation has been done by the sum of the weights of major chassis components

which makes up glider weight, powertrain weight and payload, as shown in Equation (3.31).

W, . =W,

gross glider

(3.31)

Table 3.14: Weight distribution for sub-components of concept vehicle

S. No Sub-component Mass (Kg)
1 Body and structure 570
2 Chassis 285
3 Others (10%) of body and structure 95
Glider mass 950
1 Motor and transmission 85
2 Controllers 65
3 Battery pack 360
Power train mass 510
1 Passengers and driver (5x75) = 375
2 Luggage and spare tire 115
Maximum Payload mass 490
Gross mass of the vehicle 1950

Futuristic glider weight for BEV is identified as base, lower and higher limits by indicating

possible percentage in light weighting. Considering 10% reduction in weight 950Kg for long

range concepts were estimated as initial guess of glider weight. The weights of the traction

machine and power electronics from (gravimetric power densities, kW/kg) and batteries

energy (based on gravimetric density, Wh/kg) were estimated {Singh, 2019 #294;Kavi, 2022
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#474;Sayed, 2020 #473}. Overall vehicle sub-component’s weight distributions are
presented on Table 3.14.

3.7.3 Concept Development and Selection

Light weighting has an effect on battery sizes, and hence decreases the battery costs in future
years. Battery size in turn affects the major manufacturing cost of battery electric vehicles.
It can be seen that higher-range BEVs have a greater impact on manufacturing costs. Battery
total energy will decrease significantly owing to other component improvements such as
improved weight distribution and ergonomic packaging without major modification on body
structure and efficient battery cooling. The battery pack should be easily removed as multiple
modules, which are lightweight for one man to carry. A candidate design should have a low
centre of gravity, preliminary crash safety features and high voltage protection using
appropriate insulation materials. Efficient air-cooling via forced or natural convection so that

the entire battery pack to achieve acceptable cell temperatures is essential consideration.

Figure 3.25: A CAD model for packaging concepts of battery pack for functional analysis

Table 3.15: Results of functional analysis for each concept using geometrical model

Criteria Front loaded Mid-loaded Rear loaded Clustered
Battery location Under bonnet  Under seat ~ Under boot F:M (25:75)
Weight distribution (F:R) 59:41 43:57 38:62 48:52
CG height position (mm) 628.5 585 617.5 592
Ground clearance (mm) 170 150 170 170
H-point limbs (mm) 350 375 350 350
H-point head (mm) 250 250 250 250
A60 (degree) 14 14 14 14
Ab61(degree) 5 5 5 5
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To address afore mentioned requirements with in constrained design space the functions
were described in the functional analysis. This analysis generated the need for four different
design concepts of powertrain layout; namely clustered, front, mid, rear loaded powertrain
layout, as can be seen in Figure 3.25. The functions were described by determining CG points

and ergonomic analysis of driver and passenger posture as presented on Table 3.15.
3.7.4 Calculation of CG Locations

Longitudinal position of CG included the longitudinal distance of front (If) and rear (Ir) axle

from the CG of the vehicle. ‘If” and ‘Ir’ calculated considering all weight items and their

corresponding distance from the front axle as reference, using the equation below:
L _Ziml,

M (3.32)

Where, It is distance of CG from front axle, M vehicle mass, n number of items, m, mass of

component, Ism corresponding distance between components’ CG and the centre of front axle.

Vertical CG was calculated for maximum tilting angle (Omax) of 32° based on given vehicle

geometry.

h=R+ [W—rlz\;lwf d Jcot 0

(3.33)

Where, Wy, W,.; are Static weight distributions on front wheels and rear wheels respectively,

W ; vehicle curb weight, R; wheel radius, Omax; inclination angle of front axle from horizontal,

l;,1,; are longitudinal position of COG from front and rear axles respectively.

3.7.5 Ergonomic Analysis

Figure 3.26: Driver and rear passenger manikin ergonomic analysis
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In packaging design the position of the driver and passengers is extremely important because
it sets the shape and dimensions of the cabin. To create the driver positioning 95" percentile
of SAE male manikin was used based on Ethiopian anthropometric data(Bere, Dudescu,
Neamtu, & Cocian, 2021). The most essential point set was Seating Reference (SgRP) or
Hip Point (H-Point), which set the lower limbs and upper body angles and dimensions. The
visibility is set by the angles over and below of the horizontal axis from the eyes of the
driver. As it can be seen on Figure 3.26: the visibility of the project is set to 14 degrees for

upper angle and 5 degrees for the lower angle of visibility.
3.7.6  Concept Evaluation and Selection

The four different concepts of powertrain layout concepts generated earlier have been
evaluated in a selection matrix using twelve selection criteria’s which are also placed within
a priority rank as presented in Table 3.16. This qualitative assessment was based up on a
design alternative evaluation scale, which has been used to assess the quality and feasibility
of multiple design alternatives for a product, service, or system. It is a structured approach
to evaluating the pros and cons of different design options, helping designers and decision-
makers to make informed choices. Accordingly, the net results within each priority rank are
multiplied by the priority weight factor which is 1.0, 0.5 and 0.25 for high, medium and low
priority respectively. The highest and lowest scores of the criteria are defined shown in Table
3.17. Based up on the evolution of quantitative and qualitative screening criteria set, mid-
loaded and the new clustered battery pack concept with 25% front and 75% mid-load has
shown improved weight distribution. However, the most reported mid-loaded concept

requires major modification of body structure.

Table 3.16: Packaging concept evaluation criteria and score (minimum and maximum)

Criteria Minimum score (1) Maximum score (5)
Front impact safety Not safe Very safe
Side impact safety Not safe Very safe
Rear impact safety Not safe Very safe
Weight distribution (F:R) (<40:60 and >60:40) (50:50)
Extent of modification: Major Minor
Complexity of battery cooling design complex simple
Energy consumption for battery cooling High Low
Occupant packaging (ergonomics) complex simple
Suitable for BIW concept Not suitable suitable
Suitable for BEV Not suitable suitable
Easy for manufacturing Hard Easy
Benchmark layout Less available Highly available
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Table 3.17: Packaging concept selection criteria along with priority rank

Rank Selection criteria Front Rear Mid Clustered
High Front impact safety 1 5 5 3
High Weight distribution 1 1 4 5
High Extent of modification 2 2 2 4
High Energy consumption for battery cooling 5 1 2 4
Medium  Occupant packaging (ergonomics) 5 5 3 4
Medium  Side impact safety 4 4 2 3
Medium  Suitable for BIW concept 1 3 4 4
Medium  Suitable for BEV 1 1 5 4
Low Rear impact safety 5 1 5 5
Low Complexity of battery cooling design 2 2 2 4
Low Maintenance 4 4 3 4
Low Benchmark layout 1 1 5 1

Net sum 31 29 42 55
Weighted sum 175 175 235 26.75
Criteria Qualification No No Yes Yes

3.7.7 Modelling and Structural Analysis

3.7.7.1 CAD model

Space allocated for battery pack was in front and under floor in passenger compartment as
presented on Figure 3.27. The volume of front pack is (287mmx1600mm x120mm) and
the maximum dimension of mid-pack is (1887mmx1600mmx120mm). The lateral

dimensions around car doors reduced by 350mm as shown on Figure 3.27(a).

(@) CAD Model (b) Mesh

Figure 3.27: A CAD model (a) and mesh generated (b) on ANSYS workbench

An entire body structure of perimeter frames and cross members was designed for 60, 65

and 70mm diameter cross sections of 1mm thick as shown on Figure 3.27 (a).
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The body model created was designed keeping in mind the geometric constraint
requirements and further edited and disfeatured in ANSYS DESIGN MODELLER. Given
that obtaining the most precise results was the goal of this research, a high order tetrahedral

mesh model with 182505 elements and 60844 nodes was created, as seen on Figure 3.27 (b).

3.7.7.2 Material selection

The benchmark BEV evaluation and lightweight parameters were taken into account while
choosing suitable materials from a variety of types commonly utilized in vehicle body
structures. Two materials, structural steel and aluminum alloy, were chosen for
comparison. Aluminum alloy can be comparable with steel in strength, but at a third of the
weight. It is much lighter, durable, and weather proof not affected by ultra violet (UV)

rays.

Table 3.18: Important properties considered for materials

Property Aluminium alloy Structural steel
Body structure mass 31.227 88.495
Battery Pack mass 166.5 236
Density (Kg/mm?) 2.77x10° 7.85x10°
Poisson’s ratio 0.33 0.3
Young’s Modulus (MPa) 71000 2x10°
Bulk Modulus (MPa) 69608 1.6667x10°

3.7.7.3  Load and Boundary condition

Passenger vehicle body and structural assembly mainly manufactured as unified space frame
to support all functional chassis systems and payload. Gravitational acceleration (9810
mm/s?) is applied over the entire geometry. Front and rear suspension mounts are assigned
as fixed support in all the conditions, except torsional loading case where front suspension
is free to rotate about x-axis due to applied torque. Weights of powertrain including battery
pack, controllers, motor and transmission along with payload under an effect of gravity is
applied for static bending analysis. Frontal impact forces due to deceleration were calculated
for three initial speeds of 120, 90 and 60km/h, which is equivalent to 30, 20 and 10g were
applied. The structure is intended to provide full protection from intrusion to passenger
compartment due to impact forces of 30g and destruction of battery pack by 10g. Finally 5,

4 and 3g side impact forces were applied on structure.
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3.8 Aerodynamic Characteristics

The conversion strategy may cause changes to the position of the powertrain, exposing BEVs
to aerodynamic drag and lift forces that affect stability even at lower speeds and consume
power (Huluka & Kim, 2019). This study examined the aerodynamic characteristics of long-
range capable BEV and low-speed Baja-Quit, focusing on power consumption and stability.
The CAD model was developed for the two cars by using Catia-v5 software, imported to
Phoenix CFD domain and numerical grid generated in the rectangular coordinate system.
The same models were also imported to ANSYS software for comparative assessment
between the implemented simulation tools as a cross validation {Lander, 2023 #459;Kauvi,
2022 #474%.. {DINESH, 2022 #463}(Aiyan & Sagar, 2022). Calculations were conducted
in optimized grid distribution obtained by thorough grid dependence evaluation and
converged with an error cut off less than 0.01%. The aerodynamic characteristics were
studied when the long range and low speed cars are moving at top speeds (120km/h) and

(60km/h) respectively.
3.8.1 Aerodynamic Characteristics of the Car Body

When a vehicle is moving at a considerable speed, the air passing over it imposes various
forces and moment on the vehicle (Sabater & Gortz, 2021). The essential coefficients of

aerodynamic force and moments can be calculated by the following analytical relations.

C = il
" Y2p(V, -V)*A (3.34)
Co :—FD 5
Y2p(V,-V)°A (3.35)
Cs = s 5
Y2p(V,-V) A (3.36)
Cem = Me 2
Y2p(v,-V) At (3.37)
Cy = M,
M Y2p(V, -V) AL (3.38)
Con = Me 2
Y2p(v,-V)y' At (3.39)
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where lift coefficient (Cy) is lift coefficient, F. is lift force, Cp is drag coefficient, Fp is
drag force, Cs is side force coefficient, Fs is side force, Crwm is rolling moment coefficient,
Mg is rolling moment, Cywm =is the coefficient of yaw moment, My is yaw moment, Cpwm is
pitching moment coefficient, Mp is pitching moment, V., is free stream velocity, V is total
wind velocity, A is projected frontal area, and t is reference equal to wheelbase (L) may be
taken.

3.8.2 Modelling and Definition of the Car Geometry

The long-range model car designed with new CMBP was derived from the existing modular
electric drive matrix for BEV’s conversion design based on BIW concept. Dimensions and
technical parameters of the designed concept car and Bajaj quit car (for comparison of low
speed aerodynamic characteristics) are presented on Table 3.19 and their CAD models are

shown on Figure 3.28.

Table 3.19: Technical specification of model car

Parameters Long-range car Bajaj Quit
Peak Power 92 Kw @ 4000 RPM 9.9 Kw @ 5500 (Kw @ RPM)
Maximum Torque 220 Nm @ 4000 RPM 19.6 @ 4000 (Nm @ RPM)
Passengers and driver mass 375 kg 375Kkg
Luggage and spare tire 115 kg 400Kg
Glider mass 950Kg 400Kg
Battery pack mass 360Kg 70Kg 30Kg
Motor and transmission mass 85Kg 30Kg
Controllers and on board 65 kg 15kg
charger mass
Gross mass 1950Kg 800kg
Max. Speed 160km/h 70km/h
CD 0.35 0.45
CL 0.035 0.035
CG coordinate (X, Y, 2) (1.9456,0.855, 0.592) m (1.4,0.65,0.8)m
Projected total area 0.85xhxw =2.173m2 0.85xhxw =1.823m2

(@) Long range concept car (b) Bajaj quit car

Figure 3.28: The CAD models of studied long range concept car (a) and Bajaj quit (b)
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3.8.3 Definition of The Numerical Scheme

FVM (Finite Volume Method) scheme was employed to simulate flow phenomenon by
considering side wind effect at 0Om/sec, 10m/sec, 20m/sec, 30m/sec and 40m/sec. Numerical
investigations have been conducted with ANSY'S fluent work bench for the same conditions
to simulate and solve equations of flow around the model vehicles. The general purpose CFD
was used for a numerical calculation of the turbulent incompressible flow field. 3-D
dimensional Navier-Stokes equations were solved with standard (K-€) turbulent model
{Nisugi, 2004 #27}.

3.8.3.1 Numerical domain and grid

The commercial software, Phoenix was used for building numerical grids using orthogonal
grids and the CAD-to-CFD approach. To create the numerical grid within the rectangular
coordinate system, the CAD model was imported into the defined numerical domain. (X, Y,
Z) defines the domain's numerical size as (22 m, 6.8 m, and 5.5 m). The computation was
carried out at the optimal grid distribution, as seen in Figure 3.28. This distribution was
achieved by carefully evaluating grid independence via a number of iterations, and it
converged quite nicely with an error cut off of less than 0.01%.

Figure 3.29: Computational domain and the imported car model in to Phoenix and

Optimized computational grid of model car (47x94x41)

The same CAD models were imported to ANSY'S fluent workbench using design modeler
as shown on Figure 3.30. Starting with coarse mesh progressively fine mesh of 446,530
nodes and 2,608,561 elements was obtained after introducing inflation and tetrahedral mesh
method. The optimized mesh obtained after grid independent test is shown on Figure 3.31(a).
The flow type was considered turbulent, transient, and incompressible in developed

boundary conditions, and it was treated to an appropriate boundary condition for the
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aerodynamic properties of the vehicle body. The definitions for initializing and boundary
conditions are provided in Table 3.20. After 100 iterations, the residuals were observed to

be stable, and the convergence criteria was 0.000001.
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(a) Optimized Fine mesh (b) Coarse mesh

Figure 3.31: Optimized (a) and coarse (b) mesh in ANSYS numerical scheme

Table 3.20: Implemented boundary and the initial conditions

Boundary surface Boundary & initial conditions

Inlet-one Longitudinal Velocity inlet (120 km/h)

Left side (Inlet-two) Side wind Velocity inlet (0, 10, 20, 30, 40m/sec)
Outlet Pressure outlet

Right Side and top No slip wall condition

Ground moving ground type

Flow domain Quasi-3D flow, Turbulent and incompressible flow

3.8.3.2  Governing Equations

The basic equations of fluid dynamics in the control volume are based on Navier stokes
equations that are comprised of equation for conservation of mass and momentum are given
as{KIM, 2011 #29}

1. The Continuity equation
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ou, U, au,
+ +
o oy g (3.40)

2. The Momentum equation

) - oU. —
%+i(Uin)=—l£+i vV %4__] —uu. [—g;
ot ox P O%  OX; i

j i i i (3.41)
OO (20212
Where; o
3. Standard k-¢ model for turbulence; the turbulent kinetic energy equation

2w,k =£Mv+"—tjﬁ}+e _p

OX; OX; oy ) OX; (3.42)
4. The Energy dissipation equation
%(U &)= a%l:v(v+i]§7‘9:l +E(CglG —Cey¢)

‘ ] %) i (3.43)

Where, reduction rate due to deformation

G:_UiUJZH%H v, =C k—z
GXJ- t o &

(€, =009, C, =144, C,, =192, 0, =10, 0. =10)} _\ putent energy, e-dissipation rate, v

& vi laminar and turbulent kinematic viscosities(Ebrahim, Dominy, & Martin, 2020;
Indrojarwo, Estiyono, & Pratama, 2019; Y. Li & Zhu, 2019).

3.9 Modelling of the Suspension System

This section presents an examination of how variations in weight distribution affect the ride
comfort and roll stability of an EV conversion when it is subjected to random road profiles.
It also offers suggestions for potential enhancements, which could be made using low-energy
consumption devices. Two half-car models one for pitch-bounce and the other for roll-
bounce were combined and wused in the suspension system analysis using
MALTLAB/Simulink to address the trade-off between inconsistent standards of road
holding, ride comfort, and vehicle handling within the constraints of the suspension journey.
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3.9.1 The Implemented Ride Car Model

In this study the development for seven-degrees-of-freedom (7DOF) vehicle ride model
referenced (van Kempen, 2019) and (Lefévre et al., 2020). In developing the mathematical

model for an BEV conversion it is assumed that vehicle body is lumped into a single mass.

Front right quarter Front left quarter

Figure 3.32: Half car for Bounce-roll model considering passive suspension

Front left quarter Rear left quarter

Figure 3.33: Bounce-pitch half car model of passive suspension system
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This is referred to as the sprung mass. No effects of aerodynamic forces anti-roll bars and
the control arm are considered, to reduce the complexity of the modelling and to prevent
simulation error. It is assumed that the modelled vehicle will always remain grounded at all
times and the four tyres always in contact with the ground during manoeuvring. In vehicle
modelling, the roll and pitch deflections in their planes are small as shown on Figures 3.32
and 3.33 respectively and simplified with small angle approximation. While for the tyre, it
is modelled as a linear spring without having damping characteristic. Dimensional and

design parameters of the concept long range car are presented on Table 3.21.

Table 3.21: Essential parameters of the model car for suspension system evaluation

Evaluation parameters Value
Weight distribution (F:R) 48:52
CG height position 592 mm
track 1.495m
Location of front axle from CG (I11) 1.1856 m
Location of rear axle from CG (12) 1.0944 m
Un-sprung mass of front quarter car (Musf/2) 59 kg
Sprung mass of front quarter car (Msf/2) 409 kg
Un-sprung mass of rear quarter car (Mur/2) 36 kg
Sprung mass of front quarter car (Msr/2) 471 kg
Stiffness of tire (Kt) 255487N/m
Stiffness of front suspension spring (Kf) 45000N/m
Stiffness of rear suspension spring (Kr) 36000N/m
The dampers’ damping coefficient (Crf) 5000Ns/m
The moment of inertia about x-axis (Ixx) 719kg-m?
The moment of inertia about y-axis (lyy) 2495kg-m?

3.9.2 Equations of Motion

By combining the two interdependent H-car models, 7DOF of ride model capable for
evaluating bounce, pitch and roll responses of body and bounce of all four wheel un sprung
mass developed. Analysing the kinematics of all four-corner quarter and the ride body of

model car, the displacements of each quarter sprung masses are given calculated as;

a
X = Xg +§0r _Il¢p

(3.44)
a
><Sfr = ><B __er _I1¢p
2 (3.45)
a
XSrI = XB +_0r _|2¢p
2 (3.46)
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Xor = Xg — =06, +Lig,

2 (3.47)
Where Xsij is the total displacement of sprung masses (i =f for front, r for rear and j=I for
left, r for right), Xg; is the sprung mass’s vertical displacement at the COG, 6, is the roll
angle and ¢p is the pitch angle. The distances from CG to the front and rear centres of axle
are given by liand I, respectively. Their value depends on the weight distributions at front
and rear axles, the position of the CG of the vehicle. The forces on each of the suspension is
computed as the sum of the spring force (Fsij) and damper force (Fpij). These suspension

forces are given by;

Foj = Kgy (H(Xy5 = X)) (3.48)

FDij = CDij (i'(XUij - xSij ) (3.49)
with Ksjj is the stiffness of the spring, Cpij the damping coefficient of the dampers Xuij un-
sprung mass vertical displacement and Xsij the sprung mass vertical displacement at each
side of the vehicle.
The tires are modelled as a spring and the force acting at the tires is usually known as
dynamic tire loads, Fyj is given by;

Ftij = Ktij (i(xrij - inj ) (3.50)
where, Ksj, and Xyij are the tire stiffness and road input displacement respectively.

Using Newton’s Second Law at the vehicle’s sprung mass, the body vertical acceleration,

X4, angular acceleration ér during the roll effect and the angular acceleration é5p while

the vehicle’s pitching effect can be computed by equations (Xia et al., 2020)

I:ﬂ + I:fr + I:rl + I:rr = Iv'VG).(.B

(3.51)
a a ..

(Fﬂ + FrI)E - (Ffr + I:rr)E - |XX9r (352)

(Fn + Frr)lz _(Ffl + Ffr)ll - IW¢P (3.53)

Where, My is the total mass of the vehicle. Ix is the inertia moment about x-axis and lyy is

the inertia moment about y-axis.
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The acceleration for each wheel can be determined using equations [3.54-3.57]

thl - an - FDfI = MUfI XUﬂ

(3.54)
F —Fy —Fop =M Xy (3.55)
F,—F, —Fy =M, Xy, (3.56)
F.-F,.—F, =M, X, (3.57)

Using Equations 3.44-3.57 Simulink model was developed along with matlab code for
execution of the whole setup and to tune the implemented control strategy in active

suspension model. Figure 3.34: depicts the vehicle model developed in Simulink window.

e

Thata oo
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Figure 3.34: Simulink model of full car for suspension ride and handling assessment

Table 3.21 presents the tabulated suspension system parameters used for this study. The
assumptions for modelling 7 DOF ride car of linear suspension system are:

» The front and rear tires act as spring with no damping effect.
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» There is rotational motion in the sprung car body, wheels rotational motion are not
considered.

» Itis assumed that all springs and dampers are linear.

» The tires are always in contact with road surface, but the effect of friction between

surface of the road and tires are neglected.

The suspension system's ability for providing optimal comfort and road handling by keeping
the car well-isolated from unforeseen road disturbances within a reasonable deflection range

served as the basis for evaluation.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Synthesized Drive Cycle
4.1.1 Results of Statistical Analysis

The analysis of trip distances one of the representative real data trip features is shown in
Figure 4.1 (a) and recorded an average value of 7.28 km, with the highest frequency in the
range of 3-4.5 km. Furthermore, 80 % of the trip distances covered less than 9.83 km in
CDF. It should be noted that the driven distance of a candidate DC was found to be in a
range of 4 km to 15 km, but must be near the established CDF value. Regarding trip duration,
25 % recorded the highest frequency with a duration of about 750 seconds (12.5 minutes).
Additionally, the third quartile, as indicated in Figure 4.1(b), was located at 1358 s (22.63
min). Hence, the representative driving cycle should be close to the third quartile, while the

duration was adjusted to 1320 s (22 min) to minimize the computational burden.
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(a) Cumulative distribution of trip distance  (b) Quartile distribution trip duration
Figure 4.1: Distance and duration distributions of real-time trip cycles.

A significant difference of 46 % was noted between average speeds (w/o stop) and average
driving speeds (wi/stop) in the low-speed phase compared with 8 % in the high-speed phase
as shown in Figure 5 (a) and (b). This indicates that the influence of stop time on average

vehicle speed was based on the percentage of stop time.
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(a) Average driving speeds with stops (b) Average driving speeds without stops

Figure 4.2: Comparison of driving speeds.

After analysing the CFD of all ten (10) ST in the low speed phase, it was found that more
than 80 % was primarily coincided with 64 s and a high frequency (55 %) occurred below
20 s (see Figure 4.3 (a) and (b)). Hence, the fifth MT with an average speed of 18 km/h and
lasting 64 s was found to be the best fit with real data and was selected to be the first MT of
the low-speed phase. A stop duration between MTs would be steady sampling and to address
the smooth transition, it was decided that the average stop duration of the trip cycle would
be 11s.
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Figure 4.3: The distribution of low-speed short trip duration

Figures 4.4 (a) and (b) illustrate the distribution of acceleration-related principal components

used for acceleration and braking behaviour splitting for characterizing driving behaviour.
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High-speed phases have a low average positive acceleration (APA), RPA and time idling,
but a long distance. A medium APA, high RPA, medium distances and medium stop time
represent the medium-speed phase. Finally, the low-speed phase was found to have a high

APA, medium RPA, high stop time and shorter distances.
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Figure 4.4: Acceleration and deceleration distribution of all speed range trip cycles.
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Figure 4.5: Cumulative distribution function and its quartile score of acceleration.

Different CDFs for positive and negative acceleration features were obtained, as shown in
Figure 4.5 (a), and driving behaviours were identified by dividing the average position of
each MT on the CDF graph of the 0-1% quartile, 1%-3" quartile and 3'9-4™ quartile.

The driving behaviour with an average a*< 0.5 m/s? was identified as mild and with a* >
2m/s? as aggressive, with behaviour between the two being average (D. Zhao et al., 2022).
As shown in Figure 4.5 (b), a driving behaviour of the 0-1% quartile scored by 40 % is mild,

15-3" quartile scored by only 40 % is average, and 3"-4™ scored by 20 % is aggressive.
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Speed (km/h)

Consequently, only 40 % of MTs, rather than half, were considered to be average drivers

identified by moderate braking. Hence, a representative AASU DC must be constructed by

incorporating 40 % mild, 40 % moderate and 20 % aggressive behaviours in both ascending

and descending speed profiles.

4.1.2 Drive cycle Synthesized by the RSBS Method

The speed-acceleration distribution of the synthesized four cycles (i.e. mild, aggressive

driving, aggressive braking, and combined) are presented in Figures 4.6 and 4.7.
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Figure 4.6: Speed-acceleration distributions of AASU DC by the RSBS method.
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Figure 4.7: Speed-acceleration of the RSBS’s DC for aggressive and combined behaviors.
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After behaviour division, the speed difference between mild and aggressive was
considerably lower, but a remarkably high variation existed between accelerations in the two
behaviours. This variation was lower for the low phase and higher for the high phase. Hence,
it could be concluded that as the speed increases, the gap between quartile one and quartile
three decreases for both positive and negative accelerations.

For mild cycles (see Figure 4.6), a low variation in acceleration was found among different
driving profiles (-3.75 %) with an increase in driving speed, but for aggressive driving the
variation was higher (-22.5 %). Although, behaviour splitting has a significant influence on
urban cycles, a considerable dispersion in acceleration-related features was found in the

medium and high-speed segments

4.1.3 Drive Cycle Synthesized by the k-means Method
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Figure 4.8: The influence of driving features on PCs and their variance explained.

The Pareto graph in Figure 4.8 (a) indicates that only five (5) principal components (PC)
achieved the explained variability of 99.8 % rather than the twelve (12) PC implemented.
The variance explained by the first, second and third PCs was 40 %, 22.6 % and 19.4 %
respectively, and the total variance explained by employment of the first three PCs was

correct since they represented about 82.01 % of the data set variability.

The two-dimensional bi-plot presented in Figure 4.8 (b) shows the contribution and influence
of the driving features on the first two PCs. The highest variability was found in speed-

related features, distance and time percentage of stop, because they were the main
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contributors to the variance explained by the first PC. Acceleration-related features,
including APA, ANA, RPA, RNA, PKE and negative kinetic energy (NKE), mainly
influenced the second component. The third component was mainly affected by the stop and

time proportion of each kinematic mode.
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Figure 4.9: Score of silhouette value and distribution of width for five and six clusters

The three PCs were grouped by k-means into the optimum number of six clusters, as shown
in Figure 4.9 (b) with the higher silhouette value of 0.78, and uniform width obtained when
compared with the 0.74 silhouette values and non-uniform widths of five clusters shown in
Figure 4.9 (a). ST were then selected from all the clusters based on their closeness to the

cluster centres until a total duration of 1320 s was obtained.
4.1.4 Characteristic Distribution of Synthesized Drive Cycles and Real Dataset

Relative, mean relative, and root mean square errors of speed and acceleration-related
features between candidate DCs and entire dataset were calculated. The difference between
the speed distributions of the real data from DCs by the RSBS and k-means methods were

compared and are shown in Figure 4.10 (a) and (b) respectively.

The average difference of RSBS DC from real data was found to be lower (2 %) than that of
the higher (5 %) k-means DC. Other statistical properties are compared in Table 5, which

indicates that there was a significant distortion in the statistical distribution of k-means DC
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from the original data set. However, the relative error between RSBS DC and real data was
the lowest, and this was selected as the best representative BEV DC for AASU routes.
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Figure 4.10: Comparison of speed distribution between real data and RSBS and k-means

Table 4.1: Essential characteristics of RSBS, k-means, WLTC-2 DCs and real data.

ave

Drive  cycle  Duration V w/o stopsV wistops ave D (km) RPA RNA

cycles  phase (9 (km/h) (km/h) (m/s?) (m/s?) (m/s?) (m/s?)
Low 882 19.8 17.6 0.43 -0.46 4196 0.185 -0.22
RSBS Medium 255 56.1 53.7 0.625 -0.705 2942 05 -0.66
High 183 814 73.9 0.45 -0.61 2.835 0.29 -0.32
k-means Low 950 18.9 16.7 0.645 -0.645 4.42 043 0.40
Medium 240 40.4 36.4 054 -0.705 243 056 0.65
High 132 85.4 82.1 0.625 -0.621 3.01 0.72 0.91
Real data Low 101994 21.30 14.7 0.44 -0.36 400. 0.34 -0.29
Medium 26227  59.75 33.4 054 -0.74 2499 0.63 -0.62
High 17485 94.9 78.1 0.39 -042 740.7 045 -0.36
WLTC-2 Low 589 26.0 514 092 -1.07 3.132 0.244 0.2112
Medium 433 44.1 74.7 0.96 -0.99 4712 0.629 0.2489
High 455 57.8 85.2 0.85 -1.11 6.820 0.962 0.1994

4.1.5 Comparison of Energy Consumption between Standard and AASU DCs

In a typical DC, the tractive effort provided by a vehicle’s power/energy source must
overcome all road loads, including aerodynamic, rolling, gravitational and acceleration
resistance expressed. Estimation of the on-board ESS for BEV was averaged cumulative
energy as a function of driving speed over the interval dt:

ETotaI = Iﬁrav(t)dt = .[P(t)dt
0 0 (4.1)
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Figure 4.11: Energy consumption of AASU DC for different driving behaviors.

The energy consumed by a 2000 kg midsize car to negotiate the road load was calculated

from the candidate AASU DC among different behaviours for comparison. In Figure 4.11

(a), the area under the curve of the aggressive cycle peaked higher at 3.34 kWh at a greater

speed compared with the mild cycle’s 3 kWh. Figure 4.11 (b) shows energy consumption
per 100 km. High consumption at high speeds was due to the coupled effect of high speed

with high acceleration, which has a considerable correlation with energy consumption.

Figure 4.12 (a) and (b) show a comparison of the effect of braking behaviour division on

regenerative potential with coast and panic braking. More braking kinetic energy of

1.65 kWh (21.2 %) was wasted by aggressive drivers than the 1.3 kWh wasted by coast

drivers. Studies have indicated that the regeneration potential with current advances was

only 8 % of energy for aggressive and up to 25 % for coast drivers (Z. Gao et al., 2019).
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Figure 4.12: Regenerative potential AASU DC for mild and aggressive driving
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Accordingly, the regenerated energy can extend the range per single charge of BEV by 10.8
% and 3.9 % for coast and aggressive drivers respectively. Hence, splitting behaviour and
ignoring braking mode will result in a significant error in net energy consumption estimation
and battery size due to the distortion in characteristics of DC synthesized from that of a real

driving scenario.
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Figure 4.13: Energy consumption of WLTC-2, UDDS, AASU-RSBS and k-means DCs.

Finally, the averaged RSBS DC was compared with k-means, WLTC-2 and UDDS cycles
(Barethiye, Pohit, & Mitra, 2017). The standard cycles were selected based on equivalence
in total duration of WLTC-2 1477 s and UDDS 1400 s, method of construction and data
representativeness. WLTC-2 has the highest maximum acceleration of all cycles, which was
thought to be more realistic. The maximum acceleration of UDDS was lower compared with
transient cycles.

The cumulative energy consumption rate and consumption per 100 km by RSBS, k-means,
WLTC-2 and UDDS DC were calculated and the results are shown in Figure 4.13 (a) and
(b). Less energy was consumed by RSBS DC than by the WLTC-2 and UDDS cycles at a
wide operating range, except at peak velocity. A significant difference was found with low
overall net consumption per 100 km range of 22.5 kWh compared with 24.25 kwWh and 26.34
kWh of WLTC2 and UDDS net consumptions respectively. Net consumption by RSBS and
k-means DC was comparable at low speeds, however at higher speeds the k-mean consumed

less due to the average low acceleration dispersion.
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Figure 4.14: Power consumption of WLTC-2, UDDS, AASU-RSBS and k-means DCs.

For the high-speed expressway part of the RSBS DC, a distinct operating point could be
found at 120 km/h, where more energy is consumed and power demanded (see Figure 4.14).
However, this was because of the higher drag force and was not related to driving behaviour.
Although the consumption was high for high speed, the proportion of the route segment was
only 10 % compared with 70 % for urban and 20 % for suburban routes, and the influence
on net energy demand per range was insignificant. WLTC-2 demanded high power in the
urban DC due to the maximum speed coupled with aggressive acceleration within a short
driving range, whereas UDDS required moderate power in a representative rural section,

except in an aggressive single trip.
4.2 Powertrain Size and Energy Management

This section presents the results and discussion of the simulations performed. The EV profile
is similar to the AASU route, whereas UDDS and WLTC2 cycles were simulated for
comparative analysis. The PID controller converts the error into signals for the accelerator
and brake pedal, as shown in Figure 4.15: for the AASU cycle. The deviation of vehicle and
cycle speed was in the range of 0.1-0.4km/h and 0.2-0.5 for the Urban and large cars
respectively. Since the average error is less than 0.2 the controller is capable of tracking the

reference cycles.
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Figure 4.15: Actual and reference speed profiles in the AASU cycle

Figures 4.16: show the SOC of the battery bank throughout the driving profile for AASU,
UDDS and WLTC2 cycles simulation. For the AASU cycle, the initial SOC (91%) was
reduced by 4.1% and 4.5% for urban and long-range cars respectively. A 4.9% reduction
with a sharp decline has been observed for long-range simulation with WLTC2. This could

be due to the high frequency of acceleration throughout the cycle.
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Figure 4.16: SOC of the long-range car’s battery for AASU, WLTC2 and UDDS DCs.

The battery delivers a maximum current of 115A for urban cars, whereas 225A drown for
long range to complete one cycle of AASU as shown in Figure 4.17. It revealed that the
long-range battery current fluctuates between minimum value -100A and maximum value
of 225A only on highway.
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Figure 4.17: AASU drive cycle battery current fluctuation for long range

As can be seen in the map shown (see Figure 3.23): the efficiency reaches a maximum value
of 0.96 for both cars. Since the area where efficiency is greater than 0.90 covers more than
50% of the entire region, the sized machine is very effective in most areas of operation.
When two-speed transmissions are used the rated motor torque can be downscaled from
250Nm to 220Nm. Further results can be found on Figures C.2 and C.3.
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Figure 4.18: Energy consumption per 100km for long range car for AASU DC

Figures 4.16 and 4.18: depicts that battery energy consumption highly depends on the drive
cycle and less on the powertrain. The lowest consumption for the AASU cycle is due to cycle

parameters identified by relatively low-speed levels, which accounts for 70% of the cycle
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and the lowest level of acceleration. In general, cycles with the highest discharge energy
consumption are also those with the highest levels of acceleration and RPA value.
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Figure 4.19: Battery SOC and range calculated for long range car in AASU cycle

The long-range car’s total range by full battery charge was simulated along with the SOC of
the battery as the illustrative example presented for the AASU cycle in Figure 4.19. The
maximum driven distances were 269.7 km for AASU and 247.5km for WLTC. Similarly,
the average cycle efficiency was 88.7% for AASU, which is higher than estimated (85%)

when seeking suitable battery energy content for the range requirement.

Table 4.2: Summary of energy consumption range and average cycle efficiencies

Test cycle Energy Range (km) Average Decrease
(kWh/100Km) Efficiency battery size (kWh)
AASU 17.436 269.9 88.7 -3.4
WLTC2 17.989 258.7 87.8 -1.52
WLTC 23.985 2475 84.7 +0.5996
UDDS 19.802 240.5 84.0 +1.88119

In this illustrative example of the long-range car, the battery energy content was estimated
to be 85% of 42 kWh, resulting in a range of 264.5km. The discrepancy with the value in
Table 8, could be the consequence of the assumed lower efficiency and energy content of
the battery which in the simulation varies depending on the load situation. The total energy
of 17.436kWh was contributed by the battery (13.495kWh) and the remaining accounts for

regenerated energy (3.941kWh). It can be seen that the lower energy consumption for the
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Addis Ababa and its suburbs (AASU) cycle generally provides 5-20 km more than the
WLTC cycle, while the range is shortened by about 10 km for the UDDS cycle.

4.3 Powertrain Integrated Car Body and Structure Analysis
4.3.1 Modal Analysis

Initially Free-free modal analysis was simulated to test the connectivity of each part to unite
body considering ten modes of natural frequency. It was found that all parts respond as one
body for all modes with maximum frequency of 51Hz as shown on Figure 4.20 (a). However,
pre-stressed modal analysis is used for finding most frequently stressed mode along with
maximum deformation. The results are obtained for the first ten modes along with the
corresponding natural frequencies and displacements. The maximum frequency was found
to be 76.675Hz with corresponding total deformation of 17.242mm in 10" mode at upper
corner member of backlight window as highlighted in red on Figure 4.20 (b). Hence,
torsional load case is the most severe and if the structure is designed stiff enough in torsion,
it guarantees for bending and lateral loads.

0.047382

0.000 2,000 (m) "o—l{ 0 2e+03 (mm) /Lt
[ ee— v

1.000 v 1e+03

(@) Free-free (b) Pre-stressed

Figure 4.20: Natural frequency and deformation for Free-free (a) and pre-stressed (b)
4.3.2 Torsional Analysis

From contour of Figure 4.21 (a) and (b) stress induced in aluminium frame (207MPa) is
nearly equal to that of steel (205MPa), whereas deformation is three times higher. Although,
the stress is less than yield strength, this design is not in acceptable limit as safety factors are

1.27 and 1.35 for steel and aluminium respectively.
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Figure 4.21: Combined torsional stress in aluminum (a) and structural steel (b)
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Figure 4.22: Deformation of aluminum (a) and structural steel (b) under torsion

Figures 4.21: and 4.22: depict the calculated torsional stiffness for aluminium
(735.68kNm/rad) that is much less than general BIW reference data of (1000-1500kNm/rad),
but comparable for steel (1064.43kNm/rad). Hence it is required to increase the cross section

of structure tube to reduce the stress level.
4.3.3 Vertical Bending Case

The response of the structure to the applied static bending load was obtained as shown on
Figures 4.23 and 4.24. No variation in bending stress was shown among the two materials
as itis a function of moment of inertia of cross sectional area, but deformation is much higher
for aluminium. Accordingly bending rigidity of steel (8.89kN/mm) is similar to BIW
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reference data of 7-11kN/mm, but aluminium (6.6kN/mm) is less stiff for bending load of
applied on front cross member.
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Figure 4.23: The induced bending stress in aluminum (a) and structural steel (b)
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Figure 4.24: Deformation of aluminum (a) and structural steel (b) under bending load

4.3.4 Impact Analysis

Aluminium fails to provide stiff cargo against 30g frontal impact as the structure deforms
1635.4mm higher than crumble zone of passenger protection as shown in Figure 4.25 (a).
However, steel structure deforms only around 1/3rd of aluminium and guaranty full
protection of passengers as well as front battery pack as shown in Figure 4.25 (b).
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Figure 4.25: Deformation of aluminum (a) and structural steel (b) under 30g force
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Figure 4.26: Deformation of aluminum (a) and structural steel (b) under 10g force
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Figure 4.27: Deformation of aluminum (a) and structural steel (b) under 5g force
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Frontal 10g impact deformation of aluminium (663.89mm) and steel (223.84mm) are
capable to provide full protection of occupants, but aluminium failed to protect front battery
pack as its leading edge is 700mm away from front bumper. Side impact of 5g deforms
aluminium 301.73mm and steel 136.59 mm as shown in Figure 4.27 (a) and (b) respectively.
Hence steel structure is stiff enough to protect occupants and mid-battery pack. Based on
these results both aluminium and steel materials failed to qualify requirements of body
structure imposed by stiffness and safety

4.3.5 Comparison for Different Cross Sections
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Figure 4.28: The maximum torsional stress in aluminum (a) and structural steel (b)
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Figure 4.29: Deformation of aluminum (a) and structural steel (b) under torsion

Two different dimensions of 65 and 70mm further modified on the body structure and three
dimension (60, 65 and 70 mm) circular tube section with 1mm thickness were analysed to

compare the effect on structural rigidity, protection and weight reduction. The two modified
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65 and 70mm dimensions are stiff enough in bending and torsional loading cases for the two

materials as shown in Table 4.3.

Table 4.3: Comparison of stiffness and stress for different sizes and materials

Stress (MPa)

Material Size (mm) Yield Induced Bend Stiff Torsion Stiff
(kN/mm) (kNm/rad)
Steel 60 250 205 8.89 1064.43
65 250 170 9.54 1297.60
70 250 142 10.2 1160.70
Aluminium 60 280 207 6.6 735.68
65 280 169 8.22 1203.77
70 280 143 8.76 1128.50
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Figure 4.30: Deformation of aluminum (a) and structural steel (b) under 30 g force

(@) Frontal impact on 70 mm Aluminium (b) Frontal impact on 70 mm Structural

Figure 4.31: Deformation of aluminum (a) and structural steel (b) under 10 g force
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Figure 4.32: Deformation of aluminum (a) and structural steel (b) under 5g force

Table 4.4: Comparison of impact deformation for different sizes and materials

Material Size (mm) Total deformation Mass (kg)
5gside 10gfront 20gfront 30g front
Steel 60 136.59 223.85 447.67 671.51 88.46
65 106.89 193.24 386.48 579.73 95.975
70 85.51 151.22 302.45 453.67 103.49
Aluminum 60 301.73 663.89 1280.5 1635.4 31.23
65 277.94 545.14 1090.3 1106.5 33.875
70 242.58 426.84 853.69 1003.7 36.52

Steel structure with the two modified 65 and 70mm dimensions as well as 70 mm aluminium
qualifies all structural stiffness and safety requirements associated with battery pack and
occupant protection as shown in comparison Table 4.4. However, total mass of structure for
70 mm aluminium is 2.83 and 2.63 times lighter than 70 mm and 65mm steel respectively.
This reduction in mass could be estimated to save battery energy consumption of 2.12kwh

an equivalent energy to extend the range by 18.21km per day

4.4  Aerodynamic Drag and Stability Characteristics
4.4.1 Results of Quantitative Analysis

Closely examining the CFD simulation result in Figure 4.33: linear increase in Cp with side
wind speed was indicated. The simulated average Cp value of 2.76 and 3.11were observed
for long range and Bajaj cars to be very high as compared to original car specification of
0.35 and 0.45 respectively. At no wind effect case also the Cp value of model cars 0.38 and

0.42 is slightly higher than original benchmarked Toyota corolla and Bajaj cars’ value
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specified by their manufacturers. However, the Cp value of long range modeled with
clustered battery pack is 0.325 and the decrease in drag found to consume 7.15% less power
due to higher ground clearance and uniform underbody flow as compared to the

benchmarked car.
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Figure 4.33: Variation of Cp of long range (a) and Bajaj (b) with side wind velocity

Figure 4.34: depicts aerodynamic lift variation with side wind speed, where it linearly
increases for higher side wind velocities for both car models. Long range car tend to lift with
average Cp value of 0.91 with side wind as compared to 0.45 of Bajaj. This may be due to
higher top speed of 120km/h and wheelbase that influence the vehicle lift. However, for zero
side wind velocity the Cp value of Bajaj model 0.02 is lower than original car 0.035. At
10m/sec side wind higher C (0.31) and Cp (1.78) values were observed as compared to

20m/sec for Bajaj.

1.60 1.40
= 1.40 e 120
k| —
& 1.20 = 100
= 100 =
5 5 0.80
'S 0.80 R3]
L= £ 060
G 0.60 g
0.40 0.40
0.20 0.20
0.00 0.00
0 10 20 30 40 0 10 20 30 40
Wind Speed in m/s Wind Speed in m/s
(a) Long range car (b) Bajaj quite

Figure 4.34: Variation of C_ of long range (a) and Bajaj (b) with side wind velocity
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This could be due to form drag and the tendency of model to uplift as a result of the decrease
in under body and opposite to wind side flow velocity. The increase in drag found to
consume 8.368 and 3.435 times higher power as compared to no side wind effect case for
long range and low speed Bajaj respectively. At this speed the car is prone uplift and it may
tend to be unstable (Mamo, Gopal, & Yoseph, 2024).
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Figure 4.35: Variation of the yaw for long range (a) and Bajaj (b) with side wind

The simulated results indicated that there is paramount linear increase for all induced
moments with side wind. As shown on Figures 4.35 (a) and 4.37 (a) negative sign on yaw (-
749.18 Nm) and roll (-837.92Nm) moment indicates the long range car tends to be un-stabile
and move outward of the road. Roll moments is more dangerous for the specific model
specially cornering and moving on banking road of higher than 4°. The average pitch
moment (-97.50Nm) is similar to no wide effect case for Bajaj, but at 10m/sec it is found to

be -36.61Nm and the car tend to loose traction due to uplift effect.
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Figure 4.36: Variation of the pitch for long range (a) and Bajaj (b) with side wind
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Figure 4.37: Variation of the roll for long range (a) and Bajaj (b) cars with side wind

4.4.2 Qualitative Analysis

4421

Aerodynamic characteristics was analysed qualitatively from the plots of velocity vector,
pressure and kinetic energy contour. Vector plots effectively show the differences in the
velocity of the airflow over certain sections of the car's body as shown on Figures 4.38 and

4.39.
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Figure 4.38: Velocity vectors of Bajaj at no (a) and with 10m/s side wind
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Figure 4.39: Velocity vectors of Bajaj with 20m/s (a) and 40m/s (b) side wind
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Figure 4.40: Velocity vectors of long range no side wind (a) and with 10m/s side wind

In Figure 4.38 (a) the high velocity flow regions are around the transition of the windshield
to the roof, the rear windshield transition, under body and just after the nose of the car at no
side wind simulation. Low velocity was observed around front bumper, wheel arc, sidewalls
and wake region. Rear region, where streamlines detach due to square back nature of original
car was found to be most critical to form wake drag for Bajaj.

Figures 4.38-4.40 compare the distribution stream wise velocity component (vectors) around
the whole body surface of the two model cars at different side wind velocities. The result
obtained from simulation with wind effect has shown low airflow velocity around the vehicle
viewed on wind flow side. However, higher velocity vector is observed at right front and
rear left corners of the vehicle. This disturbed airflow tends to yaw the vehicle about vertical

(z-axis) and the driver might lose steering controllability.

4.4.2.2  Variation of pressure contour

Figure 4.41 shows aerodynamic pressure coefficient (Cp) variation of long range and Bajaj
model cars moving at constant speed of 33.33m/s and 16.67m/s with no side wind effect.
High pressure is resulted at fore end of the vehicle when there is no side wind effect.
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Figure 4.41: Pressure contour of long range (a) Bajaj quit (b) with no side wind

Because the front wall of the majority of BEVs is completely closed that causes high

stagnation pressure at the front end of the vehicle instead of the flow route that ICEVS'
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radiator grills give. Near the roof's trailing edge, the upper body flow split, and a wake and
high pressure reduction developed at the back end.
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Figure 4.42: The effect of 10m/s (a) and 20m/sec (b) side wind on pressure of Bajaj

In this simulation, the large pressure differential between the front and back dominates, with
skin friction having very little effect. High form drag consequently develops around the two
vehicles' bodies.
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Figure 4.43: The effect of side wind 30m/s (a) 40m/s (b) on pressure coefficient of Bajaj
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Figure 4.44: Pressure contour of long range at no (a) and 20m/s (b) side wind

The effect of side wind velocity on aerodynamic pressure coefficient (Cp) was presented in

Figures 4.43 and 4.44. As side wind velocity increases, the fore end stagnation pressure and
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wake formed at rear end of vehicle decreases drastically. However, pressure reduced on rear,
underbody opposite side of a car to wind flow direction due to generate eddies. Overall drag
force around the vehicle body increased due pressure difference on both sides of the vehicle.
However, the impact of side wind on low speed cars is higher than that of high speed

regarding the induced pressure coefficient.

4.4.2.3  Variation of turbulent kinetic energy contour

Figure 4.45: shows aerodynamic turbulent kinetic energy variation of long range and Bajaj
model cars moving at constant speed of 33.33m/s and 16.67m/s with no side wind effect.
High turbulent kinetic energy generated at front, over the roof and rear side of vehicle when
there is no side wind effect. The rear of the Bajaj car model was found to be dominant due
to the induced eddy around wake region, contributes significantly in the formation of form

drag. The contribution of under body for drag of long range found to be higher than Bajaj.
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(b) Long range car model (b) Bajaj quite model

Figure 4.45: Kinetic energy of long range (a) Bajaj quit (b) with no side wind
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Figure 4.46: Effect of 10m/s (a) and 20m/s (b) side wind on Kinetic energy
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Figure 4.47: Effect of 30m/s (a) and 40m/s (b) side wind on turbulent kinetic energy
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Figure 4.48: Effect of 20m/s side wind on turbulent kinetic energy around long rang car

Figures 4.48: show aerodynamic turbulent kinetic energy variation with 20m/s side wind
velocities for model car moving at constant speed of 33.33 m/s. Due to side wind effect the
turbulent zone mainly on opposite side to wind flow direction of vehicle.

The study investigates the aerodynamic characteristics of long range and low speed car on
CAD model using PHOENICS and ANSYS fluent. The Finite-volume method was used,
and turbulence models and discretization schemes were studied as parameters. Numerical
solutions of PHOENICS show improvement up to 3% in comparison with the ANSYS
fluent, in terms of convergence rate and agreement with the available experimental data. The
discretization scheme plays a major role in the quality of results, as the flow considered was
unidirectional and characterized by high speed. The Upwind discretization scheme is more
accurate, providing results improved by more than 1.5% for a given turbulence model on the
whole computational field. The use of a high-order discretization scheme is suggested for

more acute areas of the body modeled in order to improve results further.

4.5 Dynamic Ride Performance of Converted BEV
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To investigate the dynamic behaviour, two types of road input were used in Simulink
developed stimulation platform. The front and rear tires got a single bump and sine wave for
the left wheel input. The road profile inputs for the rear wheel was delayed by time-required

to travel the distance of wheelbase at specified speed V.

(= '1VL'2 (4.2)

Where tq is the time delay between the rear wheel and front wheel, |1 is the distance
between the vehicle’s front axle and centres of gravity, and |2 is the distance between the

vehicle’s rear axle and centres and V is vehicle speed.
4.5.1 Vertical Wheel Displacement

Vertical wheel displacement is used to assess the tire-to-road-surface contact. The reaction
of the front and rear wheels in terms of vertical displacement for the baseline vehicle and the
converted BEV is shown in Figure 4.49. The vertical amplitude of motion of the rear wheel
is larger than that of the front wheel due to the more complex rear suspension. To investigate
the tire's touch with the road, utilise the wheel displacement map. Because of the increased
tyre stiffness, the front and rear wheels' capacity to hold the road keeps getting better because
they virtually always follow the input profile. It has been noted that unsprang mass, or the
front and rear wheels, roughly follows the input signal or speed breaker displacement since

tyre stiffness is significantly more than that of a spring and damping is likewise very low.
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Figure 4.49: Vertical wheels displacement of the converted BEV (a) and baseline car (b)

Figure 4.49: showed how the vertical motion of the wheels and the imperfections in the road
differed for the front and rear suspensions when the road bump input was only applied to the
left tyres. Due to a high order road bump of 0.25 metres, the left front and rear wheels are
marginally larger than the right corner wheels. A negative figure indicates that the tyre has
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been "bitten™ by the road, whereas a positive number indicates that there is a space between
the tyre and the surface.

45.2 Body Attitude

The three main body attitudes of an automobile that are essential for ride comfort and safety
are body bounce, pitch, and roll. Figure 4.50: shows that spring and damper system improves
ride comfort by reducing the vehicle's vertical displacement by 44% compared to wheel
displacement and by allowing the bounce motion of the sprung mass to fade out gently.
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Figure 4.50: Vertical displacement of the converted BEV (a) and baseline car (b) body

Additionally, because the combined effect of the front and rear suspension systems control
the overall vertical motion of the sprung mass here, the maximum value of bounce is smaller
than that of the front or rear sprung mass considered. This helps to obtain a more realistic
idea of the car body displacement. One of the most unpleasant body positions in a car is
pitching, so if you want to be comfortable, steer clear of it.

Figures 4.50(a) and (b) demonstrate that the roll motion exited by bump input in the left
wheels is less than the amplitude of reaction for the vehicle's vertical bounce and pitch
motions. The vertical height and pitch angle are larger at the quarter of the exited tyre
because to the delay period between the front and rear wheel tyres contacting the bump.
Because of the shorter track distance and lower CG height, it is noted that there is less rolling
motion reaction and an almost equal reduction in settling time, which are significantly lower

than the vehicle's body pitch reactions.

45.3 Vehicle Discomfort Parameters
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When evaluating a transient ride, one can include the bounce magnitude as well as its first,
second, and third order time derivatives, which include vibration velocity, acceleration, and
jerk. The ride performance can also be evaluated by looking at the vibration dose value
(VDV), which is a cumulative measurement of the vibrations that the passengers' bodies
experience as the car passes an impediment. In relation to the time of the fourth power of
acceleration, it is computed using the fourth root of the integral. VDV provides a measure
of the body's overall vibration exposure, accounting for exposure length, frequency, and
magnitude. The analysis method that yields the highest correlation between vibration

magnitude and discomfort is VDV, which is based on acceleration.
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Figure 4.51: Vibration velocity of the converted BEV (a) and baseline car (b) body
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Figure 4.52: Vibration acceleration of the converted BEV (a) and baseline car (b) body

The vehicle's ride comfort performance before and after the conversion, as well as the
reactions of the EV conversion with the passive suspension system, are displayed in Figures
451 and 4.52. With the exception of the vertical displacement response for both vehicle

models, the simulated results show that there have been no appreciable changes to the
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observed responses as a result of the alterations towards an EV. It appears that when the
vehicle is exposed to the random road profiles input, the modification into an EV is causing

the vehicle to have a greater vertical displacement peak.

Changes in pitch motions, including pitch angle and pitch rate, were also noted. This is a
result of the CG shifting positions. The CG is situated close to the front axle of a typical car,
therefore when the wheel struck a bump, the vertical displacement peak would have been
higher than when the rear wheel did. Regarding the EV conversion, since the CG is biased
towards the rear axle, the vertical displacement magnitude peak is lower when the rear wheel

hits a bump than it is when the front wheel does.
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CONCLUSIONS AND RECOMMENDATION

Conclusions

This dissertation investigates a systematic methodology for integrating electric powertrains
into vehicle sizing and synthesis, aiming to reduce energy consumption, improve powertrain
efficiency, and ensure dynamic performance, using a simulation-based framework and cost-
effective experimentation. The methodology combines a multi-level, step-by-step approach
to link customer expectations to final powertrain design configurations. It integrates
benchmark analysis into the BEV design process, understanding end user preferences and
expectations. These qualitative targets were specified by time and state based quantitative
measures and used as inputs for simulation framework

The study used an energy flow analogy-based modelling approach to analyze vehicle
performance requirements. Bi-level and physics-based parametric models were developed
for component level dynamics. Computationally efficient models were used to optimize
vehicle, subsystem, and component targets. The framework was implemented using
decomposition-based, Analytical Target Cascading techniques. The integration of an electric
powertrain using the BIW concept for BEV conversion design was done, focusing on two
small and midsize long-range cars to addresses customer concerns.

First, the synthesized BEV driving cycle captures Addis Ababa's and its suburbs' driving
profile, allowing for the calculation of energy consumption of Ethiopian road network and
other emerging large cities. The method combines MT random selection-to-RSBS to create
a representative DC. It was discovered through behaviour splitting that drivers who exhibit
aggression tend to use more energy due to their frequent panic stops and subsequent
accelerations.

Second, a new approach for sizing the powertrain of a BEV was developed, integrating with
vehicle concepts and considering power intensity as a measure of energy consumption
demand. The vehicle's performance was simulated using a vehicle level energy flow analogy
modelling approach. The AASU DC showed significant reductions in energy consumption,
providing 5-20 km more range than the WLTC cycle.

Third, the implemented BEV powertrain packaging in the BIW concept is energy-efficient

and provides integrated structural stiffness and protection during severe collisions. Four
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design concepts were generated, with the clustered battery pack showing improved weight
distribution without major modifications. The FEM model of the integrated body structure
showed that 65mm steel and 70mm aluminum are stiff in all loads, providing stiff cargo and
full battery pack protection. The weight of aluminium body structure having 70mm was
observed to decrease by 10.43% and 11.75% with approximate value of 59.46kg and 66.79kg
as compared with 65 and 70mm steel respectively. This reduction in mass from 65mm steel
could be estimated to save battery energy consumption of 2.12kwh an equivalent energy to

extend the range by 18.21km.

Forth, the study analysed the impact of powertrain components packaging and side wind
velocity on aerodynamic drag and stability characteristics in a CAD model. Results showed
higher average aerodynamic coefficients and moments than the original car's simulated
values. The increase in drag force is due to drag induced underbody, rear side, and opposite
side of wind attack. The model car's power requirement increased by 3.3 times to overcome
aerodynamic road load with 10m/sec side wind. However, at no wind effect the Cp value of
the car with clustered battery pack 0.325 is lower and the decrease in drag found to consume
7.15% less energy (1.8kWh) that can extend the range by 15.46km as compared to the
benchmarked car.The model car exhibits stable conditions under side-winds below 15m/sec
on straight roads, but can become unstable dynamically on curved or straight roads with

winds exceeding 15m/s, potentially causing lane breakaway.

Finally, the ride dynamic performance of a transformed car was evaluated using a full 7 DOF
car model in MATLAB/ SIMULIK programme. The results revealed no significant
differences in ride comfort performance following the conversion to a BEV. However, the
conversion resulted in a greater vertical displacement peak and pitch motion variations due
to the CG's position. The RMS value of acceleration ranged from 0.6 to 0.9 m/s2, but to
avoid discomfort completely, it should be less than 0.315 m/s2. However, the likelihood of
such a significant acceleration occurring is low, and even if it does, it will only last for less
than 1 second, with minimal discomfort. In conclusion the implemented methodology for
sizing and packaging BEV powertrain resulted reduction of 7.23 kWh battery size that is
equivalent to extend the range of long range car by about 53.67km when driven with no side

wind effect.
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Recommendations

In the future, it may be beneficial to investigate the temperature effect of the battery caused
by packaging, as well as an aerodynamic analysis of internal ducting flow including the
estimate of energy required for thermal management of battery. In powertrain sizing, fine-
tuning of component controls is critical to improving energy allocation and power
management. It is recommended that, in the future, driving and road slope profiles be merged
in a parallel simulation to provide a more precise assessment of energy consumption and
powertrain efficiency. In this work, modelling and simulation were the primary focus, with
experimentation limited to a virtual setup. Additional experimentation in a realistic
laboratory is required for further validation. Wind tunnel testing of aerodynamic impacts is
also necessary.

Furthermore, while investigating the effect of various vehicle parameters on road hold and
ride comfort, it is possible to conclude that increasing front and rear spring stiffness increases
the rms acceleration values of front and rear sprung mass, half car sprung mass bounce
acceleration, and pitch angle. When the damping coefficient of the front and rear suspension
systems is increased, the corresponding front and rear rms values fall, as does the pitch angle.
The bounce acceleration value follows a bathtub curve, and the change in tyre stiffness
increases ride comfort.

The road holding deteriorates as the front and rear suspension stiffness values grow; it also
deteriorates in the case of front damping, but improves when the rear suspension damping
values are increased. Future research would look into the effect of changing these suspension

parameters on vehicle ride and handling qualities.
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Appendix — B

Table B.1: List of top sell BEVs in global market with the corresponding Dimensional and

design parameters
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Appendix-C
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Figure C.1: Raw data collected by six GPS instrumented vehicles
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Figure C.2: Full discharge (10% SOC) simulation of fully charged battery in AASU DC
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