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Abstract

Climate change and the consequent more restrictive regulations are pushing the in-
dustry towards higher efficiency and lower emissions means of transport. The road
transport sector is deeply affected, leading the main Original Equipment Manu-
facturers (OEMs) to start the transition to alternative powertrains, among which
Battery Electric Vehicles (BEVs) are the faster-growing.

The large, heavy, and safety-critical battery pack asks for a specific optimized
solution for a lightweight and high-performance vehicle platform.

In this research, a first benchmarking analysis is presented to study the current
state-of-the-art for BEV underbody and battery pack designs. Following this inves-
tigation, a classification scheme was designed to allow easier comparison between
different solutions, pointing out the most relevant characteristics and best design
choices.

Starting from the results of the benchmarking analysis, the study followed with
a series of Finite Element Analyses (FEAs), on different simplified platform models,
organized through a fractional factorial Design of Experiment (DOE). The responses
of the experiments were the torsional stiffness and bending stiffness and first reso-
nance mode, evaluated together with the mass of the system.

These investigations revealed that the most influential factors for the analyzed
performance outputs were the torque box and rocker rail internal structures, together
with the material of the battery pack. Other parameters were less influential, but
the study was still able to highlight the more favourable configurations.

Through two additional analyses, the battery pack was found to heavily affect
the structure static stiffness, but both the battery pack and floor panels needed
appropriate stiffening to avoid low-frequency resonance.

The conducted analysis allowed the development of a linear regression model
and the execution of a design optimization which delivered two different optimized
solutions, showing good performance and high weight efficiency.

After the discussion of the gathered results, validated design guidelines were
created to provide a starting point for the development of future dedicated and

integrated BEV underbodies and battery packs.
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1 Introduction

Climate change has pushed governments all over the world to act to reduce Green-
house Gases (GHGs) emissions. In the next fifty years, the transportation sector
will face several challenges to meet the required emissions targets and the industry
is asked to provide new and innovative solutions to reach these objectives. In 2018
the transport sector accounted for 21% of the GHG emissions with road transport
alone accounting for 15% [1]. Road transport emissions are in turn mainly driven
by passenger transport, which accounts for more than half of the GHG emitted by
vehicles [1].

This led to more stringent emissions regulations which drove the Original Equip-
ment Manufacturers (OEMSs) to start the transition towards alternative propulsion
systems. The most diffused solutions range from Hybrid Electric Vehicles (HEVSs)
and Plug-in Hybrid Electric Vehicles (PHEVs) to fully electric Battery Electric Ve-
hicles (BEVs) as well as hydrogen-powered Fuel Cell Electric Vehicles (FCEVs) [2].
Among these new powertrain technologies, the most diffused are BEVs, accounting
for two-thirds of the global electrified vehicle fleet in 2020 [3, 4]. During the last
decade, BEVs sales have been constantly increasing, from 51 000 units in 2011 up
to 2.25 million in 2020, which represents the 2.9 % of the light vehicles market share
[5]. The main market for BEVs in 2020 was Europe, accounting for 43% of the global
sales of the global BEVs sales, followed by China at about 41 % [5]. According to
the scenarios elaborated by the International Energy Agency (IEA), the full-electric
Passenger Light-Duty Vehicles (PLDVs) fleet will grow from the current 6.8 million
vehicles up to reach figures between 80 and 140 million vehicles by the end of the
decade. By the year 2030, BEV PLDVs are expected to account for almost 4% and
reaching up to 7% in the most optimistic forecasts |[3].

The current development of electric vehicles has its roots in the first years of the
automotive industry. From the 19th century, BEVs have continuously faced advan-
tages towards their adoption and limitations of the electric powertrain technology.
The BEVs market growth pushes OEMs to increase investments into this technology,
developing dedicated solutions to exploit at best the advantages of BEVs.
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1.1 Background and Motivation

In the following sections, a brief background of the study is presented to better in-
troduce the subject of the work and contextualize its scope in the current regulatory

and industrial environment.

1.1.1 BEVs Historical Background

The electric car has its origin in the early 1800s, with the first examples of electric
vehicles, such as the electric carriage from Robert Anderson in 1832. During the
second half of the 19th century, the electric vehicles continued to develop with several
examples of electric carriages such as the one from Thomas Parker and William

Morrison up to the 1899 “Jamais Contente” electric race car, capable of reaching

100 km/h (figure [1.1) [6l [7].

Figure 1.1: Camille Jenatzy on the “La Jamais Contente”, 1899

Development continued through the first years of the 20th century, with electric
vehicles accounting for one-third of all road vehicles ﬂﬁﬂ

With the introduction of the Ford Model T in 1908, gasoline-powered cars became
more affordable than BEVs. The advantages of the BEV, which was quieter, easier
to drive and less pollutant, came in second place when compared to the higher range
and lower cost of Internal Combustion Engine Vehicles (ICEVs) [6].

During the following years, the BEVs development halted just to see a short
revamp in the 1970s due to the oil crisis. It was from the 1990s, when the first
emission regulations were issued, that the electric vehicle slowly started to gain
interest again @ In the 2000s, manufacturers began studying new concepts for
alternative powertrains and developing the first HEVs and new concepts of BEVs and
FCEVs. One example is the 2002 AUTOnomy concept from GM, which introduced
the skate platform concept, shown in figure 8. 9]
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Figure 1.2: GM AUTOnomy concept, 2002 [@I]

At the start of the new decade, several manufacturers released their first BEV
models, like the Mitsubishi i-MiEV, the Nissan Leaf and the Renault Zoe [10].
Among these major OEMs a new startup, Tesla Motors, started developing a new
BEV which was based on a dedicated electric platform [@] In fact, despite never
arriving at the production stage, the AUTOnomy launched a vehicle concept that
inspired the following 2012 Tesla Model S.

The Model S features an underbody frame designed to house a large battery

pack, which exploits almost all the area under the central floor of the vehicle, shown

in figure .

rear rail battery pack

Figure 1.3: Tesla Model S and its integrated skateboard platform, 2012

In the following years, all the major automotive companies started developing
their own solution for a BEV platform, often starting from modified and adapted
Internal Combustion Engine (ICE) platforms. Currently, two main approaches are
present in the industry for what concerns the development of a new BEV archi-
tecture: the development of a highly modular dedicated BEV platform, like the
Volkswagen MEB, or an optimized multi-powertrain platform, capable of adapting
to different powertrain systems such as the Volvo Compact Modular Architecture
(CMA) [13].

Despite the high development cost, many OEMs are investing in new dedicated

BEV platforms since this approach allows to increase the vehicle driving range and
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to exploit the platform for several different vehicles and segments thanks to its
modularity. More than 75% of the major global OEMs are expected to have a
dedicated BEV platform by 2025 [13].

1.1.2 Environmental Concerns and New Regulations

In the last forty years [14], the anthropogenic air pollutant emissions steadily in-
creased, leading to a global scale “Climate Change”. In particular, the GHGs emis-
sions are generating the “Greenhouse Effect” which is leading to progressive global
warming. CO, emissions are the most abundant, contributing about 78% of the
total GHG [14].

Among all the GHG-emitting human activities, transport accounts for 21% of
the global emissions and road transport, accounting for 75% of the whole trans-
port emissions, contributes to 15% of the total released GHG. When considering
only passenger road transport, this figure decreases to 45% of the whole transport
emissions, still representing almost 10% of the global GHG emissions [1].

To reduce the impact of road transport on the “Climate Change”, during the last
three decades, the legislation imposed strong restrictions on automotive exhaust
emissions, leading to numerous and more stringent regulations. All the principal
countries are imposing fuel economy standards to limit fleet average CO4 emissions,
expressed in g(COz)/km, of each automotive corporate. Legislations also impose
heavy penalties on the manufacturers not respecting the targets. Figure shows
the trend of the historical emissions compared with the future targets for passenger

cars in several regions of the world.
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Specifically, since 2015 the target has been 130 gCO; /km for the EU fleet average,
corresponding to fuel consumption of around 5.6 1/100 km of gasoline and 4.9 1/100
km of diesel [16]. The objective was reached in 2013 and in 2018 the average emission
was 120 gCOs/km. For what concerns the EU regulations, the current standard is
95 gCO4/km, and the future targets will be 81 gCO,/km by 2025 and 59 gCO, /km
by 2030 considering emissions expressed in New European Driving Cycle (NEDC)
(New European Driving Cycle) terms.

Furthermore, the penalties can be very important, leading to an estimated 14.5
billion euros fine for 2021 considering the top 13 automotive OEMs [17].

Similar objectives are present in North America, with Canada and the US tar-
geting 99 gCOy/km by 2025 [15].

These strict emission targets are practically impossible to meet with a conven-
tional ICEV, thus these new regulations are pushing all the main OEMs to develop
alternative powertrain solutions to reduce their fleet CO, emissions. In fact, all
the major OEMs are currently investing in PHEVs and BEVs and, specifically, on
dedicated EV platforms, in order to reach these goals [13].

1.1.3 BEVs Benefits and Challenges
In the following table the benefits and challenges of BEVs with respect to con-

ventional powertrains are listed and will be explained in detail in what follows.

Table 1.1: BEVs benefits an challenges compared to traditional vehicles

E-motor Benefits Battery Challenges
Higher efficiency Low energy density
e Emissions reduction e High weight

e Complex vehicle packaging

Optimal torque-speed characteristic ~ Long recharging time
e High acceleration performances

e Smaller and lighter transmission

Reversible machine Lower durability and safety concerns

e Regenerative braking e Complex management system

High durability and lower complexity High costs
e Lower operating cost

Lower noise pollution

The main benefits of the electric powertrain come from the almost optimal char-

>
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acteristics of the electric motor, which make it extremely suitable for vehicle trac-
tion. One of the most relevant advantages is its higher efficiency when compared
to internal combustion engines. This makes BEVs capable of reducing the energy
consumption and thus the CO, emissions when compared to ICEVs also consider-
ing the use of the same fossil fuel as the primary energy source [18]|. For a proper
evaluation, it is necessary in this case to consider the so-called “Well-to-Wheels”
efficiency. Despite being much less efficient in the “Well-to-Plug” energy transfer,
with an efficiency of about 45% compared to 80% “Well-to-Tank” efficiency of the
ICEVs, BEVs catch up with the higher “Plug-to-Wheels” efficiency, leading to an
overall efficiency up to 35% against 25% of the gasoline ICEVs [18]. This results in
a driving emissions reduction from 40% to 60% [19, 20].

However, to gather the complete picture it is necessary to look at the total lifecy-
cle emissions of the vehicle, accounting for the emissions from manufacturing, vehicle
use and end-of-life. In this case, the GHG emissions during battery manufacturing
heavily affect the overall lifecycle emissions of BEVs. Despite that, the overall life-
cycle emissions of BEVs are still at least 17% lower than the ones of ICEVs [19; 20].
These evaluations were made considering the current energy sources mix, while if
considering wider use of renewable energy, the CO, emissions reduction from BEVs
could be up to 90% [19]. To further reduce the end-of-life impact of BEVs several
solutions have been proposed to recycle or reuse the valuable battery pack and its
constituents, which are the discriminant elements between BEVs and conventional
vehicles during dismantling and recycling. Battery recycling will play a crucial role
in reducing end-of-life emissions as well as minerals extraction and manufacturing
emissions. This will allow to reduce the cost of the battery and the whole vehicle |21]
while coping with a base element supply (Lithium and Cobalt) which is predicted
to be struggling to meet the demand by the year 2035 [22]. In addition, “battery
second life” is another possibility to reduce the BEV end-of-life emissions. When
the battery loses more than 20% of its capacity it is no more suitable for automo-
tive applications, but still sufficient to be used in less demanding applications like
stationary energy-storage services 23], 24].

Apart from the previously mentioned environmental advantages, BEVs customers
can benefit from several other advantages of the electric powertrain.

The electric motor presents the optimal torque-speed characteristic for vehicle
traction, shown in figure[L.5] starting with a constant torque region with high torque
availability at low Revolutions per Minute (RPM), and followed by a constant power
region up to the maximum rotational speed. This allows, even with a simplified
transmission system with a single or in general few gear ratios, to cover the whole

vehicle operating range from hill start to maximum speed. Furthermore, thanks
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Figure 1.5: Typical electric motor traction characteristics

to the high torque at low RPM, BEVs show higher acceleration performances than
their ICE counterpart. The electric powertrain is consequently smaller and lighter
both because of the smaller size of the electric motor and the simpler transmission
system, usually constituted by a fixed gearing. In addition, the electric motor allows
to easily perform active control systems by tuning the output torque with a fast
response time.

Another advantage of using an electric motor comes from the reversibility of
the electric machine, the regenerative braking. By using regenerative braking, it is
possible to recover a large amount of kinetic energy which is usually lost through
heat in the braking system, further increasing the energy efficiency of the electric
powertrain [2].

A third advantage is the lower operating cost for the customer. Despite the
higher initial cost, BEVs are in general more cost-effective to maintain since there
are fewer mechanical components and no exhaust aftertreatment system. Moreover,
the cost per driven mile can be less than half of the equivalent ICEV thanks to their
higher efficiency and the regenerative braking |2} [25].

To conclude, although not as notorious as air pollution, noise pollution represents
one of the most impacting social and environmental costs of road transport. BEVs
have the potential to reduce noise pollution, especially in urban areas, thanks to the
lower noise produced by the electric motor when compared to a ICE |26, 2].

After discussing the main benefits of the battery-electric powertrain, it is funda-
mental to critically also analyze the challenges that this technology is facing.

The main concerns regarding BEVs are currently associated with their energy
storage medium, the battery pack. In the last decades, Li-ion batteries have become
the preferred choice for BEVs thanks to their relatively high energy density and good
durability [22]. However, the energy density of the battery pack is not comparable

with one of the fuels. This leads to a compromise between weight increase and
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driving range on a single charge. On average the typical ICEV has a range on a
single fuel tank of more than 600 km. The best performing BEVs instead can reach
about 500 km on a single charge, with the best-in-class approaching or narrowly
exceeding the 600 km range |27]. Furthermore, to reach these ranges, due to the
limited battery energy density, BEVs weigh on average 24% more than their ICEV
counterpart |28] which harms the dynamics of the vehicle.

The current state-of-the-art technology for automotive batteries is constituted
by Li-ion batteries which can reach energy densities close to 270 Wh/kg [10]. In
addition to that, the cells need to be integrated into a proper battery pack which
needs to guarantee support, safety, and thermal management of the cells |2|. Thus,
the actual energy density of the battery pack reduces to values close to 150 Wh /kg
and 200 Wh/1 for the volumetric energy density, with the best-in-class reaching
energy densities of 180 Wh/kg and 250 Wh/1 [10].

In figure it is possible to see an example of a pouch battery cell and the
complete battery pack from the Volkswagen id.3 [10].

cell-level pack-level

270 Wh/kg 170 Wh/kg
690 Wh/I 250 Wh/I

Figure 1.6: Energy density comparison, VW id.3 cell and pack [10]

This implies an increase in the weight of the vehicle as well as packaging issues
due to the bulky battery pack, whose positioning needs to be carefully evaluated
both for vehicle dynamics and occupants ergonomics.

To have an accurate comparison with conventional liquid fuels it is worth con-
sidering the effective energy density pg, obtained by multiplying the gravimetric

energy density of the energy source, py, and the efficiency of the powertrain 7,:

PE = pg X ’r]p (1].)

Despite the higher powertrain efficiency, the effective energy density for BEVs is
just about 4% of the effective energy density of common liquid fuels [27]. Due to
the battery energy density limitations, it is thus fundamental to save weight in any

other component, to improve both the electric mileage and the vehicle dynamics.

8
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Another concern, directly related to the low battery energy density is the long
recharging time. In fact, in addition to the limited range, the slow recharging time
adds more issues to the vehicle management. Despite the large improvements in the
recharging infrastructure, there are still limits on the maximum energy transmission
during recharging. The limits to the recharging are both in the battery cells, which
can accept a limited current without damages, but also in the recharging cable
and connector which need to be of manageable size but avoid overheating [27].
Currently, the maximum recharging peak powers are around 250 kW, and by 2030
it is expected to reach 350 kW, by the use of water-cooled cables and connectors
as well as higher recharging voltages in the order of 1000 V [29]. While with this
fast-charging technology it is theoretically possible to recharge 100 km of range in
just 3 minutes [30], the real case scenario shows that one of the fastest charging
vehicles, the Porsche Tycan, takes 10 minutes for a 100 km recharge 31|, compared
to less than ten seconds of refuelling on an ICEV [27].

The durability of the battery is another issue as well. The electric battery ages
and its actual capacity decreases with ageing. Fast charge and operating conditions
far from the ideal range accelerate the ageing process [27]. Thus, it is crucial to
optimize the battery chemistry both for fast charge capability and slow ageing,
while still reducing the battery cost [22].

As a matter of fact, the battery accounts for more than 30% of the vehicle cost,
which leads to a vehicle cost increase of up to 35% more than an equivalent ICEV
[32]. To make BEVs competitive with ICEVs it is fundamental to reduce the battery
cost through new and more sustainable production processes which can reduce the
battery price by up to 20% [32].

The battery pack needs also to integrate proper structures for thermal manage-
ment to keep the cells in the optimal operating range between 25°C and 35°C, which
is just a small portion of the operating temperature range of a vehicle (—30°C -
+60°C). This is necessary to guarantee the performance, durability, and safety of
the battery [33].

In addition to the thermal management safety concerns, crash safety is another
critical aspect since cell damage could lead to fire or explosion. It is thus necessary
to devise an appropriate crash absorbing structure to avoid further hazards from
the battery pack [2].

1.1.4 The Need for Dedicated BEV Architectures

To overcome limitations and better exploit the advantages of the electric traction
illustrated in section it is fundamental to develop integrated platform solutions

for the new BEVs. The integration of all the main structural and powertrain com-
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ponents is crucial to cope with the limitations of the energy storage medium. An
optimal integration allows to improve the weight efficiency of the structure, thus
leaving room for battery capacity increase or simply reduction of the vehicle weight,
both in favour of a longer range. An integrated platform makes it possible to inter-
connect and exploit at best the different BEV subsystems, from the underbody and
battery pack to the suspension system and electric motor as well as the powertrain
thermal management system.

Figure shows an example of a dedicated and integrated BEV platform from
Benteler, highlighting the main subsystems of the electric vehicle.
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Figure 1.7: BENTELER Electric Drive System 2.0

In particular, the integration of the underbody structure and the battery pack
permits to exploit both structures to reach the desired static, dynamic and safety
performances. Optimal integration of these two subsystems is critical for vehicle
packaging and passenger ergonomics. Given the high battery weight, its placement
will affect the vehicle dynamics while its structure can contribute to enhance the
stiffness of the whole Body in White (BIW). This integration is also fundamental
to reach the required safety levels, both for occupant and battery cells protection in
the event of a crash [2] [34].

In addition to the high integration of the main structural and powertrain compo-
nents, the majority of the global OEMs are developing highly modular solutions for
dedicated BEV platforms. Modularity will play a critical role in the design of the
new BEVs since it will allow to cut development costs and time by exploiting the
same platform across a wider range of vehicle segments, thus increasing the Return
on Investment (ROI) [13].

10
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1.2 Purpose of the Study

The objective of this research project is to provide a novel and relevant academic
study as well as improve the know-how of the industrial partner.

Considering the importance that BEVs are gaining in the passenger vehicle mar-
ket and the need for new dedicated and integrated BEV platforms, this project
focuses on the integration between vehicle underbody and battery pack, which have
been analyzed from a structural point of view.

The project is subdivided into two main sections, the first concerning the state-
of-the-art analysis and the second one dedicated to the Finite Element Method
(FEM) modelling of a simplified platform, to investigate the optimal design choices
and establish design guidelines for the future platforms.

In first section, a benchmarking analysis is performed, which establishes the main
design trends and choices for dedicated BEV platforms, in order to understand the
most influential parameters needed to guarantee superior structural performance
and optimal integration between the main underbody frame and energy storage
medium. In the analysis, several vehicles are compared to highlight key differences
and common traits both for what concerns the underbody frame and the battery
pack structure.

Figure [I.8]shows an example of the integration of vehicle underbody and battery
pack. The vehicle illustrated is the Jaguar [-PACE, which features a BEV-native
aluminum BIW and a battery pack exploiting almost all the central floor region,

thus reaching a high level of integration among the two structural systems.

Figure 1.8: Jaguar [-pace underbody-battery pack integration, underside view

After a first analysis, the most relevant parameters were collected to define a
classification scheme, able to highlight the key performance factors. This tool was
developed to be used as a benchmarking comparison device as well as a preliminary
concept selection tool to support the preliminary design phase.

The second part of the project uses the outcomes of the benchmarking analysis

and the elaborated classification scheme to develop a simplified underbody and

11
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battery pack model and study the most relevant design parameters to search for
validated design principles for these structures.

The analysis was performed using a parametric Finite Element Analysis (FEA),
which through a Design of Experiment (DOE) was used to highlight the most influ-
ential design parameters. The objective of the analysis is to investigate the static
stiffness and Noise, Vibration, and Harshness (NVH) performances of the structures
while trying to minimize the weight of the system. Following this analysis, the ob-
tained results were collected and elaborated into validated design guidelines and an
optimization was conducted to prove and validate the potential of the derived design
principles for dedicated BEV PLDV platforms.

Figure [I.9] illustrates the project framework with all the main components and
functions of the two subsystems, underbody and battery pack which are integrated
into the underbody-pack system to provide the desired static and dynamic perfor-

mances while still aiming at optimal lightweighting and system complexity.
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Figure 1.9: Main framework for integrated underbody and battery pack design

1.2.1 Importance of the Study
As already mentioned in section [[.1.4] the growth of the BEVs market pushes the

OEMs to develop new dedicated platforms for electric vehicles which, to reach op-
timal efficiency levels and guarantee an adequate ROI, need to be highly integrated

and modular.

12
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The elaborated classification scheme will be a valuable device for current and
future BEVs benchmarking analysis. Through the use of the classification scheme,
it will be possible to identify the main industry trends for underbody and battery
pack design to have a thorough overview of the current state-of-the-art technology.
This will lead to understand the most influential parameters as well as the principal
design choices, allowing to follow the development and the critical features of this
new vehicle architecture concept.

Starting from the benchmarking analysis the project defines validated guidelines
for the design of integrated underbody and battery pack platform. Using FEA and
a DOE, it was possible to investigate the most critical parameters and the design
choices that are more suitable for a new dedicated BEVs platform.

The resulting guidelines will provide a useful starting point for new and more
deepened studies on BEV platforms, specifically, for Stellantis, the industry partner
of this project.

Figure [I.10] summarizes the main driving factors which are pushing OEMs to
develop a dedicated BEV platform and, thus, highlights the importance of this

study in the context of the current automotive industry and market developments.
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Figure 1.10: Driving factors towards dedicated BEV platforms, adapted from
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1.2.2 Project Scope and Hypothesis

The project focuses on the efficient design of an integrated underbody and battery
pack for a passenger electric car. Considering PLDV the work was concentrated
on the unibody architecture, with no specific investigations on the body-on-frame
solutions, which can still benefit from the result of the analysis. A specific vehi-

cle segment was chosen for this study, considering a trade-off between the current

13
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European and North American markets. The choice fell on the C-segment, with
particular attention to compact crossovers since, from the current market trends, a
large number of compact BEV Sport Utility Vehicles (SUVs) are expected over the
next five years |13].

Figure |1.11| shows an example of a PHEV C-segment crossover from Stellantis
which was used to define the main dimensions for the development of the simplified
BEV platform model.

Figure 1.11: Jeep ® Compass 4xe Plug-In Hybrid [35]

A parametric Computer-Aided Design (CAD) model was developed according
to the state-of-the-art assessed by the benchmarking analysis. The model was ad-
equately simplified to avoid loss of generality and to keep the problem solvable
according to the available time and resources.

The project investigates solutions and design best practices for the underbody
and battery pack of BEV, considering these two as subsystems of the whole vehicle
system. For sake of simplicity, the analysis of the surrounding vehicle subsystems
like suspension, electric motors, BIW top hat, etc. was excluded from the study
to focus on the integration of the two subsystems under analysis, and complete the
project in the available timeframe, obtaining functional and validated results.

The parametric model was developed to analyze the structural aspect of the sys-
tem, under static and dynamic loading. The modelling of the battery pack was lim-
ited to its structural enclosure and components, with the battery modules accounted
only as distributed masses, but particularly relevant during dynamic loading. The
modelling of the Battery Thermal Management System (BTMS) and the electrical
behaviour of the battery pack were not considered for the scope of this project.
Different structural configurations were designed and analyzed through a series of
FEM analyses to investigate the most influential design parameters and obtain an
optimized low-weight solution that can satisfy the performance requirements. The
design space was appropriately restricted in order to limit the design variables and
the number of FEM models to be constructed and analyzed.

In the end, the more convenient design choices were determined and guidelines
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for the development of this type of integrated underbody were derived.
Thanks to the parametrical nature of the model, it will be possible in the future
to investigate the possibility of having a modular platform, both for what concerns

the battery pack and for the whole underbody.
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2  Literature Review

The review of the available literature was the first step of the project. Since from
the beginning, it was clear the scarcity of scientific material on the study of the in-
tegration between the battery pack and vehicle underbody. In fact, at present, this
know-how is highly valuable for OEMs and thus difficult to find in dedicated aca-
demic studies. The BEV technology is still relatively new and thus all the strategic
knowledge, such as the design of new platforms, is kept under industrial secret.

To exploit at best the available resources, the literature review was subdivided

into two main steps:
e Review of the general concepts for underbody design
e Research of material dedicated to BEV platforms

Specifically, the research of dedicated studies on BEVs and BEV platforms were in

turn subdivided into three macro-categories:

e Article and Reports: mainly related to battery pack technology and crashwor-

thiness, with useful hints for the FEA and optimization procedures

e Registered technical patents: mainly related to underbody and battery pack
and their crashworthiness, with useful hints for the general design layout of the

system

e Benchmarking resources: accessed mainly through the portal A2macl.com, web-
sites of the OEMs and automotive magazines, used to understand the current
state-of-the-art and investigate the most adopted technical solutions. These

resources will be analyzed in-depth in chapter

In the following, the main outcomes of these different steps are illustrated to

describe the background knowledge on which the project was built.
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2.1 Underbody Design Principles

The vehicle frame architecture has largely evolved during automotive history, but
the underbody has always been the most important component of the car body.
Currently, two separate approaches are present depending on the type of vehicle: for
commercial and heavy-duty vehicles the body-on-frame is still the dominant solution,
while for passenger cars the so-called unibody is the dominant design. This project
is focused on the design of an underbody of a passenger vehicle which is meant to be
integrated into the unibody structure with the vehicle upperbody. Body-on-frame
architectures were not considered since out of the scope of this analysis.

Given the great importance of the underbody for the performances of the whole
vehicle body, OEMSs invest a lot of resources in its development and then exploit the
developed platform with several vehicle upperbodies configurations |2, 136].

During the last decades, the underbody has undergone large evolutions, up to the
new concepts of BEV skate underbodies discussed in section The underbody
design of a BEV is, in general, an evolution of the ICEV know-how adapted to
the new necessities of the electric powertrain and, specifically, of the battery pack.
Despite the large changes in the design philosophy the main concepts are thus still
valid, and it is worth starting to analyze the fundamental principles of an ICEV
underbody to better understand the ones dedicated to BEVs.

Figures and illustrate the main components of the vehicle underbody,
which are here analyzed following the descriptions presented by Morello et al. and
Khajepour et al. in their books [37, [2].

e Front side member. The front side members are usually made out of a closed
boxed beam with a rectangular section. They can be made out of stamped steel
sheets joined by spot-welding or by hollow aluminum extrusions. Their main
function is to absorb the frontal crush energy by a controlled collapse mechanism
which is promoted by weakening dents that lead to local instabilities and the
axial collapse of the element. In addition to that, the front side members bear
part of the load transmitted by the suspensions and by the engine mounts. Their
structure is also crucial in determining the bending stiffness of the vehicle body

being located at the extremity of the vehicle, far from the centre of gravity.

e Suspension tower. The function of this structure is to support the suspension
damping and elastic element and, depending on the type of front suspension,
may host the upper arm attachment points. The suspension tower also connects
the front side members with the upper side rails, exploiting the crash absorption

capabilities of this structure.
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e Lower front column. The lower front column or also lower A-pillar. These
structures support the front door and are a critical component in transmitting

the load, especially during crashes, to the rear part of the body.

e Firewall. The firewall panel connects the two lower front columns and separates
the front compartment from the passenger cabin. The firewall structure is usu-
ally stiffened by a cross-member which interconnects the front side members and
the lower columns. The structure of the firewall is crucially important for the

body’s torsional stiffness.

Firewall and stiffening
cross-member

Suspension
tower

Rear torque-box

Sill or Rocker

Front seats
cross members

Front

Front side members torque-box ~ Lower front
column

Figure 2.1: Audi A8 spaceframe with main underbody components highlighted,
front view. Adapted from

e Side rocker. The side rocker or sill is one of the main structural components of
the underbody. The sill design is one of the main parameters influencing body
stiffness, both in torsion and bending. Furthermore, it plays a crucial role in

side impact absorption.

e [Front torque-box. The front torque box is a stiffening element that connects
the side members to the sill allowing to have a stiffer structure and to transfer
the load from the front side members to the rocker. Its dimensions are usually
limited in the conventional ICE underbody while as it will be explained their

function will be crucial in dedicated BEV platforms.

e Underbody rails. The underbody rails constitute the backbone of the floor of the
vehicle. Originating from the rear end of the front side members, these beams
bend around the front wheel arch and down at the level of the floor. Their
main contribution is to the bending and torsional stiffness of the body as well

as constituting a crash direct load path from the front rails to the cabin floor.
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e Front seats cross-members. These structures contribute to stiffening the front
floor of the vehicle to allow adequate stiffness and strength for the seat mounts

and of the front cabin compartment in case of side impacts.

Underbody rail

Central tunnel

Central floor .
Rear side

members

Rear "=

Rear seats floor ; —
suspension tower

Figure 2.2: Audi A8 spaceframe with main underbody components highlighted,
rear view. Adapted from

e (entral tunnel. This structure is needed to have adequate space for the transmis-
sion shaft and exhaust system. It is still present also in front-wheel-drive vehicles
since it provides additional bending stiffness which has a positive impact also in

the crash load transmission.

e Cabin floor. The cabin floor constitutes the set of mainly flat panels connecting
the aforementioned rails and members. Their structure presents stiffening ribs
and channels to improve the rigidity and the NVH performances. In the rear
part of the vehicle, the floor raises to become the support for the rear seats. In
this region usually, two cross-members are present at the front and the back of
the rear seats. The volume under the rear seats is usually exploited by the fuel
tank.

e Rear torque boxes and side members. The function and shape of these structures
are analogous to the frontal ones. The rear torque box connects the sill to the
rear side members allowing to transmit the load of the rear suspensions and the

rear impact load, from the rear rails to the rocker rails.

e Rear suspension tower. The rear suspension tower houses the connection for the
rear suspension damper while usually the arms and elastic element connections

are located below the rear side members.
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2.2 Underbody Functions

After describing the main underbody components, it is worth mentioning the prin-
cipal functions and requirements of the whole underbody system. For the scope of

this project the most relevant functions are |2, [36):

e Structural function: among which static and dynamic strengths and stiffnesses

are of crucial importance for the dynamic and NVH performance of the vehicle

e Safety function: the underbody must guarantee appropriate protection for the
occupants and, in the case of BEVs, for the battery pack to avoid further fire or

explosion hazards to the passengers

These functions are here briefly described to have an idea of the performance require-
ments of a vehicle body. It is important to note that the following data are relative
to the entire body but despite that, they are still relevant since the underbody plays

the most critical role in determining these performance figures.

2.2.1 Structural Functions

The vehicle body must be able to resist to use and, occasionally, abuse loading both
under static and dynamic conditions. Examples of common static stresses are the
ones generated by carried objects and components or the parking condition with
one wheel on a road step. Dynamic stresses are instead generated by inertia loads
like from limit manoeuvres, hard braking or fast cornering, road unevenness and
obstacle overcoming. Excluding the crash loading, the loads derived from obstacle
overcoming are in general the most critical, causing accelerations up to 3g, and forces
in the order of 20 kN. Under these loads, the body components must guarantee the
structural integrity of the frame [36, 39]. Analysis of dynamic loads is in general
complex, thus, to account for the increased severity of these loads additional safety
factors are considered |2, 39).

Moreover, when loaded, the body must limit its deflection and vibration trans-
mission not to harm the vehicle dynamics and comfort. The body static stiffness
should be the highest possible while keeping the mass as low as possible. In this
way, lightweighting and suspension behaviour will be optimal thanks to a light and
stiff frame [36).

General reference data for BIW stiffnesses are around 11 kN/mm for the bending
stiffness and 1500 kNm/rad for the torsional one. |36, 40]. For the purpose of this
study, it is important to notice that it is difficult to obtain stiffness data for the
vehicle underbody, without upperbody, as well as data regarding the stiffness of the

underbody and battery pack system. From the available data, it is possible to see
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how the torsional stiffness of the isolated underbody can reach values as low as 200
kNm/rad, being less than one-quarter of complete BIW torsional stiffness [36].

For what concerns the NVH performances, global or local resonances of the body
must be avoided in frequency ranges that may interact with the natural frequencies
of other components. It is crucial to avoid body resonance in the frequency range of
the suspension’s resonance (commonly at 15-20 Hz) as well as avoiding resonances
that may lead to cabin noise due to the excitation of the cockpit cavity natural
frequency (commonly in the ranges 50-70 Hz and 120-140 Hz). Following these
considerations, the ideal first resonance mode both for bending and torsion should
be above 40 or better 45 Hz, while avoiding resonances, especially of the floor panels
in the range of the cockpit cavity natural frequency range. , .

2.2.2 Safety Functions

Together with the structural functions, the safety characteristics play a fundamental
role in the vehicle body design. The general concept is to ensure the integrity of
the passenger compartment, the so-called stiff cage concept and dissipating as much
of the kinetic energy through deformation of dedicated crumple zones. The aim
is to reduce the deceleration on the occupants to values around 30g as well as
reducing injuries to vulnerable road users. For BEVs, the critical aspect of crash
absorption is the side impact, given the limited crash absorbing structure that can
be implemented and its potential for causing damages to the battery pack and cells
, . The general concept is thus to dissipate as much energy as possible to local
plastic deformation to reduce deceleration levels and possibly keeping them at a
constant level. The crash dissipation must be performed limiting intrusions in the
passenger compartment and for BEVs in the battery pack.

Figure shows an example of the load path during a frontal and side impact,

illustrating how the load is absorbed and redistributed across the vehicle frame.

Figure 2.3: Mercedes Benz C-class front and side impact schematic load path

For what concerns crash energy absorption, the rear impact can be considered anal-

ogous to the frontal one.
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2.3 Battery Technology and Battery Pack

After illustrating the main design principles and functions of the vehicle underbody,
a brief introduction to the battery technology and battery pack design is provided
to focus on the crucial and distinctive system of BEVs platforms. This review aims
at highlighting the most relevant aspects of the energy storage system according to
the scope of the project.

The vehicle battery is a crucial and complex system, comprising, among the sev-
eral components, the energy storage medium i.e.: the battery cells, the structural
enclosures, the BTMS and thermal and electrical safety devices. The electric pow-
ertrain accounts for at least 50% of the vehicle cost, with the battery constituting
up to 35% of the overall vehicle cost, while in conventional ICEV the powertrain
accounts for approximately 16% of the vehicle cost. To give an additional view on
the relevance of the battery in the vehicle, it is worth noting that the battery weight
constitutes more than one-quarter of the vehicle weight, reaching masses close to
700 kg for the complete battery pack . It is thus crucial to focus on the battery
technology as well as the battery pack structure to reduce its complexity and cost
while improving its performance.

An example of the evolution of the battery pack design is shown in figure 2.4]
where the battery pack used by Volkswagen AG (VW) for their MQB platform in
2014 is compared to the newer MEB platform battery pack. The design simplifica-
tion is clearly visible, and it allowed VW to improve the vehicle performance and
range as well as reducing the by 50% the cost of the battery pack .

Figure 2.4: MQB platform and MEB platform battery packs in comparison, left

to right

In the following, a first introduction to the battery chemistry is presented to
better understand the energy density limitations of this energy storage medium and

next the attention will move towards the structural aspects of the battery pack from
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the cell up to the complete system. Since out of the scope of the project, the BTMS
and electrical management system will not be analyzed in depth.

Concerning the battery cells chemistry, Ding et al. in provide an overview
of the different available technologies for BEVs batteries. The current state-of-the-
art technologies result to be: Lithium Ferrophosphate (LFP), Lithium Manganese
Oxide (LMO), Lithium Nickel Cobalt Aluminum Oxide (NCA), and Lithium Nickel
Cobalt Manganese Oxide (NMC). The most promising chemistries at the moment are
the NMC and NCA, topping at around 270 Wh/kg and 250 Wh/kg, respectively.
Both technologies are expected to reach 300 Wh/kg by 2025. It is worth noting
that to reduce the entry price of BEV, many companies are using cheaper battery
chemistries such as LFP, as well as trying to use LMO and Lithium Nickel Manganese
Oxide (LNMO) chemistries to reduce the use of cobalt by using LMO, which is
expensive and expected to reach critical levels of demand versus supply in the next
fifteen years 24]. Figure shows a comparison of Li-ion batteries energy
density for different cathode chemistries and figure[2.5b|shows the trend in prismatic

cells energy density improvements.
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Figure 2.5: Trends for Li-ion batteries energy densities

Another crucial component of the battery is the anode material. At the moment
the most used is entirely made by graphite, but in the future silicon is expected
to deliver significant improvements thanks to its higher capability to store lithium
ions. At the moment its application is still difficult and expensive, but it is starting
to be applied as silicon oxides in small percentages [24]. To further increase the
performance of lithium batteries and overcome the NMC and NCA theoretical limit
of 350 to 400 Wh/kg, the only solution is to move towards solid-state battery tech-
nology [22]. However, several companies are investing in solid-state batteries which

are able, apart from increasing the battery energy density to improve battery safety
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and allow faster recharging. The challenges for mass production are still many, such
as high operation temperature, high cost and chemical stability [22] 24]. The first
solutions are expected to hit the market in 2023, with more coming after 2025 .

From the battery chemistry, the following step in the integration process is to
enclose its components in a battery cell. Three main approaches are present: cylin-
drical cells, prismatic and pouch cells. In cylindrical cells, the anode and the cathode
are winded and enclosed in a steel casing. The single cell is usually relatively small
reaching a capacity lower than 20 Wh. Prismatic cells use a similar concept to the
cylindrical cells, enclosing winded or folded electrodes in an aluminum or steel en-
closure with a capacity of around 700 Wh per cell. Lastly, the pouch cells enclose
the electrodes in a soft packaging reaching cells capacities up to 300 Wh and usually
showing the highest energy densities . The described battery cells from factors

are reported in figure [2.6]

Cylindrical Prismatic Pouch
- = =
; |
l\ - ////@/
= 3 s
Steel casing Steel or aluminum casing Soft packaging
capacity < 20W capacity = 700 Wh capacity = 300 Wh

Figure 2.6: Comparison between different lithium battery cells form factors

The next stage is the integration of the cell into a battery pack structure. In
the following, the main function and critical aspect of the battery pack are reported

according to the description presented by Khajepour et al. in [2].

o Structural stability. The battery pack must be designed to support and to be
properly linked to the underbody to sustain the relevant mass of the battery cells

during static and dynamic loading and granting adequate NVH performance

e Placement. The battery pack should be placed as low as possible to lower the
center of gravity of the vehicle and improve its dynamics performances. The
battery placement is also crucial to determine the vehicle packaging and the

occupant ergonomics

o Improvement of underbody stiffness. Apart from installing it in an adequate
location, the battery pack should possibly improve the rigidity of the underbody

by stiffening it when mechanically coupled
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e C'rash protection. The battery pack must be placed and protected through ade-
quate crash absorption structures to avoid damages to the cells and possible fire

or explosion due to cell breakage.

e Thermal management: The battery cells need to be maintained in the optimal

operating range between 25°C and 35°C, both by heating and cooling

e Protection from external environment. The battery pack must provide adequate
protection from road debris and puncture to avoid damages to the cells. Ade-

quate ground clearance and pack shielding are necessary

Figure [2.7] shows a schematic representation of a battery pack design, including its

main components.
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Figure 2.7: Stainless steel battery pack concept

Several studies are specifically dedicated to the design of the battery pack.

Uwai et al. in describe the design choices implemented in the first version of
the Nissan Leaf. The dedicated platform was developed to protect the battery pack
in the event of a crash, both by limiting the damages and by ensuring no accidental
high voltage discharge with automatic shutdown sensors and fuses. The battery
pack concept consisted of a stiff battery frame located underfloor in between the
underfloor rails. The side sill and underfloor rails act absorbing the impact and
limiting the forces on the pack. The floor cross-members are disconnected from the
sill to avoid transmission of lateral loads to the battery pack, which during the crash
is practically floating in the underfloor and remaining undeformed.

Arora et al. in present a review of several mechanical design features to
overcome the safety and reliability concerns of battery packs. Several patents and
automotive standards from SAE and FMVSS are analyzed and reported. The key
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components for a robust battery pack design are illustrated especially for what
concerns thermal protection in case of battery fire, vibrational protection, crash
protection, and strategic battery placement guidelines.

Shui et al. in [52| performed an optimization analysis on a simplified battery
pack structure. The analysis started from a predefined geometry and was optimized
through the use of response surfaces. The objective was to decrease the mass and the
constraints were maximum deformation under cells weight lower than 1.5 mm and
minimum resonance frequency higher than 70 Hz. The design was then validated
through an experimental test on a prototype of the battery enclosure. Further
studies are needed for crash optimization and integration with the vehicle.

Wech et al. in [53] performed dynamic impact tests on several battery packs from
the BMW lineup. The dynamic test was required to improve the testing prescribed
by regulations which are limited to static loading. The impact load exceeded the
typical crash forces, but the battery packs were able to sustain the load. Two
main concepts were studied proving to be both effective: stiff housing limiting the
intrusions and compliant internal structure tolerating intrusions. In both cases, the
battery should be located in a stiff and protected region of the underbody to limit
the load transmitted directly to it.

For what concerns the integration of the cells in the final pack, the current
approach is the so-called “cell-to-module-to-pack” to integrate the cells in modules
connected in parallel or series and then to locate the modules in the battery pack
enclosure (figure . A crucial aspect is the cell integration efficiency, which is
an index of the loss of energy density when passing from the single cell to the
final pack. The higher this value the higher the effective density of the battery
pack allowing for a lighter and more compact solution for the same capacity. The
“cell-to-module-to-pack” is currently limiting the gravimetric energy density of the
battery pack to 60%-70% and the volumetric energy density to 30%-40% of the cell
energy density. The integration approach in the future is expected to shift towards
the “cell-to-pack” integration, which skips the cell grouping into modules. The first
solutions using this technology reveal a gravimetric cells integration efficiency of
over 80% and volumetric integration efficiency over 60%. This allows to improve
the pack energy density or reduce drastically its costs by using a cheaper and less
energy-dense chemistry but exploiting it at best with better integration. The last
evolution step in cells integration is the “cell-to-vehicle” approach. In this case, the
cells are directly inserted into the car underbody effectively becoming part of the
structure |24]. The structural adhesive is used to bond the cells to the underbody
floor panels as a honeycomb structure, giving an integral and structural function to

the cells. This application seems to be limited to cells form factors that provide a
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Figure 2.8: Comparison between different cells integration approaches |\

self-sustaining structure, such as cylindrical and prismatic, leaving out the pouch
cells which have a soft enclosure [54, 24]. Several OEMs are planning to bring
this new cell integration technology before the end of the decade [24]. These new
approaches will allow reducing the cost and complexity of the battery pack while
improving its energy density, thus reducing its mass and volume. The described

cells integration approaches are graphically represented in figure [2.8]
2.3.1 BEVs Architecture

Following the analysis of the battery pack and its most relevant characteristics, the
previously reported information was merged reviewing the available literature on
the design of the BEVs platform architecture. The analysis was concentrated on
the structural aspects, with a special focus on the underbody design concepts which
were developed in past studies. Due to the scarcity of content dedicated to BEV,
some of the reported studies are not directly related to electric vehicles but are still
a source of valuable information for the development of the project methodology.
A dedicated design for BEV platforms and appropriate design choices are crucial
to exploit the benefit of the electric powertrain and achieve vehicle lightweighting.
Vasiliadis in highlights the necessity for vehicle lightweighting which can
potentially decrease the global energy consumption and, especially for BEV, increase
the driving range or allow the use of a smaller and cheaper battery. This can be
achieved by integrating a lightweight battery concept with a BEV dedicated BIW
presenting high modularity, low weight, and being able to reach economy of scale.
The author sets ad a reasonable cost for weight reduction of around 8€ /kg through
which more than 40% of the weight can be cost-effectively reduced. The suggested
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approach consists of selectively applying advanced materials such as high-strength
steels, aluminum, and magnesium alloys in conjunction with multi-material joining
technologies.

Lesemann in the collaborative Advanced Electric Vehicle Architectures (ELVA)
project , with the contributes of CRF, Renault, Volkswagen and Continental
studied in 2010, three possible BEV architectures by forecasting the technology
available in 2020. The developed concepts are shown in figure 2.9

Volkswagen Centro Ricerche FIAT (CRF) Renault

Figure 2.9: Advanced Electric Vehicle Architectures (ELVA) project developed
concepts [57]

Despite being quite far from the current BEVs, the project is still valid for the
followed approach and especially for the classification scheme used to rank the per-
formance requirements and results of each design.

Currently, OEMs are working to develop dedicated and modular BEV platforms,
inspired by the skateboard design introduced in section[I.1.1 and showing similarities
and differences in design concepts. One example is the VW MEB platform, which
is a skateboard modular platform, expected to sell 15 million vehicles by the year
2025 with models spacing from compact C-segment cars, up to seven-seater SUVs.
The platform is a steel-intensive platform with an aluminum battery pack using
pouch cells [58, [59] [44]. The platform is also expected to be used by Ford for the
European market. Another OEM investing in electric platforms is General Motors
(GM), which unveiled an architecture with pouch cells battery pack. The platform
is planned to be shared with Honda. In addition to these manufacturers, several
other OEMs and startup companies are investing in BEV platforms and the number
of BEV models on the market is expected to increase exponentially over the next

five years [58, [60].

Another relevant study was the one by Erriquez et al. on the Trends in FElectric
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Vehicle Design |61}, 62]. Through a benchmarking analysis, the authors focused the
study on the improvements in battery technology and architectural choices that allow
OEMs to cut down production costs. Due to the low differentiation possibilities of
electric vehicles, manufacturers need to save costs on all the components to guarantee
adequate profits. The current focus is on the design-to-cost approach, thus, the trend
is towards the use of a validated and cost-effective stamped steel architecture, rather
than extensive use of lightweight materials. Furthermore, the battery remains still
the most expensive component, so OEMs are trying to optimize the vehicle BIW
for optimal cost-effectiveness. Similar considerations are presented in [59] according
to which newly developed Advanced High Strength Steel (AHSS) are especially
suited for BEVs thanks to their lightweighting capabilities, lower cost for large-scale
production and lower manufacturing CO, emissions.

The other reviewed studies are related to FEA analysis of BIW structures, par-
ticularly relevant to better understand the different approaches in the analysis and
optimization of these structures. Despite not being directly focused on underbody
design, these studies are useful for the followed methodological approach and will
be exploited in the next steps of the project.

Zhang et al. in [63] conducted a Multi-Disciplinary Optimization (MDO) on
a BEV BIW in order to minimize the mass while maintaining constraints on the
static and dynamic stiffness as well as on the roof crash performances. The study
is relevant for the used methodology and FEA techniques. The vehicle floor, roof,
rocker panel and side panels are optimized changing their stiffness. However, the
researcher did not investigate the influence of the battery pack structure and the
resulting static stiffness and resonance frequencies are much lower than the reference
industry values, thus suggesting further studies are needed to investigate the battery
pack influence and to make the model more resemblant of the actual vehicle.

Park et al. in [64] conducted a material arrangement optimization for an auto-
motive BIW to assess the location in which applying a lightweight aluminum alloy
would provide the largest benefits while meeting the performance standards in bend-
ing and torsional stiffness. The optimization was made by a first screening of the
variables, selecting the most significant components of the BIW for the second op-
timization phase. The provided indications on which components could be made
out of aluminum to save weight without performance losses, reaching a 27% weight
reduction when compared to the baseline model. The material arrangement results
are shown in figure 2.10]

It is worth noting that one limitation of the study is the simple material substitution
without changes in components thickness. This leads to a more compliant structure

if aluminum is chosen due to its lower young modulus. Further studies are needed
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- Steel
:I Aluminum

Figure 2.10: Optimized material arrangement configuration \]

to investigate if increasing the stiffness of the aluminum components further weight
saving may be possible by applying aluminum to a wider range of BIW components.

Lei et al. in described three different approaches to optimize the design of
a B-pillar under lateral impact. The approaches consisted of optimizations based
on material substitution with and without cost penalty to reduce the mass while
limiting the intrusion below 350 mm and the intrusion velocity below 11 m/s. Par-
ticularly relevant is the material substitution technique, which accounts for the lower
aluminum Young modulus when replacing a steel-based component.

In this regard the “Design with Aluminium” was reviewed, to understand the
advantages and limits of using aluminum for BIW components, as well as its design
procedures and applicability. The manual illustrates the techniques to substitute
steel-based components with aluminum-based ones while maintaining the desired
performance level. These concepts will be further expanded in chapter 4] when

discussing the definition of the simplified model.

2.3.2 Relevant Patents

In addition to articles and reports, another source of information came from several
filed patents. In what follows the most relevant findings from registered patents
regarding BEVs and battery packs are briefly reported. Of great relevance were the
patents drawing, of which some examples are here reported.

Tesla Inc. is the assignee of several patents concerning BEVs and especially
battery pack and underbody structure. In [67] it is described the integration system
for the vehicle battery pack and underbody with special attention to the battery
pack structure and connections to the underbody (figure [2.11a). Another relevant
patent is which describes the rear vehicle torque boxes, a critical connection

structure between rockers and rear side members (figure [2.11h]).
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(a) Battery pack integration \\ (b) Rear torque boxes design

Figure 2.11: Tesla underbody battery integration and rear torque boxes design

The patent outlines the design of a lateral crash absorption structure located

inside the door sill, together with the sequence of collapse under a pole impact

(fgure 1),

Figure 2.12: Tesla side impact absorption structure

General Motors provides in the patent an accurate description of the battery
pack structure which is close to the one implemented in the Chevrolet Bolt. The
battery pack presents several stiffening cross and longitudinal members (figure

Hyundai Motor Co. presents in the patent a description of a dedicated BEV
underbody with particular attention to the torque boxes design (figure .
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Figure 2.13: GM battery pack design
‘| Figure 2.14: Hyundai BEV platform

Volkswagen AG describes in the external and internal structure of its mod-
ular battery pack, implemented on the MEB platform (figure [2.15]).
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Volvo Car Corp. registered in [73] a solution for a battery pack surface stiffen-
ing by tapered structures, able to redistribute the load under side impact to limit
damages to the battery cells (figure [2.16)).

Figure 2.15: VW battery pack struc- Figure 2.16: Volvo battery pack struc-

ture ture stiffening

Magna Steyr presents in [74] a solution for a battery pack, with top enclosure
acting as vehicle floor and bottom detachable enclosure to allow easier maintenance

of the battery modules.

2.3.3 New Underbody Concept

To conclude this section, it is clear that the new era of BEV is being built on a
new underbody and platform concept. As already discussed previously the new
underbody designs are based on a skateboard architecture concept.

The archetype of this design was the 2002 AUTOnomy concept from GM, already
illustrated in section [[.1.1] figure [I.2] This concept was then evolved and adapted
to the BEV architecture.

The basic idea is to have the central portion of the BIW underbody occupied
by a large and mostly flat battery pack constituting the ideal board , .
This allows to exploit the underfloor region to house the bulky battery, reducing
the impact on the vehicle packaging and keeping a low center of gravity [60} [2].
The other drivetrain components are integrated into the lower part of the BIW by
additional subframes and attached to the central portion of the vehicle.

This architecture offers more flexibility to the design of the vehicle, with a simple
architecture concept that is dedicated to exploit the advantages of BEV powertrain
and coping with its challenges , .

In figures 2.17a] and 2.17D] an example of two dedicated BEV skateboard archi-

tectures from Hyundai and Ford are shown.

As already reported the crucial aspect of this design is thus the integration of
the underbody structure with the battery pack, which need to work in conjunction
to guarantee static, dynamic and safety performances .

The key components and distinctive elements of this new underbody concept will
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(a) Hyundai E-GMP (b) Ford GE1

Figure 2.17: Examples of dedicated BEV platforms

be further described and investigated in chapter [3] when the study will go deeper in
the benchmarking analysis, illustrating the different interpretations that the OEMs

are using in this new platform design.
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Classification Scheme

Benchmarking is the process of analyzing and comparing different corporates perfor-
mances and solutions, understanding the state-of-the-art of a certain technological
field. For the scope of this project, the benchmarking analysis was focused on the
comparison of different design solutions and implementations for underbody archi-
tecture and battery pack structure. The analysis compared vehicles from different
OEMs as well as from different generations of BEV, allowing to assess similarities
and differences in the design choices, and as evaluate the evolution in design ap-
proach with the new developments in the field.

The chapter illustrates the methodology used to conduct the analysis and presents
the developed classification scheme, explaining its building blocks and its possible

future uses and improvements.

3.1 Methodology

This section illustrates the methodology used to conduct the benchmarking analysis,

introducing the used resources, and outlining the analysis procedure.

3.1.1 Benchmarking Material and Resources

The first step in the analysis was the selection of adequate and reliable benchmarking
sources. The main source for the analysis was the automotive benchmarking portal
A2macl |10]. The portal was used to retrieve data and images about the vehicle of
interests, exploiting, in particular, the following sections, which are here reported

according to the respective description that A2macl provides [77]:

o Autoreverse and 3D Autoreverse. The service provides a database of 800 vehicles
that have undergone the teardown process and an average of 1500 parts per
vehicle is analyzed providing data including mass, dimensions, fasteners, images,

and 3D scans. The 3D analysis allows to view a reconstruction of the vehicle
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Digital Moch-Up (DMU), allowing to take measurements, and generate exploded

or section views.

e tFEV Powertrain. The service consists of the complete teardown with pictures
and 3D scans of the electric powertrain and high voltage system including the
traction battery, the e-motors, the power electronics, and the thermal manage-
ment system. The analysis include also data on the chemistry and structure of

the battery cells and the architecture of the battery management system.

e BIW. The service provides a 3D scan of the complete BIW assembly, pictures of
internal reinforcements and 360° panoramic views. The BIW is disassembled in
the individual panels, generating schematics and assembly tree diagrams. Mate-
rial thickness, hardness, strength, joining technique and chemical compositions
are provided for the different panels. Drawings of the most relevant BIW cross-

sections are available as well.

Additionally, to the a2macl.com portal, data were retrieved mainly through the
OEMs websites, automotive websites and magazines like QUATTRORUOTE |78|.
For what concerns the crash safety data, vehicles ratings were collected from Euro-
pean New Car Assessment Programme (Euro NCAP), Insurance Institute for High-
way Safety (ITHS) and National Highway Traffic Safety Administration (NHTSA)
reports.

In the following, some examples of the material available from A2maci [10],
are reported to better illustrate the analysis methodology. The study exploited
the teardown pictures available on the portal, as well as the 3D scan of the different
vehicle components, together with weight, dimension, and material information data.
Further data were collected from the above-mentioned dedicated studies performed
by A2macl, particularly from the BIW Analysis and xEV-Powertrain. For what
concerns the BIW, and specifically the underbody, data regarding the design of the
main structural cross-sections as well the materials, thicknesses, and weight of the
various BIW components of interest were gathered. Through the zEV-Powertrain
studies, data regarding battery pack structure, cells integration and energy densities
were collected. In each analysis special attention is given to the connections of the
components, especially between the battery pack and underbody.

Figure [3.1] shows some examples of the data used for the underbody analysis,
together with some annotations that were added to highlight the structural charac-
teristics. The figure presents two views of the underbody, and [3.1D], from which
it is possible to investigate the layout of the platform.

These first pictures show that the floor is almost completely flat.
For a deeper analysis of the BIW, the BIW analysis service was used [79].
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(d) Front side member and wheelhouse

Figure 3.1: Examples of underbody images from Tesla Model Y Autoreverse |\

Particularly useful were the cross-sections drawings, as well as the BIW exploded
views, to better understand the panels structure and connections as well as material
and thickness of each BIW subcomponent. Figure |3.2a] shows an example of the sill
cross-section from the Tesla Model Y, providing information on the material used
for the different panels and thicknesses. The second figure [3.2D] shows instead an
example of the exploded view of the Tesla Model Y left body side assembly.

(a) Sill cross-section, Tesla Model Y (b) Left side assembly, Tesla Model Y

Figure 3.2: Examples of BIW analysis resources from Tesla Model Y BIW analysis

In figure [3.3] are illustrated some of the visual materials available through the
BV Powertrain service . Figure shows an exploded view of the battery
pack, with the constitutive components and the assembly sequence highlighted.
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Figure [3.3b| represents a further stadium of the teardown process by which it is
possible to better understand the structure of the lower enclosure, which constitutes
the most relevant structural component of the battery pack. Lastly, figure
shows the location of fasteners that are used to interface the battery pack with the

underbody.

(a) Battery pack exploded (c) Fasteners location

Figure 3.3: Battery pack images from Tesla Model Y zEV powertrain |@|

In the end, figure shows two examples of the available 3D material retrieved

from the 3D Autoreverse and zEV Powertrain services.

(a) BIW and platform, exploded view (b) Battery pack exploded view

Figure 3.4: Resources from Autoreverse and xEV Powertrain, Tesla Model Y

The portal allows to take measurements as well as display sections and exploded

views of the parts the user wants to investigate.
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3.1.2 Analysis Outline

After illustrating the used resources, an outline of the conducted analysis is pre-
sented.
The benchmarking analysis focused on 15 BEVs from 12 different OEMs. The vehi-
cles were selected according to the availability of data on the a2macl.com platform
[10], focusing on vehicles with dedicated BEV platforms or highly adapted platforms
derived from ICEV and heavily modified. The vehicles were chosen among the ones
sold in the European and North American markets.

A total of approximately 45 images and 60 parameters were collected or evaluated

per vehicle, concerning;:
e General vehicle information: weight, global dimensions, safety ratings

e Underbody and battery pack: structural topology, shape, dimensions, and mate-

rials
e Battery: electrical and energy density properties

e [ntegration: underbody and battery pack fasteners, location, and interfacing

properties

For each vehicle several numerical data were collected concerning weight, dimen-
sions, battery electrical characteristics and energy density, materials and compo-
nents shape, and safety ratings. Secondary data are then computed, from the first
obtained information, to better evaluate the integration of the underbody-battery
pack system and compare the different solutions. A thorough description is pre-
sented in section [3.3, in which each of the selected distinctive parameters of the
classification scheme is detailed.

The second step was a visual analysis of the underbody and battery pack, through
the available images, e.g.: figures and [3.4b|, on which annotations were added to
better understand the platform topology and highlight common and distinctive traits
between the different solutions. For a better understanding of sizes, dimensions, and
layout, 3D scans (see figure were analyzed, taking measurements and sections
to gain a more in-depth view of the components shape, volumes, and structure.
For completeness, in the end, the suspensions and their attachment points were
analyzed. This part of the analysis was not fundamental for the following sections
of the project and thus will not be treated in this work. The analysis could still be
useful for future studies dedicate to the chassis development for this new type of

platforms.
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After collecting and analyzing the reported resources, some comments were pro-
vided on the design solutions to highlight peculiarities and distinctive characteristics.
Figure [3.5] provides a schematic synthesis of the illustrated analysis methodology

to summarize the used benchmarking analysis process.

General vehicle
dimensions and
weights

BIW shape and
topology analysis Underbody

(pictures and 3D analysis ;
i) Integration

topology and
efficiency
BIW materials
and joining Vehicle analysis
techniques highlights and
distinctive
solutions

Connections

General battery
pachk datad(electrical Complete crash
¢ ar-d::m;’;ergy protection
structure

Battery pack
analysis

Battery pack
enclosure shape,
structure and
materials

Figure 3.5: Schematic representation of the benchmarking analysis process

3.2 Review and Highlights of Analysed Solutions

After conducting the benchmarking analysis and collecting the previously illustrated
data the first step was to highlight the features that are distinctive of a dedicated
BEV platform.

3.2.1 BEVs Underbody Distinctive Features

At first, a comparison was made between ICEV and BEV underbodies in order to
better understand the major differences between the two design philosophies.

Firstly a conventional ICEV is presented illustrating the main components of
this type of platforms. Figure [3.6] shows an example of an ICEV underbody with
highlighted its main components.

The figure shows a quite wide separation between the front side members which
show also a relatively small section to house the internal combustion engine.
Following towards the back, the torque boxes are connecting the side members to
the underfloor rails and rocker rails.

The floor presents two underfloor rails and a large central unevenness due to the
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Torque-box:
Underbody rails rear side member connection to rocker
Smaller section front
side members- » o © ® W ow o i B w0 m oz EE fw s xo w0 [ a

units: cm

Rear seats volume

Side member, rocker Large central exploited by fuel tank
and underbody rails tunnel

connection

Figure 3.6: BMW X3 underbody, main ICEV platforms structural features \\

presence of a large central tunnel to house the exhaust system and transmission
shaft.

In the rear part of the floor, under the rear seat bench, the housing for the fuel tank
is obtained by a protrusion of the rear floor. In this zone, the rear torque boxes are
connecting the side rocker rails to the rear side members.

Following the description of a conventional ICEV underbody, a dedicated BEV
underbody is presented in figure highlighting the peculiar features of BEVs plat-
forms.

The front side members result to have a wider section, both for the wider space
available in absence of the ICE, and to dissipate the higher crash energy due to the
increased vehicle weight.

Since no exhaust system is present, it is possible to install a cross-member in the
front part of the floor. The cross-beam may be continuous or split and connected
subsequently by the battery pack structure.

Two critical structures are the front torque boxes, which in this case, connect the
front side members to the door sills. From this first analysis and comparing the
different solutions, it was clear that several interpretations are present regarding
this complex boxed structure. The torque boxes were thus assumed to be one of the
crucial components in determining the underbody design and performance. This
hypothesis will then be tested in the following part of the project (chapter [5)).
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Figure 3.7: Jaguar I-pace underbody, main BEV platforms structural features \\

The floor is in general flat, with no or low-profile central tunnel. No underfloor rails
are present, and their function is transferred to the rocker rails. Being flat it can
be exploited at best to house the battery pack. The common trend is to make the
battery pack occupy almost the whole central floor region.

The rocker rails are in general wider and stiffer; they may also contain supplemental
crash dissipation structures, like extruded aluminum alloy profiles, to protect the
battery pack in case of a side impact.

The rear seat volume is more regularly shaped to better fit the shape of the battery
pack, which may present a protrusion in that region.

The rear torque boxes have an analogous function to the front ones and may be in
general larger than the ones found in ICEVs. In the end, the rear side members are
instead analogous to conventional vehicles.

In general, ICEV BIWs are typically steel-intensive structures, while on BEVs,
due to the high battery weight, aluminum is more used. In the last years, however,
to reach economy of scale, thanks to improvements in the battery technology the
manufacturers are going towards a steel-intensive architecture [61, 62].

The BEV architecture is an evolution of the conventional unibody BIW, but still
presents crucially distinctive elements which are either needed or allowed to assume

a different shape and configuration in a battery-powered electric vehicle.
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3.2.2 BEVs Battery Pack Features

After the analysis of the underbody, the common features of battery pack designs
are here briefly presented. An example of the typical battery pack structure is shown
in figure [3.8

The pack has, usually, a perimetral frame which may have more or less crash
absorption functions depending on the rocker structure. When this frame is not
present, the lower enclosure assumes the shape of a tray without any lateral frame
but just a perimetral flange to link the pack to the underbody. From the conducted
analysis the most commonly used battery pack material is aluminum, extruded,

stamped or cast, followed by stamped steel.

Aluminum
Crash Structure

Aluminum

Housing Cover
Housing Tray

@ Battery Frame

S Cooling System

Lower Protection
Cover

I Cell module

Figure 3.8: Audi e-tron battery pack

This perimetral frame is usually connected to the lower tray enclosure which is then
stiffened by longitudinal and cross-members.

The structure is completed by the top enclosure which seals the battery pack.
Most of the vehicles tend to exploit the volume under the rear seats with a battery
pack protrusion.

All these structures must act to house and protect the battery cells from external
agents and impacts, as well as limiting the damages in case of partial fire of some
of the cells modules.

Another critical component of the battery pack is the cooling system, which
can be constituted by forced air, cooling plate, cooling channels, or phase change
materials. These aspects will not be investigated in this study, but their relevance
will be further expanded in the conclusions chapter when discussing the future works.

When installed the battery pack should possibly improve the stiffness and NVH
performance of the vehicle platform. The extent of these improvements will be

investigated through FEA in the next chapters.
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3.3 Classification Scheme

Following the benchmarking analysis, a classification scheme was developed to ob-
tain a tool that could be used for concept selection as well as for future bench-
marking analysis. By selecting the most relevant parameters and organizing them
into appropriate categories, it was possible to describe each solution through a code,
allowing easier comparison between different vehicles and highlighting the current

state-of-the-art in different aspects of the electric vehicle design.

3.3.1 Methodology

Starting from the 60 parameters collected through the benchmarking analysis, it was
necessary to screen the retrieved information to select the most relevant attributes
of the different BEVs solutions. To develop an effective classification scheme, the
number of characteristics to be considered needs to be carefully restricted to keep
into consideration the distinctive traits while not making the scheme too long and
complex to read and understand .

The final parameters selection resulted in a total of 31 descriptors, each one
corresponding to one field of the classification scheme. Four of the 31 fields are
defined as “extra” since their information is already partially contained in previous
fields. The “extra” fields are still included for a better and easier description of some
characteristics and could be used also as validation fields.

In figure [3.9] an outline of the classification scheme design process is provided.

Lower numbers = better

Classes subdivided according to performance or industry
percentiles of available data set trends fulfilment
Four Clusters 2 classes 1 2
General vehicle
information
e 3 classes Known performance
Quantitative output 1 2 3

BIW and underbody
4 classes

Qualitative

Battery & Underbody Unknown performance ..
Integration - Letters and digits

Figure 3.9: Classification scheme design process and structure

At first, the parameters were clustered into four clusters or categories: General
vehicle information, BIW and underbody, Battery pack and Integration. The cate-

gories were a consequence of the scope of the analysis, which for this project was
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focused mainly on the parameters influencing the structural design of the electric
vehicles platform and battery pack.

Each characteristic can then be subdivided into quantitative or qualitative, with
quantitative parameters being directly measurable quantities, and qualitative ones
being mainly related to shape and topology characteristics which cannot be easily
described numerically.

Concerning the quantitative parameters, to allow the scheme to be used to com-
pare vehicles of different sizes, the variables which are dependent on the vehicle
segment, were normalized by size or weight.

These factors were then classified into two, three or four classes, according to the
variability of the factors among the different analyzed vehicles. A higher range of
variation for a certain characteristic implies a higher number of range subdivisions
to be properly described. In general, each class subdivision is determined according
to some selected percentiles; for two-class factors, the discriminant value was the
50" percentile, for three classes 25" and 75™ percentiles and four classes factors
were delimited by 10%, 50" and 90" percentiles. The percentiles were based on
the available data sample, trying to preview, when possible, the future industry and
technological trends, in order to make the scheme future-proof.

The analyzed variables were then classified into factors with known performance
output and factors with unknown performance output.

The parameters for which it was possible to foresee their influence on vehicle per-
formance, were classified with digits as shown in figure A lower value of the
digit represents a better performance or a better fulfilment of the current industry
trend, corresponding in general to a solution closer to the best-in-class. A higher
digit instead corresponds usually to outdated technology or in general to a solution
that is not close to the best performing vehicles in the selected sample.

For the unknown performance output parameters, the different levels were instead
classified with letters and numbers, descriptive of the respective factor, but without
any ranking or preferred value, since not possible to judge a priori with the available
information without additional FEA or physical tests.

It is worth mentioning that the clustered architecture of the classification scheme,
allows it to be modular, thus leaving the user the choice of which module or portion of
the code to use, as well as making it easily expandible to other vehicle characteristics,
e.g.: adding a classification for suspension systems design. This point will be better
expanded in section dealing with the future uses of the scheme.

Since the classification was based on a limited sample of analyzed vehicles it
was needed to validate the tool trying to apply the developed classification to other

vehicles. Furthermore, the vehicles were selected only from the European and North
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American markets, thus excluding the Asian and Chinese ones. Given the high
growth of the Chinese market [5], it was worth including some of these vehicles in
the analysis, in particular for the validation of the classification scheme. Thus, six
vehicles were selected among the ones available through A2mac1, considering most
diffused [83] as well as the one showing a dedicated BEV or highly adapted platforms
derived from ICEV. For these vehicles, the analysis started with gathering the data
needed for the classification scheme and applying the coding to these vehicles. After
this process, a deeper review of each design was conducted in order to assess the
consistency between the assigned classification and the actual solution. By testing
the classification scheme on a new sample on vehicles, not included in the first
analysis, it was possible to validate and assess the effectiveness and flexibility of the

developed scheme.

3.3.2 Classification Scheme Description

After describing the methodology used to construct the classification scheme, each of
its building blocks will be explained by illustrating the factors and classes subdivision

of each of the four clusters illustrated in figure [3.9]

General Vehicle Information

This first cluster of the classification scheme, shown in figure [3.10 is meant to
include general data of interest to classify these vehicles, mainly for what concerns

their size, weight, electric driving range and crash safety.

FIELD 1 FIELD 2

Vehicle Segment Body Shape FIELD 3 FIELD 4 FIELD 5

- it L<dm I o Curb Weight Driving Range
B 4m<L<42 d
Sl A E LS S 1 W<1700kg 1 R,>600km 1 IR>80%
€ | Compmer |A2mEL <D » SW: Station-Wagon » 2 1700 kg < W < 2200 kg » 2 450 <R < 600 km » 2 75% <IR< 80%
D Medi 45m<L <4 SUV  Sport-Utilit
edum OISl S e el 3 W > 2200 kg 3 350<R, <450 km 3 IR<75%
B Large L>48m C Coupé . . . .
: W = vehicle weight 4 R,< 350 km IR = impact rating
= ey L >5 m and high-end Sp Spider
features R,= WLTP range
S Sportscar bod\): shape and MPV  Multi-Purpose
features
L = vehicle length

Figure 3.10: Cluster 1 classification scheme, General vehicle information

These parameters were selected in order to provide a first general description of
the vehicle, but already focusing on the critical characteristics of BEVs.

In figure the first cluster is schematically presented with detailed criteria
for class subdivision. In the following, the fields listed in the previous figure will be

explained and examples will be provided when necessary.
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Field 1. Vehicle Segment. The first field of the code concerns vehicle segmenta-
tion. Vehicles are classified according to their size or characteristics with a letter
corresponding to a specific type of vehicle. Since different classifications are avail-
able for the vehicle segmentation, the choice was to use the classical letter-based
European segmentation [84] and delimiting each class by the vehicle length and/or
by the vehicle features and function. For more details on the classes subdivision,

see figure [3.10]

Field 2. Body Shape. To further classify the type of vehicle, this field categorizes
the vehicles according to their body shape, e.g.: hatchback, sedan, station wagon,
etc [85]. Each body shape is assigned a letter or a combination of letters representing

the specific class.

Field 3. Curb Weight. The vehicle curb weight is subdivided from lightweight, with
a weight W < 1700 kg, followed by average weight with 1700kg < W < 2200 kg and
high weight with W > 2200kg. This factor was not normalized according to the
vehicle size to allow an assessment of the actual mass of the vehicle, which is crucially

important to increase the vehicle efficiency [86].

Field 4. Driving Range. Crucially important for BEV vehicles [29], the driving
range was classified into four categories, from ICEV equivalent, corresponding to
the best-in-class vehicles able to reach a range on a single charge comparable to
the one of conventional ICEV with a range Rp > 600km. The second class was
then denominated long range (450km < Rp < 600km), followed by medium range
(350km < Rp < 450 km) and limited range with Rp < 350 km, the latter represent-
ing vehicles using outdated technology or meant primarily for city use. The figures
used for this field were corresponding to the combined Worldwide Harmonised Light
Vehicle Test Procedure (WLTP) standard. When these values were not available the
corresponding range obtained through NEDC was used and converted into WLTP
by dividing the NEDC by a conversion factor f = 1.274 [87].

Field 5. Lateral Impact Rating (Euro NCAP). As introduced in section for
what concerns the crash safety, the frontal impact assessment is generally easier
to sustain for BEVs thanks to the absence of the bulky and rigid engine, which
is usually in the frontal part of the vehicle. Critical is instead the side impact
absorption, which, additionally to the occupant protection, needs to guarantee also
proper protection of the battery pack. In fact, not having a large crumpling zone
as in the front or rear impact, the battery is more subject to crash loading which
may lead to explosion or fires of the cells. For these reasons, the lateral impact was

selected to represent the crash safety in the classification scheme. This parameter
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was classified into good with a rating score TR > 80%, average (75% < IR < 80%)
and poor with a score IR < 75%. These values were obtained by using the rating
from Euro NCAP and converting the ratings into a percentage. Figure[3.11] provides
an example of the lateral impact tests conducted by Euro NCAP.

Figure 3.11: Side mobile barrier and side pole test from Euro NCAP 88|

BIW and underbody
The second cluster, shown in figure [3.12] classifies the BIW and underbody for what
concerns size and weight, materials, and structural topology.
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Figure 3.12: Cluster 2 classification scheme, BIW and underbody

These parameters were selected to describe the most relevant characteristics
concerning BEVs platform architecture.

In figure the second cluster is schematically presented with detailed criteria
for class subdivision. Subsequently, the fields listed in the previous figure will be

explained and examples will be provided when necessary.
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Field 6. BIW weight. This field classifies the vehicles according to the weight of
their BIW in three classes. To make the parameter independent of the vehicle size

the BIW weight is normalized according to the vehicle footprint:

BIW weight

W= wheelbase X width

[kg/m?] (3.1)

The footprint is evaluated considering the wheelbase since this corresponds to the
size of the bulkier BIW section, while the overhangs are in general more variable and
less heavy. By this normalization, it is possible to compare vehicles from different
segments and assess their BIW lightweighting technology. The resulting classes are
thus lightweight with W < 60kgm~2, reached by lightweight aluminum-intensive
BIW, average (60kgm=2 < W < 70kgm~2) and high weight with W > 70kgm™2
including mainly steel-intensive BIW derived from ICE platforms, or modular plat-

forms that are meant to adapt also to larger vehicles.

Field 7. Dedicated BEV platform indez. This index classifies the vehicles according
to the platform design technique. Some examples are shown in figure [3.13]

Central tunnel W Underfloor rails
V'

T
(a) BEV index=1 (b) BEV index=2 (c) BEV index=3

Figure 3.13: Examples of different BEV platforms corresponding to different values
of the dedicated BEV platform indez. Images from

The index starts at * 17, corresponding to an underbody with no underfloor rails and
no considerable underfloor unevenness, excluding the rear seats region. This corre-
sponds in general to a highly specialized BEV platform as the one in figure [3.13a]
The value * 2 7 corresponds to a platform presenting underfloor unevenness greater

than 60 mm in depth but with no underfloor rails. This is the case in general for

49



Chapter 3 Benchmarking Analysis and Classification Scheme

heavily modified ICEV or multi-energy platforms, which may host an ICEV, PHEV
or BEV version, and thus must adapt to a compromise. An example is shown in
figure [3.13D] The last value ¢ 3 ’ represents platforms that show both the presence
of underfloor rails and underfloor unevenness, being in general platforms designed

for an ICE powertrain and adapted to the electric traction, like the one shown in
figure

Field 8. 15 BIW material and percentage. This field illustrates the most abundant
material in the BIW structure, together with the corresponding percentage of the
total BIW mass. The encoding for this parameter is made by a letter indicating the
type of material, followed by the mass percentage of the corresponding material. It
is worth mentioning that, from the conducted analysis, the most used material was
steel, followed by aluminum alloys. At the moment none of the analyzed solutions
shows large usage of Fiber Reinforced Polymers (FRP) or polymers but in the future,

these solutions may become more common for sports cars.

Field 9. 2" BIW material and percentage. Similarly to the previous field, this
represents the second most used material in the BIW structure. Given that several
solutions presented a multi material BIW, a dedicated field was added for the second
most abundant material. The classification follows the same criteria as in [Field 8l

Field 10. Rocker rail size. A critical element of BEVs underbody is the rocker

(figure [3.14).

D 104
6494 kg
Aluminum

200mm

(a) S: 105mmx130mm (b) M: 140mmx130mm (c¢) L:190mmx170mm

Figure 3.14: Different rocker rail sizes: small, medium, and large

In the absence of underfloor rails, this structure contributes heavily to transfer the
load from the front and rear axles. This element is classified as small (figure [3.14a]
with cross-sectional area S < 1700 mm?, medium in figure (1700mm? < S <
30000 mm?) and large with S > 30000 mm? (figure [3.14d). A larger rocker is usu-
ally indicating a platform designed specifically for BEVs and especially a modular
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platform which, thanks to the large size of the sill, can span up to higher segments
like the VW MEB.

Field 11. Rocker rail main structure. The rocker rail was then classified according
to its main structure. The external structure can be made out of stamped metal
sheets or the complete rocker may be made out of a multi void extruded profile,
usually in aluminum. Figure[3.15a)shows an example of an extruded rocker, whereas

the other ones in figure [3.15| show a stamped metal sheet main structure.
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Figure 3.15: Different rocker rail sizes: small, medium, and large

Field 12. Rocker rail internal structure. For what concerns rockers with a stamped
main structure, the internal stiffenings were classified into four different classes. The
internal structure may be constituted by a large, extruded profile as in figure
occupying more than 50% of the sill section or a small, extruded profile, figure [3.15¢
Other solutions show stamped stiffening panels assembled in an open-section stiff-
ening as in figure or closed-section stamped stiffening like in figure [3.15¢] The
rocker structure and its internal structure are critical both for the platform stiffness
as well as the side-impact absorption. The most common solution at the moment
seems to be a rocker including an eztruded stiffening, being it large or small, usually

connected to the external rocker panel by structural adhesive.
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Field 13. Front torque boxes shape. Another crucial and typical element of BEV
platforms are the torque boxes. The front torque boxes connect the front side
members to the frontal part of the rocker rail, transferring the load from the front
axle to the sill and the central part of the BIW. From the conducted analysis the
front torque boxes were classified as angled, like the one in figure[3.16a]or orthogonal,

shown in figure [3.16b|

(c) Rear angled (d) Rear parallel (e) Rear orthogonal

Figure 3.16: Examples of different torque boxes shapes. Images from

The classification was made according to the angle at which the torque box elements
join the rail in top view. From the conducted analysis the most common solution is

front angled torque boxes.

Field 14. Rear torque boxes shape. Similarly, to the front torque boxes, the rear
ones play a crucial role as well. These elements were classified as angled, presented
in figure[3.16d], parallel, as in figure [3.16d] or orthogonal, shown in figure [3.16¢] From
the conducted analysis the most common solution was a parallel connection followed

by the angled torque boxes.

It is important to mention that the cross-member architecture was excluded from the
classification since, in general, their position was almost constant in the analyzed
solutions. Omne cross-member is usually present in correspondence of the firewall,

one in the frontal part of the floor, two for the front seats and two cross-members
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or stamped structures for the rear seats. In addition, one cross-member connecting
the rear side members and if necessary one in the trunk floor. This layout was the
most diffused, with minimal variations. Thus, this characteristic was not included

in the scheme.

Battery pack

The third cluster, shown in figure [3.17] is dedicated to the classification of the
battery pack for what concerns the main electrical properties, cells integration and

structural topology.
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Figure 3.17: Cluster 3 classification scheme, Battery pack

These parameters were selected to provide a general description of the battery
pack technology followed by a specific focus on its structure.

In figure the third cluster is schematically presented with detailed criteria
for class subdivision. In the following, the fields listed in the previous figure will be

explained and examples will be provided when necessary.

Field 15. Pack capacity and voltage. This field is constituted by the battery capac-
ity expressed in kWh and the voltage in V. These parameters were not subdivided
into classes since they are listed to give a general introduction regarding the bat-
tery pack specifications. For what concerns the capacity it is highly related to the
vehicle size and weight, thus, normalizing it according to the vehicle weight, led to

low variability in the analyzed sample. For what concerns the battery pack voltage,
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at the moment, the variability across the solutions is quite limited, with most of
the vehicles using 400V battery packs, with 800V and higher voltage packs under

development.

Field 16. Pack energy density. An important index to understand the achieved
technological level is the gravimetric energy density of the battery pack. This
indicates the capability of the OEM to build an accumulator that can store a
large amount of energy while still being lightweight. Four different classes were
selected, from the least advanced, classified as limited, corresponding to a den-
sity D < 125 Wh/kg, followed by average (125 Wh/kg < D < 150 Wh/kg), high
(150 Wh/kg < D < 170 Wh/kg), and superior with D > 170 Wh/kg. This last

class represents the best-in-class battery packs and the energy densities that will be

<
>

reached with future battery chemistry developments. This parameter is crucial also
for the structural development, both for what concerns the modal response of the
system, as well as the packaging of the vehicle and battery pack. The detailed class
subdivision is reported in figure [3.17]

Field 17. Cell form factor. Three main cells from factors are currently used in the
industry, as already illustrated in section 2.3l Thus, the selected class are pouch,

prismatic and cylindrical.

Field 18. Cells count per kWh. This characteristic is an index of the complexity
of the battery pack, describing how many single cells are used to reach the desired
capacity. This is classified in low or high cells count per kWh. It was necessary
to classify separately pouch and prismatic cells from cylindrical cells, because of
the much smaller size of the latter. Cylindrical cells battery packs contain up to
more than 7000 cells, needing on average 70 cells/kWh. For pouch and prismatic
cells, usually, the numbers are much lower, with an average of around 250 cells,

corresponding to around 4 cells/kWh.

Field 19. Modules count. Another parameter to describe the complexity of the
battery pack is the number of modules in which the battery cells are grouped before
being integrated into the pack. As reported in section [2.3] the current trend is to
reduce the number of modules, influencing the structural design by reducing the
room for additional internal structural elements. The module counts were classified
in high corresponding to modules count Cy; > 16 followed by average (10 < Cjy <
16) and low, corresponding to the cells-to-pack integration approach (Cy; < 10).

Field 20. Gravimetric cell integration. This parameter is particularly relevant to

assess how the battery pack structure is optimized for lightweighting, allowing to
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house properly the cells without a large detrimental effect on the gravimetric energy
density of the whole pack. This value is computed as 7, = pp%l’“, where ppqer 1s the
energy density at pack level and p..; is the one at the cells level. The best-in-class
vehicles can reach more than 65% of gravimetric cell integration efficiency. This
was considered the high integration efficiency, followed by average between 55% and
65% and low which corresponds to outdated battery technology with 7, lower than

55%.

Field 21. Volumetric cell integration. This field is analogous to the previous but the
compared quantities are the volumetric energy densities at pack and cells level. This
characteristic is particularly relevant for the packaging of the vehicle. Reaching a
higher volumetric integration efficiency leads to a more compact battery pack, allow-
ing a better placement for the battery pack in the underfloor, reducing the increase
in the vehicle floor height. The three selected classes were high with a volumetric
integration efficiency greater than 35%, average with integration efficiency between
30% and 35% and low corresponding to a less efficient cell packaging reaching values
lower than 30%.

Field 22. 1% battery enclosure material and percentage. This field indicates the
most used material for the battery pack structure, followed by its mass percentage
compared to the total enclosure mass. The most used materials resulted to be
aluminum alloys, followed by steel. At the moment no solutions intensively using
composites or polymers were analyzed but these materials may be applied especially

in the sports cars sector.

Field 23. 2"¢ battery enclosure material and percentage. This field is analogous
to the previous but related to the second most used material. Given that several
solutions presented a multi material battery pack, a dedicated field was added for

the second most abundant material.

Field 24. Lower enclosure frame or crash structure. From the analyzed solutions,
some battery packs resulted to have a lower enclosure built with a perimetral frame
and/or side crash absorption structures, usually obtained with aluminum alloys
profiles. Conversely, other solutions present a simpler structure with no perimetral
frame or crash absorption structure, thus relying mainly on the crash absorption
from the rocker rail (see figure [3.15). Two classes were thus selected, one corre-
sponding to the solutions that present this structure and the other for the battery

packs which does not implement this design.

Field 25. Internal structure members count. To further describe the structure of
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the battery pack enclosure, the number of internal structural members is included in
the classification. This is an index of both the complexity of the structure and how
it is optimized to meet the current trends of lowering the number of cell modules,
and thus internal subdivisions. The internal members are mainly cross-members,
with, in general, a lower number of longitudinal members. A high number of internal
structural members indicate a complex design, which may also result in lower energy
density due to the increased weight of the enclosure structure. The classes were
subdivided into low number of internal members with I.S < 4, average (4 < I.S < 6)

and high, with 1.5 > 6 corresponding to a complex internal structure.

extra - Field 26. Battery pack structural complexity index. This parameter is la-
belled as “extra” since it is derived by combining information listed from
to [Field 25| The index was elaborated giving different weights to the previously
mentioned characteristics in order to combine them into in a single numerical value.

In particular, the following expression was used:

1 /2 1 2 (2 1
=- |3 > =3 = 2
StC 3 <3AS+3MM) +3 (SIS+3PF) (3.2)

Where:

e ASisequal to 1 if the most abundant material in the pack enclosure is aluminum,

and equal to zero otherwise

e MM is equal to 1 if the second most used material accounts for more than 10%

of the enclosure mass, making the enclosure a multi-material structure.

e /S is equal to the number of internal structural members, normalized by 12,
which corresponds to the higher number of internal structural members found

during the analysis

e PFisequal to 1if a perimetral frame or crash structure is present, zero otherwise

The weighting factors multiplying the previously illustrated parameters were chosen
by giving more importance to the aluminum construction among the material com-
plexity compared to the multi-material construction. More importance was then
assigned to the internal structure complexity compared to the perimetral frame
structure presence or absence. In turn, the structural complexity was accounted as
% of the total index, being more weighted than the material complexity.

The designed structural complexity index StC was then tested and validated by
assessing the consistency of the index results with the actual complexity of the so-
lutions in the available sample. It was possible to divide the solutions into three

classes.
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e Simple. Solutions with StC < 0.4 are characterized by a stamped steel structure

or a simple aluminum design, with less than four internal structure members
(figure [3.18al)
e Flaborated. Solutions with 0.4 < StC' < 0.75 with a mainly aluminum structure

and 4 < IS < 6 (figure [3.18b))

e Complex. Solutions with StC' > 0.75 showing aluminum or multi-material con-
struction, perimetral frame and /or side crash structure and 1.5 > 6 (figure|3.18¢))

(a) 1- Simple (b) 2 - Elaborated (c) 3- Complex
Figure 3.18: Examples of different battery pack lower enclosures

The general trend is to obtain a simpler structure that is still capable of meeting the

targeted performance standards, thus the most desirable design is the simple one.

Battery Pack and Underbody Integration

This final cluster, shown in figure[3.19] is dedicated to the classification of parameters

illustrating the level of integration between battery pack and underbody.

FIELD 27 FIELD 28 extra - FIELD 29 extra - FIELD 30 extra - FIELD 31

1 R, > 60% 1 n,> 30 kg/fast. . L R,<23% 1 R.,> 220 Wh/kg R roc:;orrailtig;ash
2 50% <R, < 60% 2 15 kg/fast. <1, < 30 kg/fast. A 23%<R,< 26% 2 200 Wh/kg <R, < 220 Wh/kg b batter; pack
3 R, < 50% B ,< 15 kg /fast. H R,>26% 3 Ray < 200 Whi/kg frame

R, = battery vs 1,= ratio of battery weight R, = battery pack R, = ratio of battery pack RP rockir frall +
vehicle footprint and number of fasteners vs vehicle weight capacity and BIW weight pack trame

Figure 3.19: Cluster 4 classification scheme, Integration

These parameters were selected to provide indexes regarding the size and weight
comparison between battery and vehicle, together with assembly efficiency indexes
and topology of the integrated lateral side impact structure.

In figure [3.19] the fourth cluster is schematically presented with detailed criteria
for class subdivision. In the following, the fields listed in the previous figure will be

explained and examples will be provided when necessary.
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Field 27. Battery footprint vs. vehicle footprint. This parameter is useful to assess
the level of exploitation of the central floor by the battery pack. A battery pack with
a large footprint will allow to have a lower thickness and thus a center of gravity
closer to the ground as well as better vehicle packaging and ergonomics for the
occupants. This field is classified into high with a ratio between battery footprint and
vehicle footprint (evaluated as in Ry > 60%, average (50% < Ry < 60%)
and low with Ry < 50%, corresponding usually to an underbody which is not
optimized for electric traction. Some examples are illustrated in figure

— Vehicle footprint — Battery footprint

Figure 3.20: Different battery packs compared to the vehicle footprint 7

Field 28. Assembly efficiency. This parameter was evaluated since critical to assess
the connection system between battery pack and underbody . This coefficient
was computed as the weight supported by each fastener. An efficient connection
design implies a high weight per fastener, indicating an easier assembly or mainte-
nance procedure, as well as a more optimized integrated design . Three classes
were thus obtained with a high assembly efficiency corresponding to more than 30
kg /fastener, shown in figure followed by average (15 kg/fast. < ns < 30
kg/fast.), reported in figure and lastly low with less than 15 kg/fast., in fig-
ure 3.2Td

@® Fastener

(a) High - 40 kg/fast. (b) Awverage - 24 kg/fast. (c¢) Low - 11 kg/fast.

Figure 3.21: Examples of different assembly efficiency ,

Despite the advantage of higher assembly efficiency, most of the encountered solu-
tions were showing an average value of this parameter, indicating that OEMs are
favouring a higher number of fasteners, at the cost of a more complex design of

the connections. In general, connections are devised on the perimeter of the pack,
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as well as in correspondence of the central internal structure and the vehicle floor

cross-members.

extra - Field 29. Pack weight over vehicle weight. This field compares the battery
pack weight to the vehicle curb weight. This information is contained also in previous
fields but is still included to give a better insight, as well as to allow separate use of
every cluster of the classification scheme. The corresponding classes start from low,
with the pack accounting for less than 23% of the vehicle weight, average from 23%
to 26% and high reaching more than 26%. Since it is difficult to highlight a clear
industry trend or preferred value, this field was classified as unknown performance

output.

extra - Field 30. Battery capacity over BIW weight. This third “extra” field com-
pares the battery capacity in kWh to the weight of the BIW. In general, installing
a higher battery capacity on a low-weight battery pack is preferable, since the
weight saved on the unibody structure can be exploited increasing the battery ca-
pacity and, possibly the vehicle range. Even if the correlation is not direct and
it is influenced by other parameters, such as the possible increase of the battery
pack weight leading to higher energy consumption, the general industry trend is
towards a high value of this ratio with Recw > 220 Wh/kg. The second class corre-
sponds to 200 Wh/kg < Rew < 220 Wh/kg, defined as average, and lastly low with
Rew < 200 Wh/kg.

extra - Field 31. Side tmpact protection topology. This last “extra” field classifies
the integrated side impact protection topology, according to the resulting impact
protection structure of the combined battery pack and rocker rail. The first encoun-
tered solutions are the rocker rail crash absorption structure (figure , usually
constituted by an aluminum alloy profile, with no particular crash structure on the
battery pack. The second solution is constituted by a battery frame crash absorp-

B Side impact absorption structure
Battery cells

(a) Rocker (b) Battery pack (c) Rocker and battery

Figure 3.22: Examples of different side-impact absorption structures |24} 80|

tion structure, with a more conventional design of the rocker, shown in figure [3.22b]
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Lastly, the more complex solution combines the two previous architectures with a
side impact absorption structure both in the battery pack frame and rocker rail,
reported in figure [3.22d

From the conducted analysis the most common solutions resulted to be the com-
bined rocker and battery crash absorption and the battery pack impact absorption

structures.

3.3.3 Validation and Examples

After designing the classification scheme, using the first sample of vehicles, it was
needed to test its flexibility and adaptability to other vehicles. The scheme was thus
applied to six vehicles from the Asian market as anticipated in section These
vehicles presented in some cases a conventional architecture adapted to the electric
powertrain, and in other cases a dedicated BEV platform, which showed a high
level of technological innovation. The classification scheme was able to adapt and
to be efficiently used, delivering results consistent with the actual solution under
analysis, also with this new sample of vehicles. The scheme demonstrated to be
flexible enough to describe different types of BEVs.

After illustrating the building blocks and the validation procedure of the classi-
fication scheme, two examples of the generated code are reported in figure [3.23]

Each field of the classification code has a value with some exceptions. If the field
is not applicable a dash “ - 7 is inserted, whereas if the information is not available
the field presents a “N/A” symbol. Finally, if the field is estimated its value is
followed by “ * 7.

General vehicle Underbody &

" . BIW and underbody Battery pack battery
ﬂ&\\ info integration

— X >

CH 22 1 3 15%%A6% L SExLO O 77kwh408Vv 1 Pouch 1 2 2 2A9%%S5% Y 2 3 2 2 A 2 RP

p
DSUV 2 2 N/A 2 1 S66%A34% L S Ex-S A P 75kWh 355V 2 Cylindrical 1 1 1 2 A70%S25% N 1 1 2 3 L 2 R

Figure 3.23: Examples of applied classification code. VW id.3 on top and Tesla
Model Y on the bottom [44]

From the first part of the code, it is easily visible how the vehicles belong to two
different segments and vehicle body shapes. The weight is comparable as well as
the driving range and lateral impact safety.

The Model Y shows a lower BIW weight, thanks to the higher use of aluminum.
Both are based on a dedicated BEV platform showing large, stamped rocker rails.
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The Model Y presents a smaller extruded rocker stiffening, while the id.3 shows a
wide extruded internal stiffening. The torque boxes are orthogonal in the case of
the id.3 and angled in the front and parallel in the rear for the Model Y.

The battery packs show similar electrical properties but differ in the cells from
factor. The Model Y shows a lower number of modules and a better integration
efficiency. Both packs are made mainly out of aluminum, but the Model Y shows a
multi-material construction since steel accounts for more than 10% of the enclosure
mass. The complexity of the id.3 battery pack increases due to the more complex
internal structure and the presence of a perimetral crash frame, absent in the Model
Y. In the end the id.3 battery pack results having a high structural complexity, while
the Model Y shows a low complexity despite the multi-material construction.

For the integration cluster, both show an average battery to vehicle footprint
ratio, while the id.3 performs better in the assembly efficiency with a lower number of
fasteners. The lightweight construction of the Model Y allows reaching a low pack to
vehicle weight and an average battery capacity per BIW weight. Another important
difference is the topology of the side impact structure, being a combination of rocker
and battery pack for the id.3, with the Model Y relying completely on the rocker
absorption.

As previously illustrated the code allows to compare two vehicles, highlighting
the key characteristics that differentiate the two solutions, as well as assessing how

close the solutions are to the best-in-class in the respective fields.

3.3.4 Future Uses

Concerning the future uses of the scheme, it is important to underline that the class
subdivision for the quantitative variables was made based on percentiles. With the
advent of new technologies, it will be possible to adapt the classes and tune the
subdivisions according to the new benchmarking data.

The modular design of the scheme, based on a first parameters clustering, allows
the use of the different blocks together or separately according to the needs of
the user. This design allows also to expand the scheme within or across different
clusters. For example, the battery pack cluster could be ampliated by adding some
fields regarding the battery cooling technology or fast charge technology. Additional
clusters could be added, describing the electric motor technology and placement as
well as the implemented suspension system.

The classification scheme, as currently presented, is focused mainly on the struc-
tural aspect and the integration of the two systems under study, underbody, and
battery pack. However, the same design methodology can be applied to enlarge the

classification to other aspects of the BEV platform as previously illustrated.
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The developed tool was used for the next phases of the project as a concept
selection tool, to define the simplified CAD model as well as the parameters on
which to focus the analysis and comparisons.

In the future, the classification scheme could also be used as a pure benchmarking
and comparison tool, and possibly expanded to investigate the complete design of

the BEV platform, from the structural to the powertrain and chassis components.
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4  Model Definition

Starting from the results of the benchmarking analysis illustrated in chapter [3] the
next step was the definition of the simplified model for FEM analysis.

4.1 Structural Layout and Dimensioning

In the following section, the assumptions made to develop the simplified model of
the underbody and battery pack are illustrated.

According to the reasoning presented in section a c-segment SUV was cho-
sen as a guideline to define the global dimensions of the platform model. Since
at the moment of the analysis, no benchmarking data were available on compact
crossovers, the choice was to dimension the vehicle platform comparing the sizes
of a conventional ICEV SUV and a dedicated BEV platform of comparable dimen-
sions. The chosen vehicles were the Jeep ® Compass and the VW id.3, which showed
comparable dimensions and were thus used as a reference.

Furthermore the VW id.3 is based on one of the most recent BEV platforms, and
it is considered to be among the best-in-class solutions in this segment . The
3D-scan models of the BIW of the above-mentioned vehicles are shown in figure [1.1]

(a) Jeep ® Compass BIW (b) VW id.3 BIW

Figure 4.1: 3D views of the two BIWs used for the general platform dimensioning

The main bounding dimensions are the wheelbase and width of the vehicle,
followed by the sizes of the overhang, both in the front and in the rear. These
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vehicles were used to also determine the size of the main structural elements of the
underbody, e.g.: rocker rails, cross-members, side members and torque boxes. The
dimensions of the battery pack are a direct consequence of the space available in the
underfloor, thus, fixing the global underbody dimensions set the boundaries for the
battery pack size.

After having determined the global dimensions, the first step in the definition
of the simplified CAD model was to determine its main structural layout. It was
necessary to decide which elements to include and their general topology in order to
keep the complexity of the model at a level compatible with the available timeframe.

Figure [4.2] shows an example of the baseline underbody layout with listed the

components selected to represent the simplified structure.

Rear cross i
Rear side members

member

Rear seats
cross members

Front seats
cross members

Front floor Rear trunk

cross member cross-member

Rear
Torque Box

Rocker rail

) Floor
Front side Front cross Front

members member Torque Box

Figure 4.2: Simplified underbody layout

The underbody is structured with the two front side members connected with a
front cross-member and linked to the sill through the front torque boxes. The initial
design shows orthogonal torque boxes which were easier to model and thus selected
for the first modelling and preliminary analysis.

The suspension tower and the firewall are excluded from the model to keep a low
complexity and focus on the key components of the underbody.

To link the two sills in the upper part of the floor a front floor cross-member
is present. Its shape was modelled as a rectangular profile but could be further
optimized for better ergonomics of the driver pedal-box area.

The two rocker rails, constituting a crucial element of the structure, were mod-
elled as a rectangular section beam. Further internal stiffening was designed accord-

ing to what was found during the benchmarking analysis as described in chapter [3]
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The central part of the floor was then structured with the front and rear seats
cross-members. For what concerns the rear seats structure and cross-members, the
design approach is, in general, more various, with different shapes of the cross-
members and seats supporting structures. However, this solution was chosen to
obtain a flat underfloor that could easily be made modular while keeping a simple
design. The floor was then modelled as a flat panel connecting cross-members and
rocker rails.

In the following design iterations, an alternate floor was modelled as an embossed
panel to provide higher stiffness and reduce the low-frequency panels resonance.

Behind the rear seats cross-members, the rear assembly concludes the underbody
structure with rear torque boxes, a large rear cross-member, rear side members and
a smaller cross-member needed to stiffen the trunk floor and rear region.

The described model is thus restricted to the principal underbody components,
without including other panels, pillars and rails which belong to the upperbody.

After defining the general layout, the global dimensions of the underbody and
its members were fixed according to the baseline models and the design solutions
assessed during the benchmarking analysis. Figure shows a drawing of the first
design with indicated the characteristic dimensions which were used to size the
simplified model.

Rear side beams height Rear torque box extension Front torque box extension

C-members . .
distance Front side beams height

S
_11

Rear side beams length Front-rear C-members offset Front side beams length

Wheelbase

Vehicle width
Rear beams spacing
T
Front beams spacing

Sill length

Figure 4.3: Underbody fixed dimensions

Having fixed the dimensions of the wheelbase and vehicle width, the lengths of
the different members were determined as well as their positioning in the structure.
Being the vehicle width fixed, fixing the sill length determined the space available
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for the battery pack in the underfloor. The front and rear cross-members were
positioned in correspondence with the connection between torque boxes and side
members as found during the comparative analysis. The distance of the side member
and the position of the cross-members are determined by crash safety factors and
seats positioning [37], thus not distinctive of a BEV platform.

The cross-section of the different members was also fixed and derived from the
best-in-class solutions, comparing the different designs and choosing an average di-
mension that would reflect the current industry trend and best solutions.

After determining these dimensions, the space available for the battery pack
was bounded. The pack needed to have a clearance of at least 10 mm from the
surrounding structures and thus its top view dimensions were constrained by the
sills on the sides and the torque boxes longitudinally. It was chosen to model a
battery pack capable of housing battery cells for a total capacity C of 81 kWh with
a pack gravimetric energy density p, = 180 Wh/kg and a volumetric energy density
py = 245 Wh/litre. These values represent a best-in-class solution and are not yet
reached by many OEMs. However, according to the future short-term technological
developments, these energy densities will be more common on the market [22].

Fixing these figures led to the following battery pack weight and volume:

C C
W, = — =450 kg V, = — =0.33m* = 3301 (4.1)
Pg Pv

The battery pack thickness is thus the last of the pack dimensions to determine:

V.
T =—2
P x 1

(4.2)

Where the pack width w and length [ are constrained by the underbody and the
clearance needed between battery pack and underbody structures.
Having determined the global dimensions of the battery pack it was possible to

define its general layout and sizes which are reported in figure (4.4

Length

Width

Thickness

i

Perimetral Structure
Longitudinal member Cross-members

Figure 4.4: Battery pack layout and dimensions
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The shape of the pack was kept as simple as possible, being inspired also by
some of the analyzed solutions which preferred a simple and modular design to a
more complex and optimized one. Since not influential for the scope of the project
the exploitation of the volume underneath the rear seats was not considered.

The initial pack design is constituted by a predominantly parallelepipedal shape
with a lower perimetral frame and internal structure with cross and longitudinal
members. The structure is then completed by the top and lower plates to enclose
the battery cells. Further designs variations were then derived and will be illustrated
in chapter [5

4.2 CAD Model Development

After fixing the dimension of the structure the first design was modelled through
CAD software SolidWorks® . The model dimensions were parametric and driven
through an external file, so to make the model easier to edit for future works.

The model of both structures under analysis is based on simple rectangular
section profiles. No, complex section shapes were modelled to make the model
coherent with the simplified structural layout without loss of generality.

The modelling technique was dictated by the need of having a suitable model
to facilitate the following DOE phase. It was planned to run multiple repetitions
with the necessity of meshing and setting several FEM models with few available
automation procedures.

The model was thus designed as a surface and not solid model, to avoid complex
mid-surfaces extraction and geometry cleanup during the meshing phase. Rails and
cross-members were modelled as the external surfaces of the components so that
changing their thickness would not affect their external dimension.

Figure shows a 3D view of the first iteration of the underbody design, char-

acterized by orthogonal torque boxes.

(a) Isometric top view (b) Isometric bottom view

Figure 4.5: Underbody model, first design
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In figure the battery pack is visualized with a simple flat-box design, charac-

terized by a perimetral frame and a complex internal structure.

(a) Isometric top view (b) Top enclosure removed

Figure 4.6: Battery pack model, first design

To integrate the two systems under analysis, holes were designed in the battery
pack perimetral frame to connect it to the rockers and torque boxes, and, in the
internal structure members, to have a connection to the floor cross-members, being
these the stiffer regions of the vehicle floor. The connection scheme was designed
with 22 fasteners along the perimeter of the pack, four at the front and at the rear,
with the remaining 14 along the sides, and additional five internal connections, three
in correspondence of the longitudinal member and two on the central cross-member.

The battery pack and the underbody models were then included in an assembly so
that, it was possible to hide one of the two components and import them separately

in the FEA software, while still maintaining the same reference frame.

4.3 FEM Model Development

Once having defined the geometry, the FEA workflow was defined. The analysis
was conducted through the software Altair ® HyperWorks ® , which integrates the
pre-processor Altair ® HyperMesh ® | the structural solver Altair ® OptiStruct ® and
the post-processor Altair ® HyperView ® .

In what follows the used workflow is described for the baseline model. The same

process was then applied to the next design variations.

4.3.1 Geometry Cleanup and Meshing

The designed underbody and battery pack geometry are imported into two separate
projects in the Altair ® HyperMesh ® environment to proceed with the geometry

cleanup.
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Since the model is meant to represent a simplified, preliminary design, welds and
bonding connections were not modelled but the geometry was made continuous by
stitching the surfaces and edges in correspondence of these connections as shown in
figure [4.7al This allowed also to simplify the analysis setup, which was crucial due
to the large number of FEM models to be developed in the next DOE.

In this way, the mesh was continuous throughout the different structural com-
ponents. Despite not representing the real structure connections this solution was
used since suitable for the preliminary development phases and especially since the
goal is to compare different solutions built using the same technique. This stitching
procedure eliminates overlapping surfaces, which again, is not always the case in the
real industrial application but was adequate for the scope of the analysis.

To simplify the meshing procedure, and assure to obtain a symmetrical mesh, the
geometry was split longitudinally along the mid-pane as illustrated in figure [£.7a]
The symmetrically split geometry was then organized according to the different
components, to which different material and thickness properties were then assigned.
An analogous technique was used for the battery pack geometry. The results of these
first two steps are shown in figure [4.7]

M Shared edges
T-Junctions

B Free Edges

(a) Underbody half-geometry (b) Battery packs half-geometry

Figure 4.7: Split geometry with stitched edges

The two half-structures were meshed using the BatchMesher function which al-
lowed to discretize the model and perform automatic mesh quality optimization.
The software allows also to automatically recognize holes and build concentric el-
ements washers for better meshing of low-radius holes. This led to a good overall
mesh quality with homogeneously sized elements, a limited number of triangular
elements, and with good aspect ratio. The software was used with the default pa-
rameters since these delivered satisfying results.

Given that both structures are constituted by thin stamped metal sheets or thin

extruded components, the 2D shell elements were selected. The analysis investigates
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deformations and modal resonance, and no stress evaluation was conducted. Thus,
it was sufficient to use first-order elements [90]. The mesh was performed using a
mixed elements type, meaning that CQUAD4 quadrilateral elements were preferred
and CTRIAS triangular elements were used for mesh transition in complex, variable
geometry regions [90]. The percentage of triangular elements was constrained to
15%, but thanks to the simple geometry, the resulting mesh was predominantly
quadrilateral with only 0.5% of CTRIA3 elements. Using just half of the geometry
allowed to reduce the meshing time by approximately 50%.

Successively a mesh convergence analysis was performed to assess the mesh size as
a trade-off between accuracy and computational time. The analysis was conducted
using 20 mm, 10 mm, 5 mm, and 3 mm elements. Table[d.T|shows the obtained results
for the different configurations and the percentage of discrepancy with respect to
the densest 5 mm mesh, considering the torsional load case.

The simulation with a 3 mm mesh is listed as failed since could not run on the
available machine; the complexity of the model was too high for the computational

capabilities of the used computer.

Table 4.1: Mesh convergence analysis

Element size No. of elements CPU time Percentage discrepancy

20 mm 5.72+E04 87 s 5.4%
10 mm 2.24-+E05 455 s 0.6%
5 mm 8.744+E05 2648 s -
3 mm 2.22+E06 Failed -

The used machine was a laptop with an Intel ® quad core processor i7-6700HQ
and 16 GB of RAM, no additional software was running together with the finite
element solver. Considering the other conducted simulations, it was possible to
assess that the 10 mm mesh size was able to deliver good results for what concerns
accuracy, using almost one-sixth of the CPU time of the 5mm one. According to
the obtained results, the convergence trend visible in figure 4.8 and the available
literature, the choice was to use 10 mm elements |90, 63|, 91].

This choice allowed to achieve a good accuracy while still maintaining a reason-
able computing time, which, given the multiple iterations to be conducted, needed
to be kept under control.

To keep the effective external section of the different members constant when
changing the elements thickness, the thickness was assigned inwardly instead of

symmetrically across the meshed surface. This led to a slight mass overestimation
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Figure 4.8: Convergence of torsional displacement and increase in CPU time in
function of the elements size

due to elements overlapping in correspondence of the corners, which however was
comparable in the different analyzed solutions, thus acceptable for the comparative
analysis.

To conclude, the most relevant mesh characteristics and quality indexes are re-
ported in table [4.2]

Table 4.2: Mesh characteristics and quality indexes

Element family Element type Element size No. of elements % of trias

2D Linear shell CQUAD4 & CTRIA3 10 mm 2.244+-E05 0.50%

The following step was to model the cells mass. The battery cells were not
included in the model, but their mass was modelled as point masses distributed
across the lower plate. Supposing an high gravimetric integration of around 66.6%,
starting from the estimated battery pack mass of 450 kg the equivalent cells mass

can be evaluated by:

Ppack Meells . Ppack
Ny = —— = —— from which  Meens = ———Mpack = NgMpack (4.3)

Pcell Mpack Peell

Which results in a total cells mass of 300 kg. This mass was simulated by applying

300 kg
#nodes’
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