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Formula Symbols

In this thesis, the internal and external vehicle dimensions are described with the nomenclature
proposed by the Society of Automotive Engineers (SAE). An overview of the considered SAE
dimensions is documented in Table A.1 and A.2.

Formula Symbols Unit Description

Ccycle W hkm−1 Vehicle consumption in a given driving cycle

cd - Aerodynamic drag coefficient

CDS,WLTC W hkm−1 Weighted consumption in the dynamic segments of the WLTC

cr - Rolling resistance coefficient

CWLTP,comb W hkm−1 Combined vehicle consumption in the WLTP

CWLTC1−2 W hkm−1 Measured vehicle consumption in the WLTP dynamic segments

Dbrake mm Outer diameter of the brake disc

dclear,axle,z mm Ground clearance at the axle

dclear,batt,f/r,x mm Clearance between the front/rear drive unit and the battery

dclear,batt,z mm Clearance between the module and the battery top cover

dclear,gear mm Clearance between the differential wheel and the gearbox housing

dclear,man,y mm Clearance between the manikin and the door

dclear,ub,z mm Ground clearance at the underbody

dCOG,veh,x mm Distance between the vehicle’s center of gravity and the front axle

dcritic,f/r,x mm Critical length of the front/rear drive unit, expressing the portion of drive
unit that limits the battery space

dFRP,AHP,z mm Distance between the FRP and the AHP

dFRP,axle,x mm Distance between the FRP and the front axle

dFRP,batt,z mm Distance between the FRP and the battery

dgb,shafts,12/23 mm Distance between the gearbox shafts

Dmach mm Outer diameter of the electric machine

Dmach,stat/rot mm Outer diameter of the electric machine’s stator/rotor

dmach,stat,y mm Difference between the stator length and the electric machine length

Drim mm Outer diameter of the rim

Drim,inch inch Outer diameter of the rim in inches
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dSgRP2,batt,z mm Distance between the SgRP-2 and the battery upper cover

dSgRP2,lug,x mm Distance between the SgRP-2 and the luggage compartment

Dtire mm Outer diameter of the tire

dveh,lug,x mm Distance between the luggage compartment and the vehicle’s rear-end

dwa,batt,y mm Clearance between the wheel arch and the battery

EAC W h Required energy to refill the battery after the WLTP shorted test proce-
dure

Ebatt,is kW h Installable battery gross energy in the vehicle

Ebatt,req kW h Required battery gross energy to reach a given range

Ecell,grav W h kg−1 Gravimetric energy density at the cell level

Ecell,vol W hl−1 Volumetric energy density at the cell level

ESTP W h Consumed battery energy during the shorted test procedure of the WLTP

Faxle,f/r N Occurring static load at the front/rear axle

FG N Weight force of the empty vehicle (no passengers and no luggage)

Flug N Weight force of the luggage load

Fpass,f/r N Weight force of the passengers at the front/rear row of seats

igb - Transmission ratio of the gearbox

Kcell2mod - Ratio between the module mass and the cell mass

Kgross2net - Ratio between the net and the gross battery energy

Kpack,x/y - Battery package factors

Krep,f/r % Mass distribution at the front/rear axle

KSP - Secondary to primary mass ratio

Kstat - Ratio between the stator length and the stator diameter

Ktire % Aspect ratio of the tire

Lcycle km Distance of a driving cycle

maxle,f kg Mass of the front axle, springs, and shock absorbers

mbatt,cells kg Mass of the cells

mbatt,hous kg Mass of the battery housing

mbatt,mod kg Mass of the cells, module housings, and inner module cables

mBIW kg Mass of the body in white

mbrakes,f/r kg Mass of the front/rear brake system

Mcell/pack mm Matrix storing the cell/pack dimensions of the simulated cells

mconsole kg Mass of the interior console

mframe,other kg Mass of the sound insulation, frame reinforcements, cross members,
aerodynamic shields, and rock panel covers

mdoors,f/r kg Mass of the front/rear doors
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mgross,n kg Calculated vehicle gross mass at the nth iteration

mhood kg Mass of the hood

mload,axle,f/r kg Occurring maximum load at the front/rear axle

mload,tire kg Required tire load

mn kg Calculated vehicle empty mass at the nth iteration

mPMC kg Primary mass change

mrim kg Mass of one rim

mseat,f kg Mass of the front seat with frame, cushion, and adjustment mechanism

mSMC kg Secondary mass change

mtrim kg Mass of the interior trim parts

mtrunk kg Mass of the trunk

mwheel kg Mass of one wheel (includes both tire and rim mass)

Ncell,serial - Number of the serial cells

Ncell,tot - Number of cells fitting in the available battery space

Nserial,max/min - Maximum/minimum allowed number of serial cells

nmach,max min−1 Maximum rotational speed of the electric machine

Paux kW Auxiliaries power

Pmach,max kW Maximum power of one machine

Pmachs,max kW Maximum installed machine power in the vehicle

Rveh km Vehicle range

RWLTP,comb km Combined range in the WLTP

sav,f,y mm Available installation space at the vehicle’s front-end

sbatt,cool,z mm Thickness of the battery cooling plate

sbatt,cover,z mm Thickness of the battery cover

sbatt,lowp,z mm Thickness of the battery lower protection

scell,av,z mm Available cell space along the vertical direction

scell,x/y/z mm Dimensions of the cells

sgb,flg mm Thickness of the gearbox housing including its flanges

sgb,gears,y mm Width of the gearbox wheels

sgb,pklk,x mm Required installation space for the gearbox parking lock wheel

sgb,seal,y mm Required installation space for the gearbox sealing ring

sgb,x/y/z mm Dimensions of the gearbox

slb,y mm Width of the longitudinal beam

slug,x mm Length of the luggage compartment

smach,hous,x mm Thickness of the electric machine’s housing

VII



smach,rib,x mm Thickness of the electric machine’s ribs

smach,stat,y mm Length of the electric machine’s stator

smach,y mm Length of the electric machine

sman,hr,z mm Headroom of the driver’s manikin

sman,leg mm Length of the manikin’s lower leg

sman,thigh mm Length of the manikin’s thigh

sman,tot,z mm Required vertical space for the driver’s manikin

sman,upb,z mm Height of the manikin’s upper body

sman,y mm Width of the manikin’s upper body

spack,x/y mm Pack dimensions of the cell

sroof,z mm Thickness of the vehicle’s roof

ssl,x/y/z mm Available battery space in the second level

stire,y mm Width of the tire

stun,x/y/z mm Available battery space in the tunnel

sub,x/y/z mm Available battery space in the underbody

swa,f/r,y mm Width of the front/rear wheel arch

t0−100 s Acceleration time from 0 to 100 kmh−1

Tmach,max N m Maximum torque of the electric machine

Ubatt,nom V Nominal voltage of the battery

Ubatt,max/min V Maximum/minimum allowed battery voltage

Ucell,nom V Nominal voltage of the cell

Vbatt l Volume of the battery

Vcell l Volume of the cell

Vmach,stat l Volume of the electric machine’s stator

Vtire,min mm3 Required tire volume to carry a given tire load mload,tire

vveh,max kmh−1 Maximum vehicle speed

Vveh,s m3 Vehicle substitute volume

α12/23 ° Inclination angles of the gearbox shafts

α ° Inclination angle of the manikin’s lower leg

δ ° Steering angle at the front wheel

ρAlu % Percentage of aluminum in the body in white
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1 Introduction

Over the last years, there has been a global effort to reduce human-induced CO2 emissions [1,
2] and to slow down the side effects of global warming. This effort also concerns the automotive
sector, where the industry’s focus has shifted towards sustainable mobility. In particular, one
of the current challenges is reducing CO2 fleet emissions [3], which is further enhanced by
European regulations [4] aimed at decreasing greenhouse gas emissions of the automotive
sector [5].

One way for car manufacturers to reduce local CO2 emissions is to electrify the powertrain [6].
Vehicles with electrified powertrains (electrified vehicles) are categorized into Hybrid Electric Ve-
hicles (HEVs), Plug-in Hybrid Electric Vehicles (PHEVs), and Battery Electric Vehicles (BEVs) [7,
pp. 157-159]. Unlike Internal Combustion Engine Vehicles (ICEVs), electrified vehicles are par-
tially or fully powered by a battery that, in the case of BEVs, can zero out local CO2 emissions.
The absence of local CO2 emissions makes BEVs particularly promising in the long term to meet
progressively stricter regulations.

The reduction in local CO2 emissions offered by electrified vehicles is transforming the passenger
car sector. For example, China started a decade-long subsidy program in 2009 [8] with the goal
of electrified vehicles reaching a share of 25 % of all passenger car sales by 2025 [9, 10]. These
policies led to rapid growth of the Chinese BEV market and the emergence of new Chinese
manufacturers such as NIO, BYD, and Geely [11]. European manufacturers are also increasing
their investments in research and development of BEVs. For example, Volkswagen AG (VW)
announced a plan to provide around 70 different BEV models by 2025 [12], while the PSA group
unveiled two new platforms (the Common Modular Platform and the Efficient Modular Platform)
that can integrate any powertrain (ICEVs, HEVs, BEVs, and PHEVs) [13]. Meanwhile, Tesla
has been further increasing its share and production capabilities reaching almost half a million
deliveries in 2020 [14].

1.1 Research Motivation

The development of BEVs is still a challenge for both new players and already established
manufacturers. BEVs require the usage of new technologies and components such as electric
machines, power electronics, and traction battery, all of which have completely different charac-
teristics compared to ICEV components. Due to these new components, BEVs have two main
disadvantages when compared to ICEVs: lower range and higher mass.

Most German buyers see the lower range compared to ICEVs [15] combined with a still inad-
equate charging network and the long charging times as the main criteria against purchasing
a BEV [16]. The German neologism Reichweitenangst (range anxiety) sums up this problem
and denotes: "The fear of not reaching the destination or a charging station with an electrically
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1 Introduction

powered vehicle due to the limited range of the available battery and of coming to a standstill
on the route" [17]. Paradoxically, the ranges offered by current BEVs suffice to cover the vast
majority of average customer trips [18, pp. 173-175, 19]. Yet, on rare occasions such as long
business or vacation trips, range anxiety is still a major problem.

The second major difference between BEVs and ICEVs is vehicle mass. Current BEVs have
higher masses than comparable ICEVs. The main cause for this difference lies in the traction
battery [20, p. 9]. Over the last years, energy densities of lithium-ion batteries have been
rapidly improving [21]. Nevertheless, their current energy densities are still a fraction of the
values achieved by gasoline and diesel. While lithium-ion batteries reach pack-level densities
between 150 W h kg−1 and 175 W h kg−1 [15], gasoline and diesel fuels have values around
12800 W hkg−1 and 11 800 W hkg−1, respectively [22, p. 34]. The same applies to the volumetric
level, where the lithium-ion batteries’ pack-density (approx. 250 W h l−1 [21]) is below gasoline
(approx. 9000 W h l−1 [23, p. 73]) and diesel (approx. 10000 W hl−1 [24, p. 6]).

The low energy densities of lithium-ion batteries are partially balanced by the higher powertrain
efficiency of BEVs. While ICEVs attain peak tank-to-wheel efficiencies between 30 % (gasoline
engines) and 40 % (diesel engines), BEVs can achieve values of approx. 85 % [25]. However,
the higher efficiency of BEV powertrains is not enough to compensate for their low energy
density. This renders the battery one of the heaviest and largest components in a BEV. On the
one hand, the high mass of the battery increases vehicle consumption. On the other hand, its
large dimensions complicate its integration into the vehicle. The combination of these effects
affects the maximum achievable range of BEVs. For an improvement of current BEVs, a detailed
analysis of the battery and its impact on the vehicle concept design is required.

1.2 Research Objective

At the start of developing a new BEV, concept engineers need to define several design parame-
ters [26]. Examples include acceleration time, maximum speed, and target range. These design
parameters form the vehicle portfolio that is the basis for the vehicle concept design [27]. A
crucial design parameter is vehicle mass, as it affects consumption and determines the required
battery energy to cover a certain range. Due to limited experience with BEVs, concept engineers
have difficulties estimating the mass during the vehicle concept design phase. As a result, BEV
development is an iterative process, in which the vehicle’s mass is gradually corrected as the
BEV is detailed. At each new mass iteration step, the required battery energy must be adjusted
to maintain the target range. Due to low energy densities of lithium-ion batteries, adjustments of
a few kW h have a considerable impact on the battery’s volume and mass [28].

The vehicle mass fluctuations occurring during the vehicle concept design phase do not exclu-
sively impact the battery, but also involve other mass-dependent components such as wheels,
electric machines, and gearboxes [27]. The dimensions of these components in turn influence
the available battery space, which ultimately defines the installable energy in the vehicle. There-
fore, a correct estimation of the available battery space requires the modeling of several other
components. Since the concept engineer cannot model the entire package of the vehicle, this
inevitably leads to further errors in estimating the installable battery energy.

Ensuring that target ranges are achieved requires a consideration of mass and volume fluctu-
ations occurring on the battery and other components. For this scope, a tool-based approach
is developed that is able to model both mass and package. This tool must estimate occurring
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1 Introduction

mass fluctuations during the vehicle concept design phase, describe their effects on the vehicle
components (in particular the battery), and estimate their impact on the available battery space.
By fulfilling these requirements, it is ultimately possible to estimate the installable battery energy
and determine the maximum feasible range of future BEVs.

1.3 Position in the Vehicle Concept Research Group

This chapter discusses the relation of this thesis with respect to other running theses at the
Institute for Automotive Technology at the Technical University of Munich. This thesis is developed
in collaboration with the colleagues König [29], Koch [30], and Schockenhoff [31] of the Vehicle
Concept Research Group. Figure 1.1 presents the theses based on two main research foci.
The first research focus distinguishes between electric (level 1 to level 3 vehicles as defined
in [32]), autonomous (level 3 to level 5 vehicles as defined in [32]), and shared (for different
shared-mobility scenarios) vehicles. Regarding the second research focus, a distinction is
made between modeling package and components, modeling software (driving strategies and
trajectory planning), and improving the structure of the current development process.
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Figure 1.1: Positioning of this thesis in the Vehicle Concept Research Group [33].

In contrast to the current thesis, which focuses on non-autonomous BEVs, König et al. [34]
extend the methodology to describe how the vehicle concept design can be adapted to derive
optimal autonomous vehicles. To answer this question, König et al. focus on features such as
non-conventional passenger compartments and seat layouts [35] or the influence of auxiliary
consumers on the vehicle concept [34, 36]. Since König also focuses on vehicle package and
vehicle consumption, many component sizing models, as well as the longitudinal simulation
used in the current thesis, are developed in collaboration with him.

Koch focuses on the vehicle driving strategy. Through detailed modeling of the longitudinal
dynamics and an optimization approach, he identifies the most efficient driving profile (eco-
driving) for different powertrain topologies [37, 38]. Hereby, he describes the potential that can
be obtained with an optimal eco-driving powertrain. He does not consider the vehicle package,
but includes some of the mass and inertia models developed in this thesis to describe the inertial
losses of the vehicle. The current thesis relies on several efficiency maps (for electric machines
and gearboxes), which are developed in collaboration with him.
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1 Introduction

Schockenhoff [31] questions the current concept development process in the context of electric,
autonomous, and shared vehicles. He develops a method that derives vehicle concepts based
on user needs of electric, autonomous, and shared mobility. For this purpose, he considers
vehicle properties that conventional vehicle concepts also possess (such as driving dynamics)
and novel properties (such as driving styles and quality of automation). He models the vehicle
package by extending König’s tool with additional aspects, such as driving style-related speed
profiles instead of conventional driving cycles.

1.4 Thesis Structure

This thesis is divided into seven chapters (Figure 1.2). Chapter 1 presents the research motivation
and highlights the importance of a tool-based approach to support BEV development. Chapter 2
begins with the description of the main features of a BEV architecture (Section 2.2). Subsequently,
the effects of mass fluctuations on vehicle mass and package are explained (Section 2.3). Based
on these notions, the existing methods for modeling BEVs are evaluated (Section 2.4) and the
research gap is identified (Section 2.5).

Chapter 3 presents the structure of the developed tool. Section 3.1 lists the input parameters
of the tool. Subsequently, the developed database system that enables an automatic update
of the models, is described (Section 3.2). Section 3.3 presents the implemented longitudinal
simulation. Then, the models used to size the volumes (Section 3.4) and masses (Section 3.5)
of the vehicle components are described. Section 3.6 summarizes the tool’s capabilities.

Chapter 4 performs a validation of the longitudinal simulation (Section 4.1). Then, the models
used for the sizing of volumes (Section 4.2) and masses (Section 4.3) of the vehicle components
are validated. Section 4.4 applies the tool to simulate a set of existing BEVs. Finally, Section 4.5
summarizes the main findings of the validation.

Chapter 5 assesses the impact of different electrification strategies on future BEVs. Section 5.1
simulates the influence of different cell types, while Section 5.2 assesses the potential of a novel
(not yet on the market) battery integration principle. Subsequently, Section 5.3 performs an
optimization of three reference BEVs to identify which cell types and integration principles offer
the greatest potential for future BEVs. The chapter closes with a summary of the main findings
of the thesis (Section 5.4).

Chapter 6 questions the methodological procedure this thesis follows, discusses its results, and
outlines room for improvement. Finally, Chapter 7 provides a summary of the thesis.

Introduction1

3 Vehicle Architecture Tool Development 

4 Verification and Validation

2 State of the Art

5 Results

6 Discussion and Outlook

7 Summary

Figure 1.2: Structure of the current thesis.
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2 State of the Art

This chapter begins with positioning the current thesis in the vehicle development process (Sec-
tion 2.1). Subsequently, Section 2.2 defines the main features of BEV architectures. Afterward,
Section 2.3 categorizes the secondary effects that occur when developing a new vehicle archi-
tecture and outlines the problems they cause. Based on these notions, the existing methods for
modeling vehicle architectures are compared (Section 2.4). Finally, as a result of this comparison,
the research gap is identified (Section 2.5).

2.1 Position in the Vehicle Development Process

The vehicle development process (Figure 2.1) describes the steps beginning with the product
idea until the Start of Production (SOP) [39, p. 7]. It can be divided into four phases: planning,
definition, realization, and production [40].

Project start Feasibility check Design freeze Pilot series SOP

Months to start of production 
-50 -40 -30 -20 -10 0

Package, concept

Design exterior, interior 

Strak

Simulation, modeling

Construction, calculation, sensors

Prototype construction 

Prototype testing 

Homologation

Planning Phase Definition Phase

Production Phase

Realization PhaseVehicle Concept Design

Figure 2.1: Vehicle development process based on [40]. The process is divided into phases (blue
arrows) and milestones (red rhombuses). The specifications occurring during each phase
are marked as white rectangles and the position of this thesis is denoted with a red arrow.

The planning phase starts approx. 55 months before the SOP with a product idea, which is the
result of a scenario analysis of the customer needs [41, p. 9]. During the planning phase, the
product idea is detailed and a vehicle property portfolio is outlined. Subsequently, target values
for the vehicle properties are defined [42, p. 10]. The planning phase concludes with a feasibility
check of vehicle properties, production costs, and capacities [43, pp. 1040-1043].
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2 State of the Art

The definition phase starts approx. 40 months before SOP. The vehicle concept derived in the
previous phase is further detailed until it is ready to be forwarded to the realization phase [44,
p. 5]. The design freeze initiates the handover to the realization phase [39, p. 7], which concludes
the specification of the vehicle design [45, p. 17].

In the realization phase, vehicle prototypes are constructed and tested. The end of the prototype
testing overlaps with the beginning of the production phase, which begins with the launch of a pilot
series [39, p. 7]. Knowledge gained from the pilot series is used for the actual series production.
While the realization phase is concluded with the SOP, the production phase continues over the
vehicle’s entire lifetime by performing tasks such as customer care and quality control.

This thesis focuses on vehicle concept design, more precisely on the planning phase and the first
steps of the definition phase. This part of the development process plays a central role since it
defines the vehicle architecture, which is the foundation for any further development. Errors and
conflicts not identified during the vehicle concept design have expensive consequences since
the cost of changes exponentially increases in the following development steps [46, p. 159].

2.2 Vehicle Architecture

In the current literature, there are several definitions of vehicle architecture [39, pp. 10-11, 44,
p. 13, 47, pp. 6-7, 48]. This thesis employs the definition presented in a previous publication of
the author [11], according to which a vehicle architecture is described based on its four main
features (Figure 2.2): dimensional concept (Subsection 2.2.1), drive topology (Subsection 2.2.2),
component models (Subsection 2.2.3), and dimensional chains (Subsection 2.2.4).

Dimensional chains

› Available vs. required space 

› Architecture feasibility check

Component models
› Masses and volumes 

› Required installation space

Dimensional concept

› Interior/exterior concept

› Sight and loading concept

Drive topology

› Electric machine topology

› Traction battery topology

Design parameters/inputs at the project start 
Target range, vehicle mass, powertrain requirements, segment... 

Figure 2.2: Architectural features. Based on [11].

Modeling the vehicle architecture begins with the design parameters available at the project start
(Figure 2.2) and is based on the four architectural features that are detailed in the planning and
definition phases. The next sections detail these architectural features.
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2 State of the Art

2.2.1 Dimensional Concept

Within the framework of the dimensional concept, engineers and designers define the vehicle
proportions. Since the dimensional concept describes the external and internal dimensions
of the vehicle, it influences the available installation space inside the vehicle [49]. According
to [11, 50, p. 5], this architectural feature is divided into exterior concept, interior concept, sight
concept, and entrance/exit/loading concept. The following subsections explain these four tasks
in detail. Subsequently, the existing design strategies for the derivation of BEV architectures are
presented.

Exterior Concept

The exterior concept defines the vehicle’s external dimensions and assigns it to a specific
segment and body type. The standards defined by the SAE are commonly used for defining the
external dimensions. SAE standard J1100 [51] specifies a set of dimensions that form the basis
for defining the exterior concept and enable a comparison with competitor products (Figure 2.3).
Some of the most widely used external dimensions are the vehicle overhangs (L104, L105), its
wheelbase (L101), its length (L103), and its height (H100). When designing the exterior concept,
different legal requirements need to be considered. An example is the vehicle ground clearance
dclear,ub,z [52, pp. 62-63, 53]. Table A.1 specifies an overview of the exterior concept dimensions
considered in this thesis.

Segment: C

Body type: SUV

L103

L104 L101 L105

H100

dclear,ub,z

Figure 2.3: Exterior concept dimensions, segment, and body style.

Several standards specify a vehicle segmentation [44, p. 12, 54, 55]. For this scope, the vehicles
are divided into classes based on features such as external dimensions, number of passengers,
or interior volume. In addition to the external dimensions and segment, another distinguishing
feature is the vehicle body type [47, p. 9], which is categorized into different variants [7, p. 146,
56]. However, this categorization is not static, but rather subject to changes over time, e.g. due to
the increasing number of crossover concepts such as the combination between van and coupé
or coupé and limousine [7, p. 170].

This thesis follows the segment denomination from A00 to E described by J. Fuchs [44, p. 12],
since this method is used by most car manufacturers. Regarding body type, the seven variants
proposed by Achleitner et al. [7, p. 146] are reduced to three basic categories: Sport Utility
Vehicle (SUV), sedan (or limousine), and hatchback. Finally, this thesis follows the nomenclature
laid out by the SAE when referring to the internal and external vehicle dimensions.
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Interior Concept

The interior concept defines various ergonomic aspects, such as the positioning of the steering
wheel and the seat layout. Table A.2 gives an overview of the interior concept dimensions
considered in this thesis. When defining an interior concept, the driver’s anthropometry plays
a major role [45, p. 14]. To describe the dimensions of the driver (and the other occupants),
the concept engineers use standardized manikins that categorize the population in different
percentile groups. Usually, the concept engineers employ the 95th male manikin and the 5th

female manikin [57, p. 182]. The former specifies the maximum required space in the vehicle
while the latter ensures that also occupants with smaller body sizes can reach pedals and
steering wheel. Basing the interior concept design on these manikins ensures that the passenger
compartment is comfortable for 95 % of the male and female population [58].

A specific manikin can be positioned in the vehicle using reference points. Important reference
points to mark the driver’s position are the Seating Reference Point (SgRP), the Acceleration Heel
Point (AHP), and the Ball of Foot (BOF). The SgRP (À, Figure 2.4) describes the manufacturer’s
intended position for the driver’s hip [59, p. 6], while the AHP (Á, Figure 2.4) defines the location
of his heel [51, p. 25]. The BOF (Â, Figure 2.4) describes the contact point between foot and
pedal. The manikins of the second row have a hip point (the SgRP-2, Ã in Figure 2.4) and a
heel point (Ä, Figure 2.4), which is denoted as Floor Reference Point (FRP).

Head contour

5

H30-2H30-1

1

2

3

L113 L99-2 L115-2

L99-1 L50-2

H5-1 H5-2

L53-2L53-1

95th manikin

4

Figure 2.4: Interior concept dimensions and reference points SgRP À, AHP Á, BOF Â, SgRP-2 Ã,
and FRP Ä. Although the L113 and L115-2 belong to the exterior concept, they are shown
in this figure since they couple exterior and interior concepts.

Most of the interior concept dimensions are defined by the reference points. For example, the
vertical distance between AHP and SgRP, the H30-1, quantifies the driver’s seating height,
while the longitudinal distance between BOF and SgRP (L99-1) quantifies his legroom. More
information regarding the internal dimensions is specified in the SAE standards [59–63].

While the passengers’ feet, legs, and upper bodies are described with standardized manikins,
the SAE proposes using head contours to model the head. The head contours are described
with ellipsoids and defined in the SAE standard J1052 [64]. They represent the passenger’s
head location and are expressed in percentiles. For example, if the 95th percentile head contour
is tangent to the interior compartment roof, this means that 5 % of the population would be in
contact with the roof while sitting in the vehicle.
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Sight, Entrance/Exit, and Loading Concept

Since the majority of the information required for driving is received visually [65, p. 21], the
purpose of the sight concept is to ensure the driver visibility. For this scope, the driver’s field
of view is described using surfaces that are positioned according to the position of the driver’s
eyes. The SAE standard J941 describes the driver’s eye position with an eye ellipse [66] (red
ellipse, Figure 2.5), while the field of view can be modeled as a surface according to [67] (light
blue surface, Figure 2.5). To ensure adequate visibility, no part (with the only exception of the
A-pillars) shall collide with the field of view surface [67, pp. 42-43].

Door geometry

Eye ellipse

Field of view

Trunk volume

Figure 2.5: Sight, entrance/exit, and loading concept.

The entrance and exit concept must ensure comfortable access into the vehicle and define the
position and geometry of the doors (dashed red line, Figure 2.5). On the one hand, the upper
and lower edges of the door geometry depend on exterior concept characteristics, such as the
roof and underbody position. On the other hand, front and rear edges are defined by the seating
position [68, p. 65].

The loading and unloading concept defines the position and volume of the trunk compartment
(green surface, Figure 2.5). The trunk volume has a high influence on the everyday usability
of the vehicle [69, p. iv, 70] and is affected by external dimensions [42, p. 82], the position of
the last row of seats, and the drive topology [71, pp. 8-9]. Standards such as the ISO 3832 [72]
detail an approach to defining trunk volume.

With the set of dimensions shown in Figure 2.3 - 2.5, it is possible to define the dimensional
concept of the vehicle. However, due to the electric powertrain, the dimensional concept needs to
be adapted depending on the applied design strategy. The following section, therefore, outlines
existing design strategies for BEVs.

Design Strategies

When defining a dimensional concept, the design strategy determines whether the same rules
and proportions suitable for ICEVs can be employed or whether adaptation is required to
integrate the electric powertrain. The former case is defined as conversion design, while the
latter is commonly known as purpose design.

Conversion design is an adaptation strategy where vehicles originally intended as ICEVs are
equipped with an electrified powertrain [73, pp. 140-141]. On the one hand, this strategy allows
reusing existing production facilities [41, p. 4], thus saving time and costs. On the other hand,
the resulting vehicle architecture has to be derived under the constraints imposed by the ICEV
architecture [6].
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Purpose design is not restricted by these constraints, since it defines a vehicle architecture
exclusively for BEVs [6]. The result is an architecture where the vehicle is designed considering
the specific requirements of the electric powertrain, thus reaching an optimal solution from
the technical point of view [41, p. 4]. However, these advantages come with higher costs and
development time than the conversion design strategy.

A third case, which is a combination of purpose and conversion design, is the multi-traction
strategy. It consists of deriving a vehicle architecture suitable for all powertrains [74]. Examples
are the PSA group’s platforms that can be used for ICEVs, BEVs, and PHEV [13]. Although
the multi-traction approach offers a better integration than conversion design, since it considers
the battery already at the start of vehicle architecture development, it is still constrained by the
requirements of the ICEV and PHEV powertrains.

To fully understand the potential of different design strategies an analysis of their influence on
the powertrain components, i.e. on the drive topology of the vehicle, is required. For this scope,
the following section outlines the characteristics of BEV drive topologies.

2.2.2 Drive Topology

Drive topology defines the choice, dimensioning, and location of the powertrain components [49,
p. 23, 58]. These components are traction battery, power electronics, electric machines, and
gearboxes (including driveshafts and, if required, differentials) [6, 75, p. 5].

The traction battery supplies the powertrain components with energy. It consists of several cells
arranged in interconnected modules [76, p. 180]. The current technology for the cells is the
lithium-ion chemistry [77, p. 18].

The power electronics includes the inverter, the DC-DC converter, and the charger. The inverter
commutes the Direct Current (DC) of the battery, into Alternating Current (AC) for the electric
machines [78, p. 3]. In the recuperation phase, it carries out the reverse transformation [6]. The
inverter is normally integrated into a compact unit with the electric machine [41, p. 45] thus
reducing complexity and cutting costs, e.g. due to the shorter wiring path [22, p. 42]. The DC-DC
converter supplies the Low Voltage (LV) components by converting the battery’s High Voltage
(HV) into LV. The last component is the charger, which converts the current from the charger
plug to meet the current and voltage requirement of the battery [6]. The charger is typically
positioned so that the wiring path to the battery is minimized [79, p. 82].

The electric machines transform the electrical power into mechanical power [6]. The two leading
technologies at the moment are Induction Machine (IM) and Permanent Magnet Synchronous
Machine (PMSM) [80, p. 67]. Electric machines can provide the maximum torque at low rotational
speeds and do not require a clutch system. Furthermore, the speed range of electric machines
covers the entire speed range required by the vehicle and omits the need for a transmission
with several reduction stages (as used in ICEVs) [80, p. 68-69]. For this reason, single-speed
gearboxes are the current solution for most BEVs to transfer the torque from the electric machine
to the wheels [26].

Due to the above-cited constraints and depending on the position of the electric machine and
traction battery, the location of both power electronics and charger can be estimated. For this
reason, it will be further distinguished between electric machine topology (position and number)
and battery topology (position and shape).
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Electric Machine Topology

Electric machines have compact dimensions and can be placed with a high degree of freedom,
enabling machine layouts that would otherwise be impossible for ICEVs, such as one machine
on each axle or two machines on the same axle [6]. There are three main electric machine topolo-
gies [75, pp. 6-8]: central machine (Figure 2.6a and 2.6b), machine near-the-wheel (Figure 2.6c),
and wheel hub machine (Figure 2.6d).

(a) Central machine in parallel axles layout (b) Central machine in coaxial layout

(c) Machine near-the-wheel in coaxial layout (d) Wheel hub machine

Figure 2.6: Electric machine topologies and their components: electric machine (green), bearings
(orange), gears (light blue and blue), differential cage (light gray), driveshafts (dark gray),
and tires (black). The red arrow points toward the driving direction.

The central machine topology has a maximum of one electric machine per axle. The machine
can be coupled with a parallel axles gearbox (Figure 2.6a) or a planetary gearbox (Figure 2.6b).
The former is commonly installed in small BEVs such as the VW e-Up! and the VW e-Golf [81].
The latter can be found in vehicles of a higher price bracket, such as the Jaguar I-Pace [82] and
the Audi e-tron 55 [83]. Independent of the layout, the gearbox is coupled with a differential that
splits the torque to the wheels. For BEVs, the differential is usually integrated into the gearbox
housing, thus building a compact transmission unit.

The second topology (Figure 2.6c) has two machines. This configuration does not require a
differential [84], since there is one machine per wheel. An example of a series vehicle with a
near-the-wheel topology is the Audi e-tron S [85].

The wheel hub machine topology (Figure 2.6d) is equipped with two machines integrated directly
into the wheels. For this topology, neither the differential nor the driveshafts are required. This
results in lower rotating masses, fewer components, and a compact unit. The main drawback is
the high undamped mass of the driving unit, which impacts driving dynamics [23, p. 199].

Another possible variant is the direct drive [75, p. 7]. Since electric machines can provide high
power over a wide speed range [23, p. 103], direct coupling with the wheels (without a gearbox)
is also possible [86]. Although this configuration does not require a gearbox unit, due to the
missing transmission ratio of the gearbox, the required torque at the machine increases and,
since the machine dimensions are proportional to its torque [77, p. 312], leads to larger and
heavier machines.
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This thesis considers the topologies with central machines and machines near-the-wheel. Tech-
nical solutions for wheel hub machines have been around for years [87, 88] and are still being
developed [89–91]. Nevertheless, wheel hub machines are still not technically mature, they are
expensive, and cause an increase of the unsprung masses [7, p. 158]. For this reason, this
topology will not be considered. The same applies to the direct drive variant. An overview of the
considered electric machine topologies is documented in Section B.1.

Battery Topology

Due to the large variety of battery shapes and positions, a categorization of the existing cases is
required. In the scope of this thesis, battery topology is described in terms of two features: its
integration principle and its battery shape [6]. The integration principle describes the position of
the battery and how it impacts the dimensional concept. Based on the categorization proposed
by J. Fuchs [44, p. 13], it is possible to distinguish between three integration principles: highfloor,
mixedfloor, and lowfloor (Figure 2.7).

(a) Highfloor principle with second level of cells

Footwell

(b) Mixedfloor principle, with second level of cells

(c) Lowfloor principle

Figure 2.7: Existing integration principles. Based on [6].

The highfloor principle (Figure 2.7a) is suitable only for purpose design vehicles such as the
BMW i3. The battery is placed in the underbody to maximize usage of space comprised between
the front and rear axles. To free up space required for the battery, all the reference points of the
vehicle occupants (and thus the entire passenger compartment, Subsection 2.2.1) have to be
shifted vertically [11]. Therefore, vehicles with a highfloor principle have a greater H100 and
frontal area [44, p. 14], which increases drag losses and raises vehicle consumption.
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The mixedfloor principle (Figure 2.7b) is employed for purpose design vehicles, such as the
Nissan Leaf [92, pp. 145-146], and conversion design vehicles, such as the VW e-Up! [93, p. 38].
For these vehicles, the battery length is limited along the longitudinal direction by the driver’s foot.
This concept can be imagined by cutting off battery space in proximity of the driver’s foot, thus
creating a footwell. In some cases, such as the Porsche Taycan [94] or the Audi e-tron GT [95],
the footwell is located at the second seating row. With this integration strategy, the battery does
not impact all the reference points of the passengers. For example, in the configuration shown in
Figure 2.7b, the driver’s AHP does not have to be shifted (as it is the case for Figure 2.7a). On
the one hand, the footwell causes a loss of space, since it reduces the usable battery length. On
the other hand, this loss can be compensated by building an additional level of cells underneath
the second row of seats.

The lowfloor principle (Figure 2.7c) is typically found in conversion design vehicles, such as the
VW e-Golf, and multi-split vehicles, such as the Peugeot e-208. This integration principle fits
the battery in the tunnel and below the first and second seating rows. This way, none of the
passengers’ reference points are affected by the electric powertrain. Although this strategy does
not increase H100 (as is the case with the other two integration principles), the usable battery
space is strongly limited.

The second feature to describe battery topology is battery shape. As the name suggests, this
feature describes the form of the battery. BEV manufacturers have adopted differing strategies,
leading to a high variability of shapes. Nevertheless, every battery can be described using a
combination of basic shapes. For this scope, based on a previous publication of the author [6],
three basic shapes are defined: rectangular, drop and T-shape (Figure 2.8).

(a) Rectangular shape, e.g. BMW i3 (b) Drop shape, e.g. Jaguar I-Pace

(c) T-shape, e.g. GM EV1 (d) T-shape with extra compartment underneath the first
row of seats, e.g. Opel Corsa-e

Figure 2.8: Existing basic battery shapes. Based on [6].

The rectangular shape (Figure 2.8a) is used in highfloor and mixedfloor vehicles. Due to its
simple form, it is not possible to maximize the space usage in the vehicle. This disadvantage
is overcome by the drop shape (Figure 2.8b). The drop shape can be found only in highfloor
integration strategies and is therefore suitable only for purpose design vehicles. The corners at
the front (and sometimes also at the rear) edge of the battery are cut off, which enables placing
the battery closer to the wheels. This leads to optimal usage of the space between the front and
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rear axles, yielding high installable battery energy. Nevertheless, the higher energy comes with
the price of a more complicated housing shape.

The last basic shape, the T-shape (Figure 2.8c), was employed in one of the first series BEVs:
the General Motors EV1 [96]. At the time, this shape was chosen due to limited knowledge
about BEV architectures, as it offered an easy integration into the vehicle. Today, it is employed
coupled with a lowfloor integration principle for conversion and multi-split vehicles. The battery
is fitted in the spaces resulting from the removal of the ICEV powertrain, i.e. in the tunnel and
below the second seating row. To further increase the installed energy (for example for the VW
e-Golf [97, p. 60] and the Opel Corsa-e [98]), the T-shape is extended with a further cell pack
placed underneath the first row of seats (Figure 2.8d).

Not every BEV has a basic battery shape, nevertheless, the shape of every battery can be
described by combining the basic shapes. For example, the Audi e-tron has a battery with two
levels: the first is placed in the vehicle underbody and is shaped like a drop shape. The second
level is fitted below the second seating row and has a drop shape as well. In the case of the
Audi e-tron, the second level fits five extra modules and increases the installed gross energy by
13.2 kW h [83]. Section B.2 specifies a detailed overview of existing battery shapes.

The combination of battery shapes and integration principles generates a high number of
possibilities. To show which configurations offer the best integration, a potential assessment is
conducted [6]. A set of existing BEVs is analyzed, and for each vehicle the integration principle
and basic battery shape are identified. The integration potential is then evaluated by dividing
the gross energy of the battery by the empty mass of the vehicle, and the dimensions of the
passenger compartment. This calculation yields the total gravimetric energy density (how many
W h are comprised in 1 kg of the vehicle), and the total volumetric energy density (how many
W h are comprised in 1 l of passenger compartment). Since the usual installation space for the
battery is below the passenger compartment, its volume and not the volume of the whole vehicle
is accounted for the total volumetric energy density. Figure 2.9 shows the results.
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Figure 2.9: Total vol. energy density (ratio between battery energy and passenger compartment volume)
vs. total grav. energy density (ratio between battery energy and vehicle mass). Based on [6].

The vehicles in the upper right corner of Figure 2.9 are the ones with the highest integration
potential both gravimetric and volumetric. They usually mount a drop or rectangular shape
combined with a highfloor integration principle (and they are mostly purpose design vehicles).
The mixedfloor integration principle appears to be always coupled with a base rectangular shape
and does not yield an integration potential as high as the highfloor option. The same applies to
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the lowfloor principle. Since this thesis focuses on purpose design vehicles, the highfloor and
mixedfloor principles will be further considered. Although the lowfloor option is a strategy that is
still in use today, it is not investigated further in this work due to its low potential. Consequently,
batteries with a T-shape are also neglected, as they are exclusively paired with a lowfloor
integration principle.

2.2.3 Component Models

To derive the vehicle architecture and its package, the required space for the vehicle components
needs to be estimated. The component models fulfill this task [49] by estimating the volume and
mass of the components. For this scope, three model types can be employed [99, pp. 28-29]:

• Physical models: Mathematical models derived from physical laws.

• Semi-physical models: Incorporate physical equations and information that can be
obtained from measured data.

• Empirical models: Statistical models derived by evaluating measured data.

Physical models provide an accurate representation of the system they describe. However, their
creation requires detailed knowledge of the system being modeled. Consequently, physical
models often need inputs that are not available during the vehicle concept design phase [39,
p. 37]. Since the aim of this thesis is to model vehicle architectures during the vehicle concept
design phase, only semi-physical and empirical models are suitable.

An example of a semi-physical model is the BEV gearbox model developed in the theses
of Köhler [100, 101], which applies physical correlations and empirical factors to model gear
dimensions and mass. Examples of empirical models are linear regressions and constant values.
The former method is suitable if a correlation between the to-be-modeled component dimension
and other variables can be observed. If no statistically significant regression can be derived,
the dimension can be modeled with a constant value (as mean value or median), which means
that its value is independent of other variables [102]. Figure 2.10 shows a linear regression for
estimating the mass of a rim from its outer diameter.

Part Diameter …. Mass

Rim 1 16'' … 9	kg

Rim 2 18'' … 11	kg

… … … …
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Figure 2.10: An exemplary procedure for the creation of an empirical model. Based on [103].

The first step in defining an empirical model is creating a component database of existing rims
(left-hand side of Figure 2.10). The component database contains the to-be-modeled variable (in
this case the mass of the rim), and the variables used for modeling (in this case the rim diameter).
Subsequently, the data is evaluated following the approach described by Felgenhauer [102],
thus deriving an empirical regression model (right-hand side of Figure 2.10) or a constant value.
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The quality of the model approximation is further estimated using statistical units such as the
coefficient of determination (R2), the Mean Absolute Error (MAE), and the Normalized Mean
Absolute Error (nMAE) [104, pp. 16-18].

Empirical models offer an advantage in the planning and definition phases since they require a
limited amount of input. One drawback is that, for modeling each component, a corresponding
component database has to be created and evaluated. This results in dozens of tables (one
for each component), all of which have to be stored separately and cause data dispersion. A
further disadvantage is data aging, i.e. the data used for deriving empirical models becomes
outdated over time. As a result, the derived empirical models are no longer valid. To counter this
problem, new data has to be collected and the empirical models used for the vehicle architecture
derivation have to be updated manually.

A possible solution to address the above-cited disadvantages is to store the component
databases in a Structured Query Language (SQL) database. Furthermore, it is possible to
implement the SQL database so that all the models can be automatically updated when new
data is added [11].

2.2.4 Dimensional Chains

The last step of architecture derivation is to verify the feasibility of the vehicle package. This
task is achieved with dimensional chains which are used to estimate the available space in
the vehicle, position the components, and ensure that no collision occurs [105]. As shown in
Figure 2.11, a dimensional chain consists of the sum of component sizes and the distances
between adjacent components projected along a defined coordinate direction [39, p. 11]. By
combining dimensional chains with the component models, the package layout of the vehicle
architecture is derived.
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Figure 2.11: Dimensional chain to estimate the available installation space at the vehicle’s front-end.

Equation (2.1) summarizes the dimensional chain in Figure 2.11. The chain estimates the
available space for the powertrain components sav,f,y based on the vehicle width (W103), the
wheel arch width swa,f,y, and the longitudinal beam width slb,y.

sav,f,y =W103− 2 swa,f,y − 2 slb,y (2.1)

The wheel arch width is derived from the tire size and the maximum steering angle δ. The
former can be estimated based on the tire load (Subsection 3.4.1). The latter depends on the
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vehicle’s external dimensions [42, p. 82]. Finally, the longitudinal beam width slb,y can be modeled
empirically with a constant value. In this way, it is possible to derive the available space at the
front-end of the vehicle sav,f,y.

2.3 Secondary Effects

Regardless of the powertrain type, vehicle mass increases are frequent during the vehicle
concept design and can either be corrected through targeted measures or must be accepted [7,
pp. 158-159]. For BEVs, a further parameter plays a major role: range. Range is an essential
selling point [106] and is usually selected at the start of the planning phase according to the
vehicle segment and the targeted customer group [27]. Given a target range and vehicle mass,
consumption and required battery energy are estimated. However, the vehicle mass can only
be roughly estimated at this stage of development. Such an estimate is prone to error and
leads to further inaccuracies in the quantification of vehicle consumption and battery energy.
Consequently, the battery energy must be iteratively adjusted, which causes additional mass
fluctuations. These fluctuations trigger secondary effects that complicate architecture derivation
and can be associated with changes in mass of the components (secondary mass effects) or in
their volume (secondary volume effects).

If a new component is added or an already existing component becomes larger, this results
in mass fluctuation, defined as primary mass increase [107, p. 9]. The primary mass increase
affects the vehicle’s consumption and its performance (such as acceleration time and maximum
speed). In order to maintain the original performance requirements, the vehicle components
need to be adjusted. This sets off a mass spiral as shown in Figure 2.12.

Primary mass ↑

Gearbox torque ↑
Gearbox volume ↑

Consumption ↑

Gearbox mass ↑

Secondary
mass effects

Consumption ↑
Battery energy ↑
Battery volume ↑

Machine torque ↑
Machine volume ↑

Consumption ↑

Tire load ↑
Tire volume ↑

Consumption ↑

Machine mass ↑

Battery mass ↑

Starting vehicle
 architecture

Figure 2.12: Mass spiral with resulting secondary effects.

Since a primary mass increase raises the vehicle’s consumption, it may require additional battery
energy to maintain the targeted range. Due to the low energy density of lithium-ion batteries
(Section 1.1), small energy adjustments may lead to considerable mass increases and affect
further components [103]. Figure 2.12 shows how the primary mass increase can impact electric
machines, gearboxes, and tires. The sum of the mass increases of the affected components is
the secondary mass change. The secondary mass change triggers in turn a further loop in the
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spiral. Consequently, the spiral has to be repeated until no further mass increase results. In the
case of a primary mass reduction, the spiral works in the opposite direction and the secondary
effects allow for additional mass savings [108, p. 43].

The secondary to primary ratio KSP is a possible measure to quantify the mass variation initiated
by a primary mass change [107, pp. 9-10]. It expresses the ratio between the secondary mass
change mSMC and the primary mass change mPMC that caused it (Equation (2.2)). For example,
a KSP of 0.5 means that given a primary mass reduction of 100 kg, further 50 kg can be saved
due to secondary mass effects.

KSP =
mSMC

mPMC
(2.2)

Table 2.1 provides an overview of the authors who quantify the KSP [28]. All authors follow a
similar approach by dividing the vehicle into modules and estimating the mass of each module
separately. If a mass reduction (or increase) is introduced, each module is recalculated and
the secondary mass change estimated. The values show a high variability since the authors
consider vehicles with different model years and dimensions.

Table 2.1: Typical KSP values according to the reviewed literature.

Author KSP Employed database

Malen et. al [109] 0.8-1.5 32 ICEVs (model years between 2002 and 2007)

Göbbels et al. [110, pp. 141-145] 0.3-0.46 Opel Corsa C (first value) and VW Golf V (second value)

Göbbels et al. [110, p. 145] 0.5-0.58
Derived from literature research including approx. 1300 sources.

Only ICEVs considered.

Alonso et al. [111] 0.49 Analysis from 77 ICEVs (model years between 2007 and 2009)

S. Fuchs et al. [107, 112] 0.32-0.45
24 ICEVs and BEVs (model years between 2007 and 2012).

The KSP is calculated for a two-seater BEV with 150 km range.

Except for S. Fuchs [107, 112], the authors focus exclusively on ICEVs and their results are not
relevant to the scope of this thesis. The research of S. Fuchs shows that, in the case of BEVs,
the KSP is strongly influenced by cell energy density, battery size, and range [112]. Nevertheless,
the estimate of S. Fuchs relies on a limited number of vehicles produced between 2007 and
2012 [107, p. 34] and is therefore not up-to-date.

A primary mass change can also impact component volumes. For example, a primary mass
increase may raise the axle load and may require resizing the tires. This leads to an increase
in tire volume (secondary volume effect), which in turn triggers a secondary mass effect.
In other words, a secondary mass effect is usually caused by a component resizing, i.e. a
secondary volume effect. Figure 2.13 shows an example of secondary volume effect based on
the dimensional chain presented in Subsection 2.2.4.

If a primary mass increase occurs, the tires have to be resized since they must carry a higher
load. This causes an increase in their diameter, width, or both. Concurrently, to guarantee the
same agility to the vehicle, the steering angle δ cannot change. Therefore, the longitudinal
beam is moved towards the vehicle center to accommodate the larger tire, thereby causing a
reduction in the available space at the vehicle’s front-end sav,f,y. In this case, there are two distinct
secondary effects: the first is the resizing of the tire caused by the primary mass increase that
in turn leads to a reduction of sav,f,y, i.e. a secondary volume effect (Figure 2.13). In a previous
publication [103], it was estimated that this specific secondary volume effect can cause an
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available space loss between 4 % and 12 %, following a primary mass increase between 75 kg
and 130 kg. If the space loss causes an unfeasibility of the package, a countermeasure is
increasing the vehicle width. By inverting Equation (2.1), the larger wheel arch width can be
compensated with a greater W103. However, the increase in W103 raises the Body in White
(BIW) mass and causes secondary mass effects in other vehicle modules [103].

sav,f,y
δ

Initial vehicle
mass

δ

Before the primary mass increaseAfter the primary mass increase

Figure 2.13: Impact of a primary mass increase on the tire dimensions and the available space at the
vehicle’s front-end sav,f,y. Based on [69, 103].

The tires do not exclusively impact the available space at the vehicle’s front-end, but also other
components such as the battery. Therefore, secondary volume effects in the tires may also
impact the installable battery energy. As a result, it can be concluded that secondary volume
effects can compromise the feasibility of the vehicle architecture. However, apart from previous
publications of the author on this topic [27, 103], no further quantification of secondary volume
effects was found in the reviewed literature (Section 2.4).

2.4 Existing Methods

To identify the existing methods for modeling BEV architectures, a literature review was conducted
[26, 113, 114]. The methods are evaluated according to the degree of detail of modeling the
architectural features. Table 2.3 summarizes the existing methods and their degree of detail.

Angerer [75] develops a multi-criteria optimization algorithm to model the longitudinal and lateral
dynamics of BEVs. He models masses, volumes, and costs of the powertrain components with
empirical and semi-physical models. To model vehicle mass, Angerer applies the model of S.
Fuchs [107]. Although he models the powertrain components and all feasible topologies in detail,
the dimensional concept is neglected, dimensional chains are barely used, and a feasibility check
of the vehicle architecture is not conducted. The modeled components are not documented in a
database and an automatic update of the models is not possible.

Felgenhauer [39] implements an algorithm for the automated derivation of ICEV, HEV, and
BEV platforms. The author focuses exclusively on the front-end of the vehicle. Consequently,
the modeling of dimensional concept, drive topology, and dimensional chains is incomplete.
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Furthermore, he does not consider the traction battery, since it is not usually placed at the
vehicle’s front. The remaining components are described with semi-physical and empirical
models. He estimates vehicle mass with a simplified linear empirical regression [115] and
neglects secondary mass effects. Although the regressions and constant values required for the
empirical modeling are stored in a centralized Excel table, an automatic update of the empirical
model is not implemented.

S. Fuchs [107] creates a parametric model for estimating mass and CO2 life-cycle emissions of
ICEVs and BEVs. He divides the vehicle into modules that are in turn subdivided into components.
The single components are described with empirical models and the vehicle mass is estimated
by summing up the components’ masses. His parametric model estimates the secondary mass
effects, but cannot derive a vehicle package. Accordingly, neither a dimensional concept nor
dimensional chains are considered. Although mass estimation is largely based on empirical
models, no centralized database is implemented, which precludes an automatic update of the
models, thus making them sensitive to data aging.

Matz [41] develops a multi-criteria optimization algorithm to identify optimal BEV architectures
while considering customer and mobility requirements. Given a set of customer requirements
(including also the desired route), the algorithm identifies whether the optimal solution requires
the purchase of a vehicle (and suggests a vehicle fulfilling the customer needs) or if the customer
can be satisfied with the available public transportation systems. Vehicle topology is not fully
modeled, since All-Wheel Drive (AWD) topologies are not considered. Most of the component
models are selected from a component database, and are therefore not scalable, which hinders
modeling secondary volume effects. For mass estimation, Matz uses the model of S. Fuchs [41,
p. 51]. Although the component database is theoretically extendable, it does not allow an
automatic update of the empirical models.

Hahn [45] describes a procedure for vehicle conception in the planning and definition phase.
The methodology derives a rough dimensional concept and visualizes it as a 2.5-D model. For
modeling, various relationships between the vehicle dimensions are identified and expressed as
dimensional chains, empirical models, or physical equations. She focuses on the derivation of
internal and external dimensions without considering the powertrain components. Secondary
mass and volume effects are not considered. She mentions a database containing the data used
for the empirical models, clearly stating that the model update is not automatic [45, p. 96].

Kuchenbuch [47] couples a vehicle architecture model with the NSGA-II [116] multi-criteria
optimization algorithm. His model derives BEV architectures based on different optimization
targets. The algorithm varies the seat layout (considering also layouts where not all passengers
face the driving direction) and the battery’s position to identify the optimal solution. The vehicle’s
main components are selected from a component database and positioned using dimensional
chains. Modeling the vehicle’s mass employs an empirical regression for ICEVs derived by Yanni
et al. [117]. An estimation of secondary effects is not possible.

Raabe [118] develops a parametric tool for modeling and visualizing dimensional concepts.
The tool considers more than 100 internal and external dimensions. For the calculation of the
dimensional concept, he employs a set of dimensional chains and empirical models. Only the
components relevant to the dimensional concept (wheels, steering wheel, and pedals) are
considered. The tool enables a comparison between the calculated dimensional concept and
the dimensional concepts of existing vehicles, which are stored in a database. For this scope,
the tool is coupled with a centralized and structured database system. However, no mention is
made regarding the automatic update of the empirical models.
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Ried [119] develops a tool for PHEV architectures. The main objectives of the tool are to
calculate available component spaces, component costs, and vehicle consumption. The author
only focuses on PHEVs and does not consider BEV topologies. Nevertheless, the components
of the electric powertrain are modeled with a particular focus on the traction battery. For this
scope, Ried models the dimensional concept and uses a set of dimensional chains to derive the
available installation space for the battery. Although the mass of the powertrain components and
their secondary effects are considered for the vehicle consumption estimation, no mention is
made about secondary volume effects.

Stefaniak et al. [120, 121] focus on estimating the available battery space. The authors develop
a tool capable of deriving the installation space based on a simplified dimensional concept. The
calculated space is subsequently filled with cells using the NSGA II optimization algorithm. The
electric machine and gearbox dimensions are modeled to account for their impact on battery
space. However, no clear statement is made about modeling the vehicle and component masses
(except the electric machines and the battery).

Wiedemann [42] describes a model for the requirement-based generation of BEV architectures.
The inputs are vehicle properties such as longitudinal or transversal dynamic that are expressed
as target values on a scale from 5 to 10. Subsequently, the tool derives the required physical
properties and component dimensions according to the given target values. To derive the
available battery space, Wiedemann [42] implements a simplified dimensional concept model
and employs several dimensional chains. All possible BEV topologies are considered and both
mass and volume of the powertrain components are included. Nevertheless, the remaining
components (such as wheels and axles) are only marginally considered. The tool can estimate
secondary mass effects but only for powertrain components.

Table 2.3: Existing methods for modeling BEV architectures during the vehicle concept design [26].
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2.5 Research Gap

Secondary mass and volume effects have a high influence on BEV architectures and must
be considered already in the planning phase to avoid time-consuming errors in the following
development steps. None of the authors listed in Table 2.3 consider the influence of secondary
mass and volume effects at the same time. S. Fuchs [107] is the first author to fully model
secondary mass effects and his approach is later applied by other authors [41, 75]. Nevertheless,
the model of S. Fuchs cannot be used in this thesis since its empirical correlations are based
on vehicle data from 2007-2012 and are therefore outdated. Secondary volume effects could
be quantified by some of the existing models, however, none of the authors focus on this topic.
Consequently, it was not possible to identify an approach that simultaneously models vehicle
package, vehicle mass, and the coupling between these two features.

Most of the reviewed approaches employ empirical models, however, none of the authors
address the problem of data aging nor do they consider the possibility of storing the data in a
centralized SQL database. In most cases, data are stored in Excel tables, which do not allow
an automatic update of the models. Correspondingly, the presented methods are destined to
be outdated within a few years and most already are. Furthermore, the authors in Table 2.3 do
not consider all relevant architectural features, but rather focus on one or two features, while
neglecting others. However, without modeling each architectural feature, the derivation of the
BEV architecture is incomplete. Consequently, no method for the derivation of BEV architectures
exists that considers the main architectural features, the secondary effects, and can be updated
automatically.

The aim of this thesis is to develop a vehicle architecture tool with the following requirements:

• Secondary effects: The tool must consider secondary mass and volume effects
and describe their impact on the vehicle architecture. This requires modeling
vehicle package, vehicle mass, and the coupling between these two features.

• Always up-to-date: The tool must address the problem of data aging by allowing
an automatic update of the empirical models.

• Architectural features: The tool must consider all four architectural features.

• Suitability for early development design: The tool must have a low number of
inputs for usability during the vehicle concept design.

Based on these requirements, a vehicle architecture tool to support concept engineers during
the vehicle concept design is implemented in Chapter 3. The result is a tool capable of identifying
conflicts and weaknesses of soon-to-be-developed BEVs already in the planning phase. The
tool can be further coupled with an optimization algorithm to derive optimal BEV architectures
and gain a better understanding of the limits of current and future BEVs. For this scope, NSGA-II
appears as a suitable optimizer, since it has been used by several of the reviewed authors [41,
47, 75, 121].
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Based on the research gap (Section 2.5), this chapter outlines an approach for the automated
derivation of BEV architectures. The approach considers different drive topologies and models
the main vehicle components as well as the dimensional concept. Furthermore, it quantifies
both secondary mass and secondary volume effects. These features are bundled in a tool
(implemented in MATLAB [122], Figure 3.1), which addresses the data aging problem by
providing a transparent and updatable model structure.

This chapter is organized according to the six tool steps: Input Initialization (Section 3.1),
Component Database (Section 3.2), Longitudinal Dynamic Simulation (Section 3.3), Volumetric
Component Modeling (Section 3.4), Gravimetric Component Modeling (Section 3.5), and Output
of a Feasible Architecture (Section 3.6).
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Figure 3.1: Structure of the vehicle architecture tool. Based on [27].
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For the tool to be usable during the vehicle concept design, the number of inputs must be kept
low (Section 2.5). For this reason, a literature review is carried out to identify the most important
design parameters that are available during the planning phase (Section 3.1). The identified
parameters are implemented as tool inputs. Examples are the vehicle maximum speed, the
target range, and the required acceleration time.

Apart from the inputs, empirical models are employed to size the vehicle components. These
models are derived from component data, which is stored in a component database (Section 3.2).
Every time new data is added to the database, an automatic update is performed. The updated
empirical models are then stored for further use during volumetric and gravimetric component
modeling.

In the following step, a Longitudinal Dynamic Simulation (LDS) simulates the dynamics of the
vehicle to derive further design parameters, such as the required drive unit power and battery
energy (Section 3.3).

Subsequently, the tool inputs are combined with the LDS results to size the vehicle components
and calculate their volumes (Section 3.4). For this scope, the vehicle is divided into modules.
The main components of each module are estimated using semi-physical and empirical models
as well as dimensional chains. At the end of this step, the components are placed in the vehicle
using dimensional chains. Finally, the vehicle package is derived.

Given the volumes and dimensions of the components, their masses are calculated (Section 3.5).
The masses of the vehicle modules are estimated using empirical models. A new vehicle empty
mass mn+1 is obtained by summing up the contributions of each module. The corresponding
gross mass mgross,n+1 is calculated by adding the vehicle’s payload to mn+1. If the difference
between the new vehicle mass and mn lies below a certain tolerance ε, the tool visualizes the
resulting vehicle architecture. Otherwise, another iteration is carried out by plugging mn+1 back
into the LDS. Since the mass has changed, the simulation will compute different power and
battery energy requirements, thus influencing the battery size and causing secondary mass and
volume changes. Once the iterative calculation is concluded, the resulting vehicle architecture is
visualized (Section 3.6).

3.1 Input Initialization

To implement the architecture tool, certain design parameters have to be identified that are
available in the planning phase and can be used as tool inputs. A literature review identifies the
publications dealing with architecture modeling for vehicle concept design [26]. Subsequently,
each of the identified authors is analyzed and the design parameters that he considers as
relevant are collected. Table 3.1 summarizes the design parameters with the highest number of
citations.

The literature review confirms the relevance of vehicle range and mass. Therefore, a target range
Rveh and an initial vehicle mass m0 (latter is needed as the start value for the iterative mass
calculation) are chosen as model inputs. Furthermore, several authors base their powertrain
sizing on maximum vehicle speed vveh,max and acceleration time t0−100. Therefore, these two
performance requirements are added to the tool inputs. It is also possible to size the powertrain
based on maximum torque and speed of the electric machine. However, for inexperienced tool
users, acceleration time and maximum speed are more intuitive inputs, as they are characteristics
that can be directly perceived while driving.
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Table 3.1: Most cited vehicle characteristics and dimensional concept parameters for vehicle concept
design. Based on [26].

Vehicle characteristics

Design parameter Sources

Initial vehicle mass in kg
[123], [124], [125, 126], [39, p. 27, 115], [44, p. 41], [107, p. 1], [45, p. 47], [127,
p. 101], [47, p. 58], [41, p. 51], [128], [129, p. 70], [130, p. 71], [131, 132], [42,

p. 56]

Target range in km
[123], [44, p. 53], [107, p. 36], [45, p. 47], [47, p. 54, 133], [128], [134, p. XXV],

[129, p. 70], [18], [130, p. 67], [135, p. 176], [136], [42, p. 56, 106]

Maximum speed in kmh−1 [123], [125, 126], [39, p. 27], [44, p. 53], [45, p. 47], [47, p. 54], [128], [129, p. 70],
[130, p. 67], [135, p. 176], [136], [42, p. 56]

Acceleration time 0 to
100 kmh−1 in s

[126], [39, p. 27, 115], [44, p. 53], [107, p. 36], [47, p. 54], [128], [129, p. 70], [130,
p. 67], [136] [42, p. 56]

Drag coefficient
[123], [39, p. 34], [125], [45, p. 47], [47, p. 58], [41, p. 50], [129, p. 70], [130,

p. 69], [131, 132]

Dimensional concept

Design parameter Sources

Length (L101), wheelbase
(L103) or overhangs (L104,

L105) in mm

[123], [124], [105], [39, p. 26], [44, p. 41] [107, p. 36], [45, p. 47], [41, p. 56], [129,
p. 70], [130, p. 76], [118, 137, p. 79], [42, p. 56], [138]

Height (H100) in mm
[123], [124], [105], [44, p. 41], [107, p. 36], [45, p. 47], [139], [41, p. 56], [130,

p. 76], [118, 137, p. 79], [42, p. 63-64], [138]

Width (W103) in mm
[123], [124], [105], [39, p. 26], [44, p. 41], [107, p. 36], [45, p. 47], [41, p. 56], [130,

p. 76], [118, 137, p. 85], [138]

Vehicle segment [123], [124, 140], [39, p. 27], [44, p. 41], [139], [128], [130, p. 72]

Ground clearance
[44, p. 70], [45, p. 47], [41, p. 55], [130, p. 76], [118, p. 82], [42, p. 56], [119,

p. 110]

Headroom
[140], [45, p. 47], [47, p. 54], [41, p. 43-44], [130, p. 74], [118, p. 83, 137], [42,

p. 56]

Legroom [140], [45, p. 47], [41, p. 43-44], [130, p. 74], [118, p. 92], [42, p. 56]

Apart from the vehicle characteristics listed in Table 3.1, further relevant parameters are identified
for each of the four architectural features (dimensional concept, topology, component model, and
dimensional chains). Table 3.1 also lists the dimensional concept parameters with the highest
number of citations. The remaining architectural features are documented in [26, 113].

Table 3.1 highlights the importance of the vehicle’s external dimensions (length, wheelbase,
width, and height) for the definition of the dimensional concept. Since the external dimensions
depend on the vehicle segment, which is in turn defined at the beginning of the vehicle concept
design (Subsection 2.2.1), they are implemented as model inputs. Furthermore, ground clear-
ance assumes an important role for BEVs due to its influence on the available battery space.
Nevertheless, it is not necessary to implement it as an input, since it can be estimated from the
external dimensions (Subsection 3.4.2).

Regarding the interior concept, the reviewed authors use different methods to model headroom
and legroom, which are key features for defining the passenger compartment. In the scope of this
thesis, to minimize the number of inputs, the passenger compartment sizing is based on H30-1
and H30-2, while the other internal dimensions are derived using empirical and geometrical
models (Subsection 3.4.3).
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This literature review allows to identify suitable inputs for the architecture tool (Table 3.2). In the
next sections, the vehicle architecture is further detailed and developed using the inputs listed in
Table 3.2.

Table 3.2: The minimum set of inputs required by the vehicle architecture tool. Further optional inputs
(such as drag coefficient, battery energy density, and internal dimensions) can be added to
the input set, otherwise they are modeled with empirically derived default values.

Exterior and interior concept Powertrain requirements (for LDS)

Vehicle width (W103) in mm Initial vehicle mass m0 in kg

Vehicle height (H100) in mm Payload in kg

Wheelbase (L101) in mm Acceleration time t0−100 in s

Overhangs (L104, L105) in mm Maximum vehicle speed vveh,max in km h−1

Body type (SUV/hatchback/sedan) Required range Rveh in km

Ground clearance class Gearbox transmission ratio igb

Number of seats Driving cycle (WLTC/NEDC/...)

Passengers position (H30-1, H30-2, L113) in mm

Topology Component models

Machine number and type (IM/PMSM) Tire type (standard load/extra load)

Machine position (coaxial/in front/behind the axle) Tire diameter Dtire in mm

Gearbox type (coaxial/parallel axes/planetary) Rim diameter Drim in mm

Integration principle (highfloor/mixedfloor) Axle type (five link/sword arm link/...)

Cell type (pouch/prismatic/cylindrical)

3.2 Component Database

The vehicle components included in this thesis are described in part or entirely through empirical
models. Therefore, according to Figure 2.10, for modeling each component, a dataset of existing
components is created through benchmark analysis. The single datasets are bundled in a
centralized component database (step 2, Figure 3.1). This chapter briefly explains the structure
and workflow of the component database (Figure 3.2), detailed information is documented in [11,
141].

The established language to store, manipulate, and query data from a database is SQL, which
was first developed by IBM in the 1970’s [142, p. 35] and later became a standardized pro-
gramming language [143]. There are several SQL database engines on the market, such as
MySQL [144], PostgreSQL [145], SQLite [146], and Microsoft Access [147]. For this thesis,
SQLite is chosen due to its simplicity and the possibility to connect it with MATLAB via the
MathWorks add-in Database Toolbox [148]. Figure 3.2 gives an overview of the component
database. To clarify its structure, four tables are presented: model series, model, dimensional
concept, and battery.

The model series table is the backbone of the database, because it organizes and connects the
other tables. Every component data stored in the database refers to a specific vehicle and is
linked to a row (i.e. a model series) of the model series table. For filling the table, the author
uses the categorization defined by the Allgemeiner Deutscher Automobil Club (ADAC) [149].
The ADAC provides an up-to-date overview of current and discontinued model series that are (or
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Figure 3.2: Structure of the SQL database. New vehicle data is stored in the database by populating
the model, model series, and component tables. Every time new data is added, MATLAB
automatically updates the volumetric and gravimetric component models.

were) available on the German market. When a new model series is launched, it can be added
to the model series table by copying its data from the ADAC web page. The model series table
stores information such as the manufacturer (e.g. Audi), the model series name (e.g. e-tron), its
external dimensions, and its production year (e.g. 2019). Furthermore, to avoid inconsistencies,
each model series has a unique numeric identifier (Model series ID, Figure 3.2).

A model series groups several models (or variants) with different characteristics (such as vehicle
mass, installed power, and costs). For example, the model series Audi e-tron includes the
variants 50 quattro, 50 advanced quattro, 55 quattro, 55 advanced quattro, etc. The model table
lists the corresponding models and the model-dependent characteristics for each Model Series
ID. Once again, the categorization defined by the ADAC is used and each model has a unique
identifier (Model ID, Figure 3.2).

The model and model series tables both organize the vehicle and component data. For example,
the dimensional concept table lists internal and external dimensions (such as H30-1, H30-2,
L113-1). Each row of this table refers to a specific model series and is linked to a Model series
ID. The empirical models derived from this data are used to size the interior and exterior modules
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(Subsection 3.4.2 and 3.4.3). Another element of the database is the battery table that stores
information such as cell type, battery dimensions, and battery mass for each Model ID. The
empirical models derived from this data are used to size the powertrain (Subsection 3.4.6).

To enable an automated empirical model generation, an update report is integrated into the
database. Using the update report, a MATLAB script retrieves the component and vehicle data
from the database and derives linear regressions and constant values. For their calculation,
the statistical tool developed by Marksteiner [150] and Schneider [151] is extended by Ranoc-
chia [141]. Finally, once the models are computed, they are stored in a MATLAB structure for
further use in volumetric and gravimetric component modeling.

When new vehicles enter the market, they can be added to the model and model series tables.
Subsequently, their component data can be stored in the corresponding tables and linked to
Model and Model series IDs. For the next model update, MATLAB retrieves the empirical data,
while also considering the newly added vehicles and derives updated empirical models. Inversely,
old vehicles can be filtered out by deleting the corresponding model series and models from
the database. This implementation solves the problem of data aging, resulting in an always
up-to-date set of empirical models.

3.3 Longitudinal Dynamic Simulation

The LDS (step 3, Figure 3.1) translates the tool inputs into requirements for the powertrain
components. For implementation, two approaches are possible: a quasi-static and a dynamic
approach [152, pp. 37-42]. Examples for quasi-static LDSs are documented in [39, 44, 75, 134,
153], while the dynamic approach is adopted by authors like Matz [41] and Pesce [129].

Since a high number of variants have to be tested when deriving a vehicle architecture, the
LDS has to be implemented in a manner that minimizes computational effort. Therefore, the
quasi-static approach was chosen because of its low computational time [152, p. 39]. This
chapter briefly presents the structure of the LDS (Figure 3.3); detailed information is documented
in [154–156] and the LDS code is available open-source at [157].

Inputs: Max. speed vveh,max, acceleration time t0−100, vehicle mass mn, required range Rveh  ...

Output: Electric machine requirements, cycle consumption Ccycle, required battery energy Ebatt,req 

Acceleration simulation
Calculates the maximum machine torque 
and scales the torque curve accordingly
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Figure 3.3: Structure of the LDS. The LDS consists of an acceleration simulation À, a maximum speed
simulation Á, and a consumption simulation Â. Based on [154].
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The LDS inputs constitute a subgroup of the tool inputs (Table 3.2) and include performance
requirements (maximum vehicle speed, acceleration time t0−100, target range Rveh, and transmis-
sion ratio), parameters for estimating vehicle losses (external dimensions and vehicle mass of
the current iteration mn), and topology specifications (number, type, and position of the electric
machines). Furthermore, for estimating the vehicle range, a driving cycle must be selected. It
is possible to choose among several driving cycles such as the New European Driving Cycle
(NEDC) and the Worldwide Harmonized Light Vehicles Test Procedure (WLTP). The former
was the standard cycle for type approval in Europe until the European Commission stated its
inadequacy to reflect real-world emissions and substituted it with the Worldwide Light Vehicles
Test Cycle (WLTC) [158, pp. 1-2]. Therefore, when referring to vehicle consumption, the author
always refers to the WLTC consumption measured according to the WLTP. More information
regarding this test procedure is specified in Appendix C.

In step À, the machine torque is iteratively scaled until the desired t0−100 is reached. The
simulation also derives the torque curve, which depicts the profile of the maximum torque as a
function of the machine rotational speed. Subsequently, a top speed simulation (Á, Figure 3.3) is
employed to select the maximum machine rotational speed depending on a given transmission
ratio and vehicle speed [156, p. 20, 155, p. xvii]. If the previously calculated torque curve does
not extend up to the required rotational speed, the algorithm scales the curve accordingly.

In step Â, the energy consumption in the selected cycle is calculated while considering all
relevant losses. For the machine losses, an efficiency map database is created. The database
contains several electric machine efficiency maps (with different torque and rotational speed
levels) generated through the design software developed by Kalt et al. [159]. The simulation
selects the efficiency map from the database that best approximates the torque curve derived in
steps À and Á, and scales it to perfectly match the torque curve. The gearbox losses are also
considered using efficiency maps, which are calculated with the method described by Moller [160].
The remaining losses, such as battery and power electronics losses, are modeled with constant
efficiencies. The main output of step Â is the energy consumption in the cycle Ccycle, based on
which the required battery gross energy Ebatt,req is calculated according to Equation (3.1).

Ebatt,req =

�

Ccycle

Lcycle

�

Rveh (Kgross2net)
−1 (3.1)

Where Lcycle is the distance of test cycle in km. Kgross2net is the ratio between net and gross
battery energy. The gross battery energy represents the energy installed in the vehicle, while the
net battery energy represents the energy that can effectively be used. Manufactures typically
limit the usable energy to increase the battery lifetime [161]. König [21], proposes a Kgross2net

value of 93 %.

In conclusion, the procedure shown in Figure 3.3 yields the electric machine requirements
(maximum torque Tmach,max and rotational speed nmach,max) and the required battery energy
Ebatt,req for the current iteration n of the architecture tool. These results are used in the following
steps to estimate the masses and dimensions of the powertrain components.

3.4 Volumetric Component Modeling

During volumetric component modeling (step 4, Figure 3.1), the components of the architecture
are sized and the vehicle package is derived. For this scope, the vehicle is divided into modules
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that are used for both volumetric and gravimetric modeling. In total, seven modules are defined:
frame, chassis, exterior, interior, powertrain, electrics, and accessories. Figure 3.4 gives an
overview of the modules and their subsystems.

Exterior

› Closures: Hood, doors, rear hatch/trunk

› Bumpers and fenders

› Lights: Headlights, taillights, fog lights

› Windshields and glasses

Kg

Kg

Kg

Kg

Powertrain

› Traction battery: Cells, modules, battery cooling 
and housing

› Electric machines: Stator, rotor, housing

› Transmission system: Gearbox, differential, 
driveshafts

› Cooling system: Radiator, pipes, air guides, air 
outlets, grilles, fans, expansion bottle, protections, 
and supports

Kg

Kg

Kg

Kg

Frame

› Body in White (BIW) with coating

› Other frame components: Sound insulation on 
the BIW, frame reinforcements, front-end and 
roof cross members, aerodynamic shields, rock 
panel covers

Kg

Kg

›

Chassis

Front axle: Axle, spring-damper assembly

Steering system: Front and rear axle steering

Wheels: Rims and tires

Braking system: Brake discs, caliper, pads 

Rear axle: Axle, spring-damper assembly

›
›
›
› Kg

Kg

Kg

Kg

Kg

Interior

› Interior trim: Trim parts, noise insulation

› Seats and pedals: First and second row

› Heating Ventilation Air Conditioning (HVAC)

› Safety equipment: Airbags and seatbelts

Kg

Kg

Kg

Kg

Electrics

› LV components: 12	V battery, wiring 

› HV components: DC/DC converter, charger, 
charging plug, inverter, cables

Kg

Kg

› Emergency equipment: Spare tire, toolbox

› Tow hitch system: Frame reinforcement, hitch 

› Advanced driver assistance systems 

Accessories

Kg

Kg

Kg

Considered for gravimetric component sizingKg Considered for volumetric component sizing

Figure 3.4: Defined modules and their sub-components for volumetric and gravimetric component
modeling. For the module definition, the categorization introduced by S. Fuchs [107, p. 37] is
improved by Romano [162].

A mix of empirical and semi-physical models as well as geometrical relationships is used for
volumetric sizing. These models are generated based on several benchmark studies. The main
source for these studies is the automotive benchmarking database A2mac1 [163]. A2mac1
documents more than 700 vehicles from over 50 automotive manufacturers. These vehicles
include ICEVs, HEVs, and BEVs with various model years and destination markets.

For each vehicle in the A2mac1 database, masses and dimensions of every single component
are documented including a list of materials and various pictures. In some cases, the vehicle
data includes an extensive analysis of the internal dimensions (documented in accordance with
SAE standards), which is the foundation for modeling the interior module (Subsection 3.4.3).
Additionally, for a selected number of vehicles, a 3D scan is available. These vehicles can be
visualized in a 3D editor, where it is possible to display and hide specific components, insert
sections, and measure distances between components as well as within the component itself.
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For up-to-date modeling, only vehicles from 2010 to 2021 are employed for volumetric component
sizing. For the empirical modeling of the powertrain components, a dataset containing exclusively
BEVs is used, while ICEVs and HEVs are also included for components such as seats and
wheels. In the following sections, four modules are exemplarily detailed. First, the chassis
sizing is explained (Subsection 3.4.1). Subsequently, Subsection 3.4.2 and 3.4.3 describe the
modules exterior and interior. Finally, the powertrain module and its subsystems, the drive unit
(Subsection 3.4.4) and the battery (Subsection 3.4.5 and 3.4.6) are presented.

The models for volumetric sizing are included in the iterative loop of the architecture tool
(Figure 3.1). Therefore, at each new iteration n, every module is resized and a new vehicle
package is calculated according to the mass of the current iteration mn.

3.4.1 Chassis Module

The chassis module includes the front and rear axles, steering system, wheels, and braking
system. This chapter briefly presents the modeling approach developed for the wheels (an
extensive description is documented in [103, 164]). The wheels generate a coupling between
mass and package, since their dimensions are influenced by the vehicle mass, and in turn impact
the available space for the drive unit and battery (Subsection 3.4.5). For modeling purposes, the
wheel is divided into three sub-components: brake disc, rim, and tire (Figure 3.5).

Sizing brake disc

› Empirical modeling

› Input: Acc. time, vehicle mass

› Output: Brake disc diameter

Sizing tire

› Semi-physical modeling

› Input: Vehicle mass, tire type, and diameter

› Output: Tire volume and width

Sizing rim

› Input:  Rim diameter (optional)

› Verify compatibility with brake disc

› Output: Compatible rim diameter

Figure 3.5: Structure of the wheel volumetric modeling.

Regarding the brake system, most vehicles use disc brakes at the front axle and (in the smaller
segments) occasionally drum brakes at the rear axle. With increasing vehicle mass and higher
speeds, drum brakes are not able to meet thermal requirements [165, p. 64]. Therefore, this
thesis only considers disc brakes. Unlike ICEVs, BEVs can cover decelerations of about 03g
with regenerative braking, which reduces the usage of friction brakes [166]. However, there are
scenarios (e.g. when the battery is fully charged) where regenerative braking is not possible.
Consequently, when testing the brake system of a BEV, recuperative braking is switched off, and
the component is sized following the same criteria used for ICEVs [166]. Therefore, in this thesis,
recuperation is not considered as an influencing factor for dimensioning the brake system.

The brake disc is sized using an empirical correlation between the vehicle acceleration time
t0−100 and its gross mass mgross,n in the current iteration. On the one side, if the acceleration time
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decreases, the available time to cool down the brakes between two consecutive decelerations
decreases, which requires a greater thermal mass of the brake (i.e. a greater disc diameter [167,
p. 71-72]). On the other side, if the vehicle mass increases, the kinetic energy of the vehicle
increases as well, raising the amount of energy converted into heat while braking [166]. As a
result, the brake disc diameter must be increased once again. To describe the interdependency
between brake disc diameter Dbrake, vehicle gross mass mgross,n, and acceleration time t0−100, a
database containing over 60 vehicles (the complete list given in a previous publication [103]) is
created from the A2mac1 database [163]. Based on these vehicles, the empirical correlation
shown in Equation (3.2) is derived.

Dbrake = 238.345mm+ (0.053mm kg−1)mgross,n − (5.361 mms−1) t0−100 (3.2)

The rim is the second sub-component of the wheel. It is a major design element and its
dimensions depend on the specific design strategy of the manufacturer. For this reason, the rim
diameter Drim is set as an optional user input, meaning that, if the vehicle architecture requires a
certain rim size for design reasons, this can be assigned as an input. If, on the other hand, no
rim diameter is specified or it is not compatible with the previously calculated brake disc diameter,
the tool derives the smallest possible rim size that can accommodate the brake disc.

The third and last sub-component is the tire. For its modeling, the guidelines prescribed by the
European Tyre and Rim Technical Organization (ETRTO) are employed. The ETRTO standard-
izes rim and tire sizes, defining an unambiguous sizing method, which is documented in the
ETRTO manual [168]. The most important tire dimensions are the outer diameter Dtire, nominal
aspect ratio Ktire, and section width stire,y. The tire internal diameter is equivalent to the rim
diameter Drim. The rim and tire diameters influence the vehicle proportions and aesthetics [169].
Since design and aesthetic strategies differ between manufacturers, they cannot be modeled
empirically. Therefore, the outer tire diameter is selected as a model input (Table 3.2). The
remaining tire dimensions are interdependent as shown in Equation (3.3).

Dtire = Drim +
(2 stire,y Ktire)

100
(3.3)

For the tire modeling, a database containing over 600 tires (which will be denoted as tire dataset)
with different aspect ratios and section widths is created from the ETRTO manual. While the
section width ranges between 125 mm and 325 mm, the aspect ratio is between 20 % and 80 %.
Furthermore, the value of stire,y is restricted to multiples of ten, while Ktire is always expressed as a
multiple of five. According to these ranges and with respect to Equation (3.3), given an input Drim

and Dtire, a finite number of geometrically compatible tires is selected from the database [103].
To choose a suitable tire among the compatible ones, two further inputs are needed: the vehicle
mass of the current iteration mn and the tire type.

The mn is needed to estimate the tire load mload,tire (in kg), which is calculated by simulating
different vehicle loading scenarios (Section D.1). Regarding the tire type, there are two main
categories: standard and extra load tires. As the name suggests, extra load tires are designed
for higher pressures than the standard ones [168, p. G10].

The tire type and the vehicle mass influence the required tire volume Vtire,min. The higher the
mass, the higher the tire load, the greater its volume. To describe this interdependency, the
standard and extra load tires of the tire dataset are analyzed and a correlation between load and
volume is derived. Equation (3.4) shows the resulting linear regression between mload,tire and
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Vtire,min for a standard load tire [103].

Vtire,min = −11113407mm3 + (84925 mm3 kg−1)mload,tire (3.4)

With Equation (3.4), the required Vtire,min is estimated, and the solution is selected from the set
of geometrically compatible tires, that has the closest value to Vtire,min. Following this step, all the
wheel dimensions (width, tire diameter, tire volume, and rim diameter) are defined.

3.4.2 Exterior Module

The main task of this module is to calculate the vehicle’s ground clearance. In the case of
BEVs the ground clearance plays a key role, as it limits the available battery space along the
vertical direction. For defining the ground clearance, the vehicle is divided into sections with
different clearance requirements. These are expressed as angles such as approach (A106-1),
departure (A106-2), and ramp angle (A117), or minimum offsets such as ground clearance at
the axles dclear,axle,z and ground clearance at the underbody dclear,ub,z. Table 3.3 summarizes the
requirements for different ground clearance classes.

The classes M1G (valid for vehicles in the European Union) and Light Duty Truck (LDT) are
usually employed for off-road vehicles and SUVs. For the remaining vehicle types (such as
sedans and hatchbacks) it is possible to use country-dependent requirements (such as the
clearance classes for Korea and Australia) or the set proposed by the SAE. The exterior model
includes all the classes listed in Table 3.3. Figure 3.6 exemplarily shows the clearance surface
for the SAE class. Since this class does not specify any dclear,ub,z, the clearance at the underbody
corresponds to the vertical offset required by the ramp angle requirement.

Table 3.3: Different ground clearance classes and their requirements.

Class/Standard/Region A106-1 dclear,axle,z A117 dclear,ub,z A106-2

M1G1 [52, p. 63] 25° 180 mm 20° 200 mm 20°

LDT1 [53, p. 85] 28° 180 mm 14° 200 mm 20°

Korea [170, p. 6] n.a. 100 mm n.a. 100 mm n.a.

Australia3 [171, p. 6] n.a. 100 mm n.a. (33.33 mmm−1) L101 n.a.

SAE2 [172, p. 3] 16° 203 mm 12° n.a. 13°

1 Only four of the five requirements have to be fulfilled 2 Minimum advised values by the SAE
3 In the formula for dclear,ub,z L101 is expressed in m

Besides the specifications listed in Table 3.3, the vehicle wheelbase and the tire diameter are
required for the clearance surface shown in Figure 3.6. On the one hand, if the tire size remains
constant and the wheelbase increases, dclear,ub,z must also be increased to guarantee the same
ramp angle. On the other hand, the reference surfaces for the ramp, approach, and departure
angles are positioned tangent to the outer diameter of the tire. Consequently, a modification of
the tire size also affects their orientation and position.

These relationships create a geometrical coupling between the external dimensions and the
available battery space along the vertical direction (Figure 3.6). For example, an increase of
the wheelbase leads to more available battery space along the longitudinal direction, but may
also require a higher dclear,ub,z, thus reducing battery space along the vertical direction. Based
on the battery dimensions, the energy gain obtained with the increased wheelbase may be
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compensated by the space loss along the vertical direction. Therefore, a measure intended to
increase the available battery space could result in the opposite effect.
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Figure 3.6: SAE class requirements: A106-1 À, clearance at the axle dclear,axle,z Á, A117 Â and resulting
clearance at the underbody dclear,ub,z Ã, A106-2 Ä.

3.4.3 Interior Module

The interior module includes the subsystems interior trim, seats, pedals, as well as Heating
Ventilation and Air Conditioning (HVAC). While these components are modeled singularly for
gravimetric modeling, the task of the interior module in the volumetric modeling is to derive the
seating layout and position of the passengers. This chapter presents some of the models used to
describe the first (Figure 3.7) and the second (Figure 3.8) row of seats. Based on these models,
the position of the interior floor (Figure 3.8), which is an important constraint on available battery
space, is identified. More information in this regard is documented in the theses of Mirti [173],
Elagamy [71], and in a previous publication of the author [58].

H30-1

A57-1

A46-1

107 mm

A44-1

A47

6.5°

203 m
m

α

H30-1 L53-1

200 mm 897 mm

300 mm 834 mm

L53-1

H30-1

L53-1

sman
,leg

sman,thigh

81 mm

①

②

①

②

Figure 3.7: Main dimensions and angles of the driver’s leg and influence of different H30-1 values on
seating position and legroom (L53-1).

The interior model combines trigonometrical relationships, dimensional chains, and empirical
models. The empirical models are derived from a selected dataset from A2mac1 [163], which
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will be denoted as interior dataset. The interior dataset documents the SAE dimensions of over
150 vehicles from 2010 to 2021 and includes BEVs, ICEVs, and HEVs. ICEVs and HEVs are
considered based on the assumption that the same passenger space has to be offered to the
customer regardless of the powertrain type. A complete list of vehicles contained in the interior
dataset is specified in [71].

The model for the first row of seats derives the required driver’s legroom from the H30-1 (input
of the tool, Table 3.2). The legroom calculation is based on trigonometrical correlations between
the dimensions in Figure 3.7. First, the shoe plane angle (A47) is estimated from the H30-1
using the cubic correlation proposed in the SAE J4004 [63, p. 11]. Subsequently, combining A47,
the bare foot flesh line angle (6.5°, SAE J1100 [51, p. 26]), and ankle angle A46-1 (set to 87° as
proposed by Mau et al. [174]), the inclination of the driver’s lower leg (α, Figure 3.7) is calculated
according to Equation (3.5).

α= 180°− A46-1+ A47+ 6.5° (3.5)

To uniquely define the position of the manikin, the thigh angle A57-1 is estimated using the
lengths of the thigh sman,thigh and lower leg sman,leg, as shown in Equation (3.6).

A57-1= asin

�

sman,legsin(α) + (
p

1072 + 812)sin(180− A47− atan(107/81))−H30-1

sman,thigh

�

(3.6)

sman,thigh and sman,leg depend on the employed manikin percentile [60, p. 9]. Finally, with the
previously calculated dimensions, the driver legroom L53-1 is derived through Equation (3.7).

L53-1= (
p

1072 + 812)cos(180−A47−atan(107/81))+sman,legcos(α)+sman,thighcos(A57-1) (3.7)

The trigonometric relationships in Equation (3.5) - (3.7) create a coupling between H30-1 and
L53-1: an increase of H30-1 triggers a decrease of the driver’s legroom and vice versa (Fig-
ure 3.7). The L53-1, in turn, affects legroom and the position of the second row of seats. The
distance between first and second rows is influenced by different factors such as vehicle seg-
ment and comfort requirements. Equation (3.8) and Figure 3.8 present the empirical correlation
(derived from the interior dataset) between SgRP position (L114) and FRP location (dFRP,axle,x).

dFRP,axle,x = 267mm+1.011 L114= 267mm+1.011 [L53-1+ (203mm) cos(A47) + L113] (3.8)

All parameters required for estimating L114 have been previously calculated or are inputs of
the tool. To complete the positioning of the second row of seats, a further dimensional chain is
required to couple the heights of the first and second row of seats (Figure 3.8).

Once L53-1 and H30-1 are known, the driver’s seating position and his head contour are derived.
This calculation step yields the driver’s upper body height sman,upb,z. An analysis of the interior
dataset showed that most manufacturers add an additional clearance sman,hr,z between the head
contour and the interior compartment’s roof. To include this clearance in the total driver height
sman,tot,z, an empirical regression model is derived [71, p. 74] as shown in Equation (3.9).

sman,tot,z = sman,upb,z + sman,hr,z +H30-1= 1.085 (sman,upb,z +H30-1)− 24.6 mm (3.9)

Given sman,tot,z the driver is positioned based on the vehicle height H100 and the roof thickness
sroof,z. At the end of this step, the positions of AHP and SgRP are fully defined. For the second
row, a similar method is applied. The interior roof at the second row is (depending on the
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Figure 3.8: Dimensional chain coupling first and second row of seats. Based on the vehicle height, the
chain determines the positions of SgRP, SgRP-2, AHP, and FRP.

body type) usually lower. To consider this difference, an empirical offset is derived from the
interior dataset [71, pp. 75-76]. Given the interior roof position at the second row, the SgRP-2
is calculated using the SAE dimension H61-2. An empirical analysis of the interior dataset did
not yield any strong correlation between the H61-2 and other internal dimensions. The H61-2 is
strongly influenced by the shape of the vehicle’s rear-end, which in turn varies depending on
the body type and the manufacturer’s design strategy. Therefore, to model this element, three
body-type-dependent H61-2 values are derived and listed in Section D.2. By combining H61-2
and H30-2, the vertical position of FRP and SgRP-2 is calculated. With these steps, the heights
of AHP and FRP are determined. The point with the lowest position defines the available battery
space along the vertical direction. In the case shown in Figure 3.8, the lowest point is the FRP.

To further increase the tool’s flexibility, it is also possible to import an already existing interior
concept (which requires assigning further inputs, marked with an asterisk in Table A.1 and A.2).
In this case, the models presented in this chapter are not used and the architecture tool sizes
the interior according to the imported interior concept.

3.4.4 Powertrain Module: Drive Unit

The powertrain module includes the transmission system (gearbox and driveshafts), electric
machines, and the traction battery. This section focuses on the developed volumetric models for
the drive unit. The models calculate the volume of electric machines and gearboxes based on
power and torque requirements.

To adapt the torque and speed of the electric machine to the traction force required by the
wheels, gearboxes are usually placed between the machine and wheels [23, p. 199]. Current
BEVs are usually equipped with single-speed gearboxes [6]. Two exceptions are the Porsche
Taycan [175] and the Rimac Concept Two [176], which have two-speed gearboxes. This solution
increases the performance of the powertrain, since it is possible to size the first transmission
ratio according to the acceleration requirement, and the second transmission ratio based on the
top speed [177]. However, two-speed gearboxes require a higher number of components [178],
which ultimately results in larger dimensions, mass, and costs. Currently, two-speed gearboxes
are only used in high-performance vehicles and are therefore neglected in this thesis.
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For single-speed gearboxes with transmission ratios below 6, one reduction stage is suffi-
cient [179, p. 89]. Nevertheless, with ratios over 6, the gear’s mass drastically increases if only
one reduction stage is used. Since the typical transmission ratios for BEVs range between 6 and
14 [21], series BEVs usually have two reduction stages (Figure 3.9). Therefore, only cases with
two reduction stages are considered.

(a) Machine in front of the axle with parallel axles gearbox (b) Machine behind the axle with parallel axles gearbox

(c) Machine coaxial with coaxial gearbox (d) Machine coaxial with planetary gearbox

Figure 3.9: Possible drive unit configurations. The figures show the following components: electric
machine (green), bearings (orange), first stage of gears (light blue), second stage of gears
(dark blue), differential cage (light gray), driveshafts (dark gray), and tires (black). The red
arrow points towards the driving direction.

BEV gearboxes are divided into two categories based on the shaft layout: coaxial and parallel
axes. In the first category, coaxial gearboxes, the input shaft (the shaft connected to the electric
machine), is coaxial with the output shaft (the shaft connected to the differential). In the second
category (parallel axles gearboxes), input and output shafts are parallel instead of coaxial.
These two gearbox types can be combined with the electric machine topologies presented in
Subsubsection 2.2.2, generating different drive unit configurations. Figure 3.9 depicts the four
possible drive unit configurations for a central machine mounted at the front axle.

Figure 3.9a shows a parallel machine layout (positioned in front of the axle) with a parallel axle
gearbox. This is the most common layout for BEVs and is composed of three shafts: an input
shaft from the electric machine, an intermediate shaft, and an output shaft where the differential
is mounted. A two-shaft layout (where the first stage consists of a planetary gear) is also possible
and is built on the front axle of the Audi e-tron [83]. Due to its high complexity and the rare usage,
the two-shaft variant is not modeled in this thesis. In the drive unit shown in Figure 3.9b, the
gearbox has the same characteristics as in Figure 3.9a but the electric machine is placed behind
the front axle, thus reducing the available space for the traction battery. An example of this drive
unit configuration is the Tesla Model 3. Figure 3.9c shows a coaxial machine coupled with a
coaxial gearbox. This configuration is more compact than Figure 3.9a and 3.9b. Nevertheless,
since both stages are mounted on the same shafts, the axle distance of the first (light blue)
and the second stage (dark blue) has to be the same. This imposes further constraints on
gearbox sizing since the gear diameters and the number of teeth of the two stages become
interdependent. An example for this drive unit configuration is the Opel Ampera [23, p. 581].
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The last possible configuration is the coaxial machine layout coupled with a planetary gearbox
(Figure 3.9d). This solution offers a compact unit and is used in vehicles such as the Jaguar
I-Pace [82] and the rear axle of the Audi e-tron [83].

The architecture tool models all drive units presented in Figure 3.9, including the corresponding
variants with two machines on the axle (in this case, the differential is not modeled, since it is
not required). The drive unit modeling is divided into three parts: gearbox sizing, machine sizing,
and calculation of drive unit dimensions. For this scope, two inputs of the vehicle architecture
tool (Table 3.2) are required: the machine position (in front, behind, or coaxial) and the gearbox
type (parallel axles, coaxial, or planetary gearbox).

For gearbox sizing, a benchmark analysis is conducted, and a dataset of existing BEV gearboxes
(further referred to as gearbox dataset) is created. A complete list of the vehicles contained
in the gearbox dataset is specified in [101, p. xvii]. Based on the knowledge gained from the
gearbox dataset, three separate models are developed for coaxial, planetary, and parallel axles
gearboxes. With the machine requirements (maximum torque and rotational speed, calculated
by the LDS), the model derives the gears and bearing loads. Based on these loads, shafts and
gears are iteratively detailed and suitable bearings are chosen from a bearing catalog [180].
Finally, the gears are disposed according to the gearbox type and the resulting gearbox housing
dimensions are derived. For this scope, a set of dimensional chains (which are displayed in
Section D.3) is employed. More information regarding the gearbox model is documented in [27,
100, 101].

For electric machine sizing, the inputs are the machine type as well as its torque and rotational
speed requirements. Regarding the machine type, only IMs and PMSMs are considered, since
they are state of the art technologies [6]. A benchmark analysis is conducted and a dataset
of existing electric machines (further referred to as machine dataset and documented in [101,
p. xv]) created. For modeling, the machine (including its housing) is simplified as a cylinder.
Subsequently, its dimensions (diameter and length) are estimated using empirical correlations
derived from the machine dataset. These correlations are documented in Section D.4.

Finally, the gearbox and electric machine are assembled according to the chosen electric
machine position and the drive unit dimensions are derived. The hereby calculated drive unit
dimensions are required in the next steps of the architecture tool, to estimate the available
battery space (Subsection 3.4.5).

3.4.5 Powertrain Module: Available Battery Space Estimation

The traction battery stores the energy required for propelling the vehicle. It includes cell modules,
the cell cooling system, the Battery Management System (BMS), and the battery housing [77,
p. 58]. Due to the high complexity of this component, its modeling is discussed in two separate
chapters. This section presents the dimensional chains implemented to estimate the maximum
allowable battery size. In the following chapter (Subsection 3.4.6), the derived battery dimensions
are filled with cells.

The battery dimensions are the result of a compromise between conflicting objectives. On the
one hand, to guarantee its safety (for instance in a side crash scenario [181]), small dimensions
are preferable, since this allows placing the battery into the area of low crash loads, located
close to the center of the vehicle [182]. On the other hand, to increase the vehicle range, bigger
battery packs are required. Since this thesis focuses on the early development phase, it is not
possible to implement crash simulations for battery sizing. To address this problem, a benchmark
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analysis of over 20 BEVs of the A2mac1 database [163] is conducted. The result of the analysis
is a dataset that will further be referred to as battery dataset, containing detailed information
about battery, module, and cell dimensions. The list of BEVs contained in the battery dataset is
documented in the thesis of Köhler [101, p. xix]. From the battery dataset, a set of dimensional
chains defining the available space for the battery is derived. These chains are divided into three
groups, to represent different constraints on the battery dimensions:

• Constraints imposed by the drive unit.

• Constraints imposed by front and rear wheels.

• Constraints imposed by the passenger compartment.

The following sections detail these constraints and their characteristics.

Drive Unit Constraints

The drive unit impacts the battery space along the x-direction (i.e. the driving direction) as shown
in Figure 3.10. To consider this limitation, the drive unit is sized as described in Subsection 3.4.4.
Subsequently, from the drive unit dimensions, the critical lengths dcritic,f,x and dcritic,r,x are derived.
These two variables are defined as the portion of drive unit, which limits the battery dimensions.
For example, if the machine is placed on the front axle, the critical length dcritic,f,x corresponds to
the distance between the point of the driving unit that is closest to the battery and the front axle.
dcritic,r,x is defined in the same way, but refers to the rear axle.
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Figure 3.10: Two drive topologies simulated on a C-segment SUV (similar to the Audi e-tron). The
topology on the right has, due to its different positioning of the front machine, approx.
7 kW h more than the option on the left.

To ensure the safety of the battery in the event of a collision, such as the New Car Assessment
Program frontal crash test [183], a clearance must be maintained between battery and drive unit.
If a drive unit is mounted at the front axle, it will be displaced towards the battery in a frontal
crash scenario, which might lead to a collision between the two components. This collision could
damage the cells and cause a thermal runaway. A properly chosen clearance ensures that most
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of the crash energy is absorbed before the drive unit collides with the battery. To model this
feature, typical values for the clearance at front dclear,batt,f,x and rear axle dclear,batt,r,x (Figure 3.10)
are derived from the battery dataset. Based on these dimensions, the dimensional chain shown
in Equation (3.10) is implemented in the tool to estimate the length of the underbody battery sub,x.

sub,x = L101− dcritic,f,x − dclear,batt,f,x − dclear,batt,r,x − dcritic,r,x (3.10)

The dimensional chain in Equation (3.10), creates a geometrical coupling between the battery
and drive unit dimensions. The drive unit dimensions are calculated depending on the input
performance requirements (such as acceleration time and maximum speed) and the mass of the
current tool iteration mn. If in the following iteration n+ 1 the vehicle mass changes, this leads to
resizing the drive unit. As a consequence of Equation (3.10), every drive unit resizing induces a
proportional change (i.e. a secondary volume effect) on the battery dimensions.

Wheel Constraints

The vehicle wheels are another crucial component in case of a frontal crash. A particularly
critical scenario is the small overlap frontal test specified by the Insurance Institute for Highway
Safety [184]. During the test, the vehicle is accelerated toward a rigid barrier. Since the barrier
is placed on one side of the vehicle and covers 25 % of the vehicle surface, only one side of
the crash structure can absorb the impact energy. When colliding with the barrier, the tires,
brake discs, rims, and axle links are displaced and may crash into the battery. In order to avoid
cell damage, BEVs with batteries close to the front axle are usually equipped with a minimum
clearance between battery and wheels. To account for the geometrical coupling between these
two components, a minimum value for the wheel clearance is derived from the battery dataset.

Figure 3.11 visualizes the modeling approach for the wheel clearance. At each new tool iteration,
the tire dimensions are calculated (Subsection 3.4.1). Subsequently, the wheel arch dimensions
are derived from tire size and steering angle δ (Figure 2.11). Combining the wheel arch with the
empirically derived minimum clearance, a limit curve denoting the safe area to install the battery
(limit small overlap, left-hand side of Figure 3.11) is derived. Finally, depending on its width and
shape, the battery is placed on the limit curve.

D
riv

in
g 

di
re

ct
io

n

Limit small overlap

Wheel arch

Minimum clearance

dclear,batt,f,x

sub,y1 sub,y2 sub,y3

δδ

Figure 3.11: Rectangular (left-hand side) vs. drop shape (right-hand side). For the rectangular shape,
the battery is positioned depending on its width. The orange battery (sub,y1) is wider than the
green battery (sub,y2) and must be therefore positioned further away from the front axle. On
the other hand, the drop shape on the right-hand side optimally uses the available space.
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As shown on the left-hand side of Figure 3.11 decreasing the battery width enables placing the
battery closer to the axle while fulfilling crash safety requirements. A solution to maximize the bat-
tery energy is the drop shape employed on the right-hand side of Figure 3.11, where the battery
housing is shaped to optimally fit the area enclosed by the small overlap limit curve. Examples
of drop shape batteries are the Audi e-tron (Figure B.2a), the Jaguar I-Pace (Figure B.2b), and
the Tesla Model 3 (Figure B.3a).

The dimensional chain depicted in Figure 3.11 creates a coupling between tires and battery.
Therefore, resizing the tires (for example due to a higher vehicle mass) does not only generate
secondary volume effects on the drive unit available space (Figure 2.13) but also impacts the
battery position and its dimensions.

Positioning the battery on the small overlap limit requires the battery width sub,y. An analysis of
the battery database shows that in most cases the battery width correlates with the available
space comprised between the rear wheel arches (Figure 3.12). This trend has two main causes:
on the one side, this space offers an acceptable level of safety for the case of a side crash
impact. On the other side, to make use of all the available space along the longitudinal direction,
also the area comprised between the rear wheels is employed. Therefore, the rear wheels and
wheel arches represent a further constraint that must be included in the tool.
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Y

Deflected wheel

Driving directionW103

Wheel arch

Wheel deflection

swa,r,ydwa,batt,y

sub,y

Undeflected wheel

Figure 3.12: Kinematic of the wheel at the rear axle. The maximum deflected wheel (marked as blue)
defines the required wheel arch width swa,r,y.

Unlike the front wheel arches, the rear ones are not affected by the steering angle, as current
vehicles are generally not equipped with rear axle steering. Exceptions can be found in vehicles
with a particular long wheelbase, such as the Audi A8, which is equipped with an all-wheel
steering to reduce its turning radius [185]. In such cases, nevertheless, the rear steering angle is
small (the Audi A8 reaches a maximum value of 5° [186]) and barely impacts the wheel arch
dimensions. The width of the rear wheel arch swa,r,y is mostly influenced by the axle vertical
kinematics. To overcome obstacles such as irregularities in the road surface, the axle must allow
the tires to have a certain vertical deflection. The value of this deflection depends on the axle
kinematics.

To model the axle kinematics, an analysis of different axle types is conducted. In the analysis
over 100 vehicles from the A2mac1 database [163] are measured and categorized according to
their axle type. The result is a semi-physical axle model documented in the thesis of Spreng [187].
The axle model estimates the position of the maximum deflected tire based on the axle type.
Given the position of the maximum deflected wheel, the dimensions of the wheel arch are
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derived. Finally, a minimum clearance dwa,batt,y between the rear wheel arch and the battery
is derived through an empirical analysis. With these results and the vehicle width (W103), the
dimensional chain shown in Equation (3.11) is implemented in the tool.

sub,y =W103− 2
�

swa,r,y + dwa,batt,y

�

(3.11)

The dimensional chain in Equation (3.11) creates a geometrical coupling between the rear tire
dimensions and the battery width. With increasing tire width (for example due to a higher vehicle
mass), the width of the wheel arch also raises, triggering secondary volume effects on the
battery.

Passenger Compartment Constraints

To increase battery energy, the tunnel and the space below the second row of seats (second
level) can also be filled with modules (similarly to the Polestar 2, Figure B.3b). These spaces are
influenced, through their position, by the passenger compartment (Figure 3.13).
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H30-2
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Figure 3.13: Dimensional chains for underbody, tunnel, and second level.

The second level dimensions depend on the passenger compartment and the size of the under-
body battery. The underbody length sub,x and width sub,y are calculated with Equation (3.10) and
Equation (3.11). The underbody height sub,z is derived from the interior concept dimensions (Sub-
section 3.4.3) and the ground clearance dclear,ub,z (Subsection 3.4.2) following the relationship in
Equation (3.12).

sub,z = H100− sroof,z −H61-2 cos(8)−H30-2− dFRP,batt,z − dclear,ub,z (3.12)

Where dFRP,batt,z takes into account the thickness of acoustic and damping materials, BIW, and
the clearance between battery and BIW. For the estimation of dFRP,batt,z, the minimum vertical
distance between FRP and the top of the underbody battery is measured for the vehicles
contained in the battery dataset. Given the underbody battery dimensions, the second level is
defined. While its width ssl,y is equal to sub,y, its length ssl,x depends on sub,x and the position of
the FRP. Finally, the height ssl,z is derived following Equation (3.13).

ssl,z = H100− sroof,z −H61-2 cos(8)− dSgRP2,batt,z − sub,z − dclear,ub,z (3.13)

Where dSgRP2,batt,z accounts for the thickness of seats, insulation, BIW, and the clearance between
battery and BIW. Its value is derived from the same dataset used for dFRP,batt,z. The second level
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is not always filled with cells: in vehicles such as the Tesla Model 3 or the Jaguar I-Pace, it is
used to install the BMS and the battery relays. In other vehicles, such as the VW ID3, it remains
unused.

Given the vehicle width W103 (input of the tool, Table 3.2), the width of the interior compartment
at the first row, W31-1, is derived with an empirical correlation [71, p. 72]. Then, the transversal
distance between SgRP and vehicle center (W20-1) is estimated in Equation (3.14).

W20-1=
�

W31-1
2

�

− dclear,man,y −
� sman,y

2

�

(3.14)

Where dclear,man,y is an empirically derived value (vehicle segment-dependent) which describes
the clearance between the passenger’s elbow and the inner side of the door [71, p. 70]. For
modeling the manikin width sman,y, the value proposed by [188] is used. Finally, the width of
the tunnel stun,y is derived from the driver’s seat cushion width SW16-1, which is modeled with
empirical values (vehicle segment-dependent) [71, p. 70].

stun,y = 2
�

W20-1−
�

SW16-1
2

��

(3.15)

The tunnel length stun,x (not shown in Figure 3.13) is calculated from the difference between
underbody sub,x and second level length ssl,x and the tunnel height by multiplying the H30-1 with
an empirically derived conversion factor. The tunnel is not always filled with cells and can also
be used to install the BMS and the relays (e.g. for the Audi e-tron). Other manufacturers, like
VW for the ID.3, choose a battery integration that minimizes the tunnel height. In this case, the
tunnel is only used to lead high voltage cables.

With the approach presented in this chapter, the battery dimensions for underbody, tunnel, and
second level are derived. These dimensions are influenced by the wheel and the drive unit size,
which in turn depend on the performance requirements and the vehicle mass. At every new tool
iteration n, the battery space is recalculated. Subsequently, the battery space is filled with cells
and the maximum installable energy is derived. Subsection 3.4.6 presents the developed battery
filling algorithm.

3.4.6 Powertrain Module: Installable Battery Energy Estimation

In the previous sections, a set of dimensional chains for the estimation of the battery dimensions
has been presented. This section focuses on the estimation of the maximum installable energy.
For this scope, a battery filling algorithm is developed (Figure 3.14).

The filling algorithm inputs are cell type (Table 3.2), required battery energy (calculated by
the LDS, Section 3.3), dimensional concept (Subsection 3.4.2 and 3.4.3), and dimension and
position of the drive units (Subsection 3.4.4). Regarding the cell type, there are three possibilities:
pouch, cylindrical, and prismatic [189, p. 324, 190, p. 105]. Currently, there is no standardized
cell, since all the available types are used by various automotive manufacturers [15]. For example,
the BMW i3 (both the 2014 and the 2017 model series) has prismatic cells [191], the Audi e-tron
features pouch cells [83], while the Tesla products usually have cylindrical cells [191]. For the
scope of this thesis, all three cell types are considered.

Similar to the main tool (Figure 3.1), the battery filling model is also based on an iterative process.
In the first loop, the model calculates the maximum available space (À, Figure 3.14) indepen-
dently from the required battery energy Ebatt,req. This calculation follows the approach presented
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Figure 3.14: Structure of the battery model. The model consists of four steps: Estimation of available
installation space À, calculation of possible cell configurations and battery filling Á,
calculation of electrical scheme Â, and identification of configuration with the highest
installed energy Ebatt,is Ã.

in Subsection 3.4.5 and yields the maximum allowable battery dimensions. Subsequently, the
battery space is filled with cells (Á, Figure 3.14). While filling the battery, minimal variations
of cell length or width may radically change the number of cells that fit in the available space.
Therefore, the filling algorithm simulates thousands of different cell sizes and orientations to
identify the one with the highest energy potential.

Depending on cell type, different dimensions and proportions are possible [76, pp. 174-175,
192, 193]. For example, although the Tesla Model S and Model 3 have both cylindrical cells, the
former has 18600 cells (18 mm diameter and 60 mm height) [194], while the latter has 21700 cells
(21 mm diameter and 70 mm height). To model this variability, an empirical analysis is performed
to estimate the typical ranges for width, height, and length of different cell types (Section F.3).
Depending on the type (pouch, prismatic or cylindrical), all possible sizes are generated by
varying the cell width, height, and length in the derived empirical ranges (Figure 3.15).
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Figure 3.15: Using empirical ranges, all possible cell sizes are calculated by varying width, height, and
length. Subsequently, for each cell size, all possible orientations are derived.
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A cell with a defined size can be placed in the battery with different orientations. Depending on
the orientation, different numbers of the same cell can be fitted in a given space. To consider this
effect all existing orientations are calculated for each previously derived cell size (Figure 3.15). If
necessary, it is also possible to exclude certain orientations.

The cell sizes and their respective orientations are stored in the matrix Mcell as shown in
Equation (3.16). Each row of Mcell describes the orientation and size of a different cell by storing
its dimensions in the x-, y-, and z-directions. The number of rows (denoted as m) corresponds to
the number of simulated cells and depends on the step size used to vary the cell dimensions (by
default 1 mm) and the allowed orientations (for each cell size, there are six possible orientations
in space if no orientation is excluded).

Mcell =









scell-1,x scell-1,y scell-1,z

.. ... ...

scell-m,x scell-m,y scell-m,z









(3.16)

Besides the cells, other components occupy installation space in the battery. Examples are
the battery cooling, the cell module housings, and the battery inner cables [58]. To consider
their space requirements, empirical package factors (Kpack,x, Kpack,y) and dimensional chains are
employed. The package factors express the percentage of space along the considered direction,
which is filled with cells. They can assume a value between 1 (100 % filling) and 0 (no cell fitting).
For example, a Kpack,x of 0.8 means, that 80 % of the battery space along the x-direction is filled
with cells. Correspondingly, the remaining 20 % is occupied by module casings, cables, and
side reinforcements. Typical values for the package factors as well as their calculation approach
are documented in Section D.5. The space occupied by the inactive components along the x-
and y-directions is added to the cell dimensions according to Equation (3.17). Since for the
z-direction no package factor is required, it is set to 1.

Mpack =









spack-1,x spack-1,y scell-1,z

... ... ...

spack-m,x spack-m,y scell-m,z









= Mcell









K−1
pack,x 0 0

0 K−1
pack,y 0

0 0 1









(3.17)

Equation (3.17) yields the pack matrix Mpack, which stores the pack dimensions of each cell
configuration in Mcell. For the z-direction, instead of using package factors, a dimensional chain
is derived (Equation (D.12)) that models the internal components of the battery (covers, cooling
plate, module housings, see Figure D.8) and derives the available space for the cells along the
z-direction scell,av,z.

Combining the pack matrix Mpack and the dimensional chain in Equation (D.12), the available
installation space is filled with cells as shown in Figure 3.16. For example, Equation (3.18)
calculates the number of cells fitting in the underbody for the ith element of Mpack.

Ncell-i,x,ub =
sub,x

spack-i,x
Ncell-i,y,ub =

sub,y

spack-i,y
Ncell-i,z,ub =

scell-i,av,z,ub

scell-i,z
(3.18)

The same approach is used for deriving the number of cells in the tunnel and the second
level. The total number of cells is calculated by multiplying the contributions on the x-, y-, and
z-directions. Equation (3.19) exemplarily shows how to calculate the number of cells fitting in
the underbody for the ith element of Mpack. Furthermore, for the battery dimensions shown in
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Figure 3.16, the total amount of cells Ncell-i,tot must also consider the contributions of the tunnel
and the second level according to Equation (3.20).

Ncell-i,tot,ub = Ncell-i,x,ub Ncell-i,y,ub Ncell-i,z,ub (3.19)

Ncell-i,tot = Ncell-i,tot,ub + Ncell-i,tot,sl + Ncell-i,tot,tun (3.20)

As shown in Figure 3.16, the cell orientation does not necessarily have to be the same in
the different spaces (tunnel, underbody, second level), nevertheless, the cell dimensions are
imposed to be the same. This prevents the battery from being filled with cells of different
dimensions.

ssl,yssl,x

sub,z

ssl,z

sub,y

sub,x

scell,av,ub

stun,y

stun,x

stun,z

Figure 3.16: Comparison between empty and filled battery space.

The calculations shown in Equation (3.18) - (3.20) are performed for each row (i.e. each cell
orientation and size) of Mpack. This yields the vector Ncell,tot which stores how many cells fit
in the available battery space for each element of Mpack. However, this filling step does not
ensure that the installed number of cells yields an acceptable battery voltage. To test the
voltage requirements, the electrical scheme of each element of Mpack must be calculated (Â,
Figure 3.14).

The battery voltage depends on the cell chemistry, i.e. on the coupled positive and negative
electrode materials [190, p. 104, 195]. Current chemistries in the automotive sector are Lithium
Nickel Cobalt Manganese Oxide, Lithium Nickel Cobalt Aluminum Oxides, Lithium Manganese
Oxide, Lithium Cobalt Oxide, and Lithium Iron Phosphate [196]. Latter is at the moment mostly
employed in the Chinese market by manufacturers such as BYD [196, 197], while the other
chemistries are more common among European manufacturers. For these chemistries, the
cell nominal voltage Ucell,nom ranges between 3.6 V and 3.7 V [191]. Therefore, a default value
of 3.65 V is implemented in the battery model. This value can be optionally changed to model
alternative chemistries. Given Ucell,nom, the voltage at the battery level Ubatt,nom is calculated by
multiplying Ucell,nom with the number of serial cells Ncell,serial according to Equation (3.21).

Ubatt,nom = Ucell,nom Ncell,serial (3.21)

Following the approach of Wiedemann [42, p. 64], instead of imposing a specific voltage re-
quirement, a feasible voltage range is implemented. The minimum allowed value Ubatt,min is set
to 350 V while the maximum allowed value Ubatt,max is set to 450 V. Nevertheless, in order to
model high-performance cars (which usually have higher values [161]), the voltage limits can be
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optionally changed. Due to the imposed battery voltage range, the number of serial cells must
be higher than a minimum value Nserial,min and cannot exceed a maximum value Nserial,max. This
generates a range of feasible numbers of serial cells as depicted in Equation (3.22).

Ubatt,min

Ucell,nom
= Nserial,min ≤ Ncell,serial ≤ Nserial,max =

Ubatt,max

Ucell,nom
(3.22)

With the range defined in Equation (3.22), the electrical scheme can be further analyzed.
Figure 3.17 shows the possible electrical schemes and the corresponding battery energies for an
Audi e-tron cell. The cell has an energy of 220 Wh and a Ucell,nom of 3.67 V (estimated from [83]).
For this reason, in order to reach the minimum voltage requirement of 350 V, at least 96 serial
cells are required, which corresponds to a battery energy of approx. 21 kWh. By increasing the
number of serial cells, the battery energy is further raised, before reaching the limit value of 122
cells. Exceeding this limit would mean achieving a voltage higher than 450 V and is therefore not
compatible with the imposed range. To achieve a further energy increase, the cells must be set
in a parallel configuration (Figure 3.17).
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Figure 3.17: Possible electrical scheme with an Audi e-tron cell. In the case of the Audi e-tron, the
95 kWh battery energy requires four parallel strands with 108 cells each.

The constraints imposed by the voltage requirements render certain battery energies (and a
certain number of cells) infeasible. The infeasible combinations are marked as gray areas (their
size and position depend on the cell energy) in Figure 3.17. The battery model tests if the
number of installed cells is a multiple of at least one of the values comprised between Nserial,min

and Nserial,max for each row of Ncell,tot. If this is the case, the configuration can attain a battery
voltage within the given limits. Otherwise, the configuration lies in one of the infeasible areas and
the number of cells is iteratively reduced until Ubatt,nom is within the allowed range. Following the
electric scheme sizing, the Ncell,tot vector has been corrected. In some cases, cell orientations
capable of fitting a high number of cells may have been reduced in number due to the voltage
requirements.

In the last step (Ã, Figure 3.14), the optimal size and orientation, i.e. the cell that maximizes the
installable battery energy, is identified. For this scope, the vector Ebatt,is that stores the battery
energy for each element of Ncell,tot, is derived according to Equation (3.23).

Ebatt,is = Ncell,tot Vcell Ecell,vol (3.23)
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Where Vcell is the vector containing the volume of each element of Mcell and Ecell,vol is the
volumetric energy density (in W h l−1) at the cell level. For modeling Ecell,vol, typical energy
densities for different cell types are derived through an extensive literature research [21]. The
optimal cell is the one that maximizes the vector Ebatt,is.

At the end of this step, the maximum installable battery energy Ebatt,is is derived. If Ebatt,is is
higher than Ebatt,req, the battery length and width are iteratively reduced to avoid an overfilling of
the energy requirement. Otherwise, the model exits the iterative loop and its outputs are saved
in the architecture tool. These outputs are the dimensions, energy, and orientation of the optimal
cell, the battery voltage, and the number of parallel and serial cells. These results are further
required for the gravimetric component modeling, which is described in the next section.

3.5 Gravimetric Component Modeling

The fifth step of the architecture tool (Figure 3.1) estimates the new vehicle mass mn+1 for each
iteration n (Figure 3.18). mn+1 is in turn required for the following iteration. The mass calculation
uses the same modules shown in Figure 3.4 and models over 110 components. Each component
is described with empirical models, documented in Appendix E.
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Figure 3.18: Mass calculation for an SUV similar to the Audi e-tron with 400 km range. The model
iterates four times before reaching convergence. The increase in powertrain, chassis, and
frame masses between iterations is caused by secondary mass effects.

The dataset used for the calculation of the empirical models contains over 200 vehicles from the
A2mac1 database [163] including ICEVs, HEVs, PHEVs, and BEVs. In the following sections, this
dataset will be referred to as mass dataset (the complete list is available in [28]). ICEVs, HEVs,
and PHEVs are included to model components that are used in both electric and combustion
vehicles, such as subsystems of chassis, frame, exterior, and interior. Most of the vehicles in the
mass dataset are newer than 2015, but to increase modeling accuracy of some components for
which limited data were available, older vehicles are included.
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The mass estimate is obtained by combining the set of inputs shown in Table 3.2, the results
of the LDS (Section 3.3), and the results from the volumetric component models (Section 3.4).
In addition, it is possible to define a set of optional inputs (Table E.1) to further increase the
estimate’s accuracy. Examples include the material type for the exterior components or the
presence of extra accessories such as lane-keeping support or park assistant. If the set of
optional inputs is not assigned, default values are used instead. Figure 3.18 shows an exemplary
output of the mass model.

In Figure 3.18 the simulation starts with an initial vehicle mass m0 of 2000 kg (not shown in the
figure) and outputs a mass m1 of 2377 kg after the first iteration. As the difference between m1

and m0 is higher than the default tolerance (which is set to 10 kg), a second loop is performed by
inserting m1 into the LDS. Since m1 is higher than m0, the vehicle consumption increases, which
requires resizing the battery and generates secondary mass effects. The model iterates four
times before reaching convergence at a mass of 2501 kg.

In the following sections, the modules frame, chassis, exterior, interior, and powertrain are
presented. Detailed information regarding the other modules is specified in the thesis of Ro-
mano [162] and in a previous publication [28].

3.5.1 Frame Module

The frame module is divided into two subsystems: BIW and other frame components (sound
insulation, frame reinforcements, front-end and roof cross members, aerodynamic shields, and
rock panel covers).

In ICEVs, the BIW accounts on average for almost 30 % of the vehicle mass [198]. Although this
value changes when BEVs with a heavy traction battery are considered, the BIW still remains one
of the heaviest components [199]. An important role for mass savings in the BIW is played by the
materials used. For example, an aluminum frame has a mass reduction potential between 30 %
and 40 % compared to standard steel frames [200]. Carbon fiber, which is around 50 % lighter
than steel [201], has an even higher reduction potential. However, the main obstacle to using
carbon fibers in series production is the higher process and manufacturing costs compared to
steel [202, p. 436]. For this reason, only a few series vehicles with a carbon fiber BIW (regarding
BEVs an example is the BMW i3 [202, p. 435]) can be found up-to-date. This lack of data
impedes empirical modeling of carbon fiber BIWs. Therefore, only aluminum and steel BIWs are
considered.

For applicability in the early development phase, the BIW is modeled using only top-level
parameters such as the vehicle’s external dimensions and the body type (SUV, sedan, and
hatchback). A further model input is the vehicle gross mass mgross,n. If the vehicle mass or the
payload increases, the frame load also increases and the BIW must be resized to meet crash
requirements and ensure the passengers’ safety. Finally, the percentage of aluminum in the
BIW ρAlu is implemented as optional input. It can assume values between 0 % (full steel frame)
and 100 % (full aluminum frame). If not assigned, ρAlu is set to zero.

The first step for the mass estimation is the calculation of a vehicle substitute volume Vveh,s

(Figure 3.19). For this scope, the vehicle volume is modeled with the external dimensions using
the method introduced by S. Fuchs [107, p. 39]. To consider the influence of the body type on
the vehicle volume Vveh,s, S. Fuchs derives two formulas, one for sedans (Equation (3.24)) and
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one for hatchback and SUVs (Equation (3.25)).

Vveh,s,sedan =
�

L104
2
+ L101+

2 L105
3

�

W103 H100 (3.24)

Vveh,s,SUV = Vveh,s,hatchback =
�

L104
2
+ L101+

3 L105
4

�

W103 H100 (3.25)

In the following step, an empirical correlation is derived between the substitute volume Vveh,s,
the aluminum percentage ρAlu, the corresponding steel percentage (1−ρAlu), and the vehicle
gross mass mgross,n. To account for the influence of material density on the BIW’s mass, an
interaction between the terms Vveh,s, ρAlu, (1− ρAlu) is introduced. Equation (3.26) shows the
empirical regression derived from the mass dataset.

mBIW = 4.575 kg+(5.911 kgm−3)Vveh,sρAlu+(13.203 kgm−3)Vveh,s(1−ρAlu)+0.080 mgross,n (3.26)

The second term in the equation represents the empirically derived BIW density of aluminum.
The empirical density of the steel is 13.2 kgm−3, more than twice that of aluminum. The last
term of the equation models the influence of the gross mass on mBIW. According to its value,
an increase in gross mass of 100 kg (for example due to an increase of the required vehicle
payload) would induce 8 kg secondary mass changes just for the BIW.

①

①

② ③

						+						+						= Vveh,sL104

L101

L105

0.67 x H100

0.5 x H100

W
103

② ③

Figure 3.19: Vehicle substitute volume Vveh,s for a sedan.

Regarding the other frame components’ mass mframe,other, the statistical analysis did not show
any correlation with the gross vehicle mass nor the aluminum percentage. Therefore, mframe,other

is modeled based only on the vehicle substitute volume Vveh,s as shown in Equation (3.27).

mframe,other = −18.270 kg+ (4.090kg m−3)Vveh,s (3.27)

3.5.2 Chassis Module

In ICEVs, the chassis module accounts on average for approx. 25 % of vehicle mass [203].
Although this value decreases for BEVs due to the heavy electric powertrain, the chassis
remains one of the heaviest modules [199]. This section presents the models for the brake
system, axles, and wheels. A complete overview of the chassis components is specified in
Table E.4.
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For modeling the front brake system (two brake discs, four brake calipers, and four brake pads),
its mass is correlated with the vehicle gross mass. This yields the regression model presented
in Figure 3.20a. The mass of the rear brake system is derived from the mass of the front brake
system as shown in (Figure 3.20b).
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Figure 3.20: Empirical regressions for the brake system mass (two brake discs with corresponding pads
and calipers) at the front and the rear axle (the formulas are listed in Table E.4).

One of the most important design variables for the axles and their sub-components (springs
and shock absorbers) is the axle load mload,axle, which depends on the vehicle gross mass
mgross,n. To account for this effect, the occurring maximum loads at the front mload,axle,f and
rear mload,axle,r axles are estimated as described in Section D.1 for the vehicles of the mass
dataset. Subsequently, an empirical correlation is derived between the axle load and its mass.
Equation (3.28) shows the derived regression for the front axle maxle,f. The precision of the
estimation is increased by introducing the width of the vehicle (W103) as further model input.

maxle,f = −83.262 kg+ 0.028 mload,axle,f + (0.053kg mm−1)W103 (3.28)

While W103 is an input of the architecture tool (Table 3.2) and can therefore be directly used
in Equation (3.28), the axle load mload,axle needs to be calculated. For this scope, an empirical
analysis is conducted for the BEVs documented in the mass dataset. Hereby, typical mass
distributions are derived for front-wheel drive (56/44), rear-wheel drive (46/54), and AWD BEVs
(50/50). Based on these values, the architecture tool calculates the axle loads from the vehicle
gross mass at each new iteration n. These loads are further used to estimate the axle mass as
presented in Equation (3.28).

To estimate the wheel’s mass, two regressions are derived from the mass dataset for rims and
tires. Equation (3.29) shows the correlation between the rim diameter and its mass. A distinction
according to rim material (steel or aluminum) did not show any statistical relevance, therefore,
all rims are modeled together regardless of their material.

mrim = −13.063kg+ (1.405 kg inch−1)Drim,inch (3.29)

For the tires, no distinction is required between extra and standard load tires, since they have
similar masses. The tire mass is estimated from its width stire,y and outer diameter Dtire (which are
derived during volumetric component modeling, Subsection 3.4.1) as shown in Equation (3.30).

mtire = −16.890 kg+ (0.023kg mm−1)Dtire + (0.054kg mm−1) stire,y (3.30)
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The tire width is in turn influenced by the vehicle mass mn of the current iteration n (Subsec-
tion 3.4.1). Finally, combining Equation (3.29) and (3.30) yields the wheel mass mwheel.

3.5.3 Exterior Module

The exterior module includes closures, bumpers, fenders, lights, windshields, and windows. To
calculate the exterior mass, these components are modeled separately. This section presents the
models developed for doors, hood, and trunk. A complete overview of the exterior components
is specified in Table E.5.

The doors are one of the heaviest components of the exterior module and include door frames,
hinges, interior trims, window mechanisms, and rearview mirrors. Atypical designs such as the
dual hinged door patented by Tesla [204] are not considered in this thesis. For modeling, a
distinction between two- and four-door vehicles is made, as this feature strongly affects the
shape and mass of the doors. For four-door vehicles, regressions are derived for the front mdoors,f

and rear doors mdoors,r. Furthermore, a distinction is introduced according to the door material
(aluminum or steel). Equation (3.31) shows the resulting regression for a four-door vehicle with
steel doors.

mdoors,f,steel = 2
�

−23.602 kg+ (0.015kg mm−1) L101+ (0.011kg mm−1)H100
�

(3.31)

The hood’s mass mhood is estimated through the vehicle width (W103) and the hood material
(two separate regressions are derived for steel and aluminum hoods). Using the front overhang
(L104) as a modeling variable did not improve accuracy. Equation (3.32) shows the resulting
correlation for a steel hood.

mhood,steel = 78.901kg+ (0.054kg mm−1)W103 (3.32)

For the vehicle trunk, two distinctions are introduced: the first is based on the trunk material
(aluminum or steel) and the second on the body type (sedans or SUVs and hatchbacks). Sedans
usually have a small trunk without rear glass (referred to as “trunk lid”, Figure 3.21a) and the
rear glass remains fixed when the lid is open. On the other hand, SUVs and hatchbacks have a
rear glass integrated within the trunk frame (Figure 3.21b).

(a) Trunk lid (marked as blue) for a sedan (b) Trunk (marked as blue) for a hatchback

Figure 3.21: Comparison between a sedan and a hatchback hatch.
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The analysis of the trunk lid did not show any correlation with the external dimensions of the
vehicle. Therefore, the trunk lid mass is modeled with two constant values, one for aluminum
and one for steel lids (Table E.5). For SUVs and hatchbacks, a correlation is identified based on
the vehicle’s height, its width, and the trunk material. Equation (3.33) shows the linear regression
derived for a steel trunk.

mtrunk,steel = 103.041 kg+ (0.056kg mm−1)W103+ (0.019kg mm−1)H100 (3.33)

The remaining subsystems of the exterior are described similarly to the components presented
in this section (Table E.5). The statistical analysis of the data showed no dependency between
the vehicle mass and the mass of the exterior components. This is primarily because the vehicle
mass is not the main design variable for doors, hatch, lights, etc. Thus, since the components
are only modeled based on the vehicle dimensions, this module does not result in any secondary
mass effects.

3.5.4 Interior Module

The interior module exhibits a high variability in mass, depending on the manufacturer’s design
strategy. In this chapter, the models for the two subsystems interior trim and seats are further
detailed. A complete overview of the interior components is specified in Table E.6.

The interior trim comprises the instrument panel (dashboard, cross-car beam, glove box, etc.),
center console, trim parts, and noise insulation. The components of the instrument panel are all
modeled with constant values (Table E.6) since their mass does not show any correlation with
the vehicle dimensions.

Regarding the center console, the relevant variable for defining a regression model is the vehicle
wheelbase (L101). Based on L101, the mass of the center console is estimated with an R2

of 50 %, which is not particularly high (Equation (3.34)). This problem was addressed by S.
Fuchs [107] by introducing a comfort factor to consider that vehicles belonging to more luxurious
segments also have heavier consoles. In this thesis, the author wants to avoid introducing
subjective factors that are difficult to assess for an inexperienced user of the architecture tool.
While this choice renders the tool more user-friendly, it also leads to lower accuracy of the mass
estimation for some interior components.

mconsole = −25.461 kg+ (0.012kg mm−1) L101 (3.34)

The mass of the trim parts and noise insulation is influenced by the passenger compartment
dimensions, the vehicle segment, as well as the noise vibration and harshness requirements.
BEVs have a different sound impression than ICEVs [205]. First, the noise sources from the
electric powertrain are different, e.g. due to strong harmonics and potential whining noise. In
addition, other noise sources (such as the tires) that are normally masked by the combustion
engine, become predominant [206]. This leads to new requirements in terms of noise vibration
and harshness. Therefore, for modeling the trim parts and noise insulation, only the BEVs of the
mass dataset are considered. The derived model is shown in Equation (3.35).

mtrim = −260.280 kg+ (0.009kg mm−1) L103+ (0.139kg mm−1)W103 (3.35)

The seat mass comprises the seat frame, cushion, and adjustment mechanism. Since larger
vehicles are usually equipped with larger seats [162, p. 43], this component is described in
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dependency of vehicle width (W103) and wheelbase (L101). Equation (3.36) exemplarily shows
the calculated correlation for the driver’s seat mass mseat,f.

mseat,f = −44.081kg+ (0.026 kgmm−1)W103+ (0.007kg mm−1) L101 (3.36)

The remaining components are listed in Table E.6. Once again and similar to former findings,
none of the component masses shows a dependency on the vehicle mass. Therefore, this
module does not generate secondary mass effects.

3.5.5 Powertrain Module

This chapter presents the models developed for the electric machines, transmission system
(gearbox and driveshafts), and traction battery. For calculating these subsystems, the results
from the volumetric modeling (Subsection 3.4.4 and 3.4.6) are required.

The machine mass is strongly influenced by its maximum torque Tmach,max. For modeling the
machine mass, two separate regressions are derived for IMs and PMSMs based on the machine
dataset (Table E.7).

For the mass calculation, the transmission system is divided into gears, shafts, bearings, gearbox
housing, and driveshafts. The volume of shafts and gears is estimated during the volumetric
sizing based on the torque and rotational speed requirements (Subsection 3.4.4). For these
components, the assumed material is steel of the type 16MnCr5 [27]. Their mass is estimated by
multiplying their volume with the density of the material. The estimation for bearings is simpler
since they are selected from a catalog [180] that documents the corresponding mass for each
bearing type. Based on the dimensions of shafts, gears, and bearings, the volume of the gearbox
housing is derived with the dimensional chains shown in Section D.3. The housing mass is
estimated by assuming that the housing is composed entirely of the alloy AlSi9Cu3 [27]. Finally,
for the estimation of the driveshafts, an empirical correlation (based on the output torque of the
gearbox) is derived from the gearbox dataset [100, p. 68].

The battery is divided into three main sub-components: cell modules, battery housing, and bat-
tery electrics (cables, BMS, relays, etc.). The volumetric modeling described in Subsection 3.4.6
yields the installed battery gross energy Ebatt,is at every tool iteration. The cells’ mass mbatt,cells is
estimated by multiplying Ebatt,is for the gravimetric energy density at the cell level Ecell,grav. Subse-
quently, the mass of the cell modules mbatt,mod (including cells, module housings, and module
cables) is estimated by multiplying the conversion factor Kcell2mod as shown in Equation (3.37).

mbatt,mod = Kcell2mod mbatt,cells = Kcell2mod

�

Ebatt,is

Ecell,grav

�

(3.37)

Ecell,grav (in W h kg−1) depends on the cell type and is modeled according to the values proposed
by König et al. [21]. Over the next years, further improvements in cell energy density are
expected [207, 208], which will impact the battery and vehicle mass. Therefore, to assess the
influence of cell improvements on the vehicle architecture, Ecell,grav is chosen as an optional
mass model input (Table E.1). The factor Kcell2mod describes the mass increase caused by the
module housings. Köhler [100] identifies three distinct Kcell2mod from an analysis of the BEVs
in the mass dataset: 1.23 for pouch, 1.14 for cylindrical, and 1.12 for prismatic cells. Unlike
prismatic and cylindrical cells, pouch cells do not have a hard case [76, pp. 174-175]. Therefore,
due to their lower mechanical stability, they require a robust module structure [209, p. 225, 210,
p. 27], which explains the higher Kcell2mod compared to prismatic and cylindrical cells.
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For estimating the battery housing mass, the previously calculated battery dimensions (Sub-
section 3.4.5) are used to calculate the battery volume Vbatt. Subsequently, the battery housing
mass is expressed as a function of its volume as shown in Equation (3.38).

mbatt,hous = 1.790 kg+ (0.033kg l−1)Vbatt (3.38)

Regression-based modeling of the battery electrics did not yield statistically significant results.
Therefore, this sub-component is modeled with two constant values: one for vehicles with AWD
and one for vehicles without AWD (Table E.7). For AWD vehicles, the inner battery cables have
to be wired at both front and rear axle, which increases the battery electrics mass.

3.6 Output of a Feasible Architecture

The tool presented in the previous chapters fulfills all requirements defined in Section 2.5. Once
the tool reaches convergence, the resulting vehicle architecture can be visualized (Figure 3.22)
and further analyzed. Some of the most important outputs of the tool are:

• LDS results: Required machine power, torque and rotational speed, vehicle con-
sumption, attainable range, and required battery energy.

• Interior concept: Headroom, legroom, shoulder room, and resulting passenger
compartment dimensions.

• Exterior concept: Ground clearance requirements and turning radius.

• Tire dimensions: Tire width, aspect ratio, and maximum load.

• Drive unit dimensions: Size of gearbox (gear diameters, width, number of teeth,
etc.) and electric machine (diameter and length).

• Battery: Required and installed battery energy, cell dimensions and orientation as
well as the resulting battery voltage.

• Masses and inertia: Empty and gross mass of the vehicle, its modules, and
their sub-components. The LDS also calculates the inertia of electric machines,
gearboxes, and wheels.

By simultaneously considering both vehicle mass and package, it is possible to couple these two
features, thus describing the impact of mass on package and vice versa. To demonstrate how
the tool supports the vehicle concept design, the following list presents possible case studies:

• Cell type impact: Given a vehicle architecture, the tool can calculate the available
battery space and estimate the installable battery energy. This process can be
repeated for different cell types, which yields different installable battery energies,
vehicle consumptions, and ranges. This enables a comparison between cell types
and a quantification of their impact on the vehicle architecture.

• Vehicle dimensions impact: The tool can describe the impact of external (or internal)
dimensions on the vehicle architecture. For example, it is possible to quantify how
a change in the wheelbase affects mass, consumption, installed battery energy,
and vehicle range. Furthermore, the tool also considers secondary volume and
mass effects induced by the wheelbase change.
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• Mass and volume saving impact: The tool can also quantify the impact of mass
savings (e.g. due to lightweight measures) and space saving (e.g. due to an
improved integration of the battery in the vehicle) on the BEV architecture. Again,
the impact of these measures can be expressed through the change in mass,
consumption, and range that they produce.

• Identification of design boundaries: The tool can also be coupled with an optimiza-
tion algorithm (such as the NSGA-II) to identify the design boundaries of BEV
architectures. For this scope, a set of design variables (for example the external di-
mensions of the vehicle) can be varied by the optimization algorithm to identify the
combination that yields the maximum range. Such a study provides a perspective
on current and future physical limits of BEVs.

These case studies are faced regularly by the concept engineer during the early development
phase. However, they have not yet been thoroughly analyzed, since this requires simultaneous
modeling of vehicle dynamics, components masses, and component volumes, which is beyond
the capabilities of the concept engineer. The vehicle architecture tool offers a solution to this
problem as will be shown in Chapter 5.

Figure 3.22: An exemplary output of the vehicle architecture tool.
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This chapter verifies and validates the vehicle architecture tool and its subsystems. Verification,
on the one hand, ensures that the models are implemented correctly. Validation, on the other
hand, ensures that the models correctly replicate the reality. In the first section (Section 4.1),
the acceleration and consumption simulations implemented in the LDS are validated and
verified. In the following step (Section 4.2), the most important volumetric models are analyzed.
Subsequently, the gravimetric component modeling is validated based on a database of existing
vehicles (Section 4.3). In Section 4.4, the entire architecture tool is applied to simulate a set of
BEVs. Finally, Section 4.5 summarizes the outcomes of the validation.

4.1 Longitudinal Dynamic Simulation Validation

The results of the LDS form the basis for sizing the powertrain. Therefore, a validation of its main
modules (acceleration and consumption simulation) is required. Since the aim of this section is
to validate the LDS, only the modules presented in Figure 3.3 are used.

The goal of the acceleration simulation is to derive the machine torque curve (Figure 3.3)
based on a given acceleration time. To ensure that the torque curve is implemented correctly,
a series of acceleration tests is performed on an e-Golf (model year 2014) [154]. During the
tests, the vehicle is accelerated from 0 kmh−1 to 100 kmh−1 while its speed and acceleration are
tracked with three different mobile devices (an iPhone 11, an iPhone 5, and an iPad 6) using the
mobile app Phypox [211]. With this method, it is not possible to track the machine torque curve,
however, the measurements can be represented as an acceleration profile (Figure 4.1a), which
is equivalent to the torque curve.
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Figure 4.1: Simulated vs. measured acceleration and consumption of an e-Golf. Based on [154].
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Subsequently, the main characteristics of the e-Golf (acceleration time, empty mass, maximum
speed, etc.) are parametrized in the LDS. The LDS iteratively scales the torque until the desired
acceleration time is reached. Finally, the resulting torque curve is converted into an acceleration
profile (black dashed line, Figure 4.1a) and compared to the measured one.

During the first few seconds, both simulated and measured acceleration profiles have a value of
approx. 4 ms−2. Once the electric machine reaches its nominal rotational speed, the torque (and
therefore also the acceleration) sinks following a hyperbolic profile. These two parts are visible
in both measured and simulated profiles. The simulation overestimates the nominal rotational
speed of the machine, leading to a deviation from the measured profile in the range from 2 s to
6 s. Due to this overestimation, the simulated hyperbolic profile starts at slightly higher rotational
speeds. However, this deviation is compensated after a few seconds. More information on
this validation step is documented in the publication of König et al. [154] and in the thesis of
Moller [155].

For the validation of the consumption simulation, a comparison with real WLTP measurements is
required. The WLTP consumption declared by the manufacturers also includes battery charging
losses (Appendix C). However, since the LDS does not model battery charging losses, the
validation measurements should only include the losses occurring during the cycle. The dy-
namometer dataset of the Argonne laboratory [212] fulfills these requirements. The Argonne
dataset contains consumption measurements for ten BEVs (model years between 2012 and
2015) performed on different driving cycles (including the WLTC). Besides recording the vehicle
consumption (without charging losses), the Argonne laboratory also provides the measured
resistance forces and the driven speed profile. Four of the ten BEVs (including the e-Golf that
was used for the acceleration simulation) are chosen and simulated in the LDS. Figure 4.1b
compares the simulated consumption profile (black dashed line) with the profile measured by
the Argonne laboratory (blue continuous line) for the e-Golf.

The main drawback of the Argonne dataset is that it does not include vehicles newer than 2015.
For validation with current BEVs, a VW ID.3 Pro Performance 1st Max [213] is measured with a
roller dynamometer, property of the Institute of Automotive Technology [214]. More information
on the roller dynamometer is specified in the publication of Danquah [215]. The ID.3 is positioned
on the dynamometer and tested several times on a WLTC. Each time, the driven speed profile,
occurring resistance forces, and energy consumption are measured. The hereby measured
consumption does not include battery charging losses. Due to the complex calibration of the
roller dynamometer, it is not possible to exactly match the given speed profile at each repetition.
Therefore, the measured consumption is represented as an area (blue surface in Figure 4.2)
containing all the driven WLTCs.

Subsequently, the ID.3 is parameterized as documented in Table F.1 and simulated. Since the
mass model is deactivated, the vehicle mass measured during the dynamometer test is assigned
as input (Table F.1). The LDS selects a suitable machine from the efficiency map database and
calculates vehicle consumption, which is depicted as an orange dashed line in Figure 4.2. The
simulated WLTC consumption is overestimated with a deviation of 24 % compared to the highest
value measured on the roller dynamometer. Such a deviation undermines the applicability of the
vehicle architecture tool during the early development phase. After verification of the LDS, no
errors were found in the code nor the parameter set in Table F.1. Repeating the simulation with
other maps from the database also showed deviations in the order of 20 %.

These results show that there are differences between the ID.3 efficiency map and the PMSM
maps contained in the database (Section 3.3). To test this assumption, the LDS needs to be
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Figure 4.2: Comparison between measured WLTC consumption, simulated WLTC consumption with the
efficiency map database, and simulated WLTC consumption with the Motor XP map.

simulated with a different efficiency map. For this purpose, the machine design tool Motor
XP [216, 217] is used. Motor XP is a software for PMSM sizing which offers a pre-calculated
PMSM efficiency map. This map is integrated into the LDS and the simulation is repeated (black
dashed line in Figure 4.2). The Motor XP map has a considerably higher efficiency than the maps
in the database. Consequently, vehicle consumption decreases. A considerable improvement
of the estimation can be observed, and the profile simulated with the Motor XP map always
remains within the values recorded on the roller dynamometer.

It appears that the set of PMSM maps implemented in the database is adequate to model older
vehicles (Figure 4.1b). Nevertheless, for newer vehicles, these maps underestimate the machine
efficiency, leading to an overestimation of vehicle consumption. A similar validation for IM maps
is not possible for two main reasons. Firstly, there are no vehicles equipped with this machine
technology at the Institute of Automotive Technology. Secondly, Motor XP does not include (for
the moment) IMs.

In conclusion, for validating the entire architecture tool (Section 4.4), the Motor XP map (and
not the ones contained in the efficiency map database) will be used. For the (rare) cases where
vehicles equipped with IMs are simulated (Section 4.4), the maps contained in the database are
used due to the lack of alternative solutions.

4.2 Volumetric Component Modeling Validation

This section validates three volumetric component models: wheels (Subsection 4.2.1), gearbox
(Subsection 4.2.3), and traction battery (Subsection 4.2.2). The remaining components are
validated in the theses of Elagamy [71], Köhler [100, 101], Romano [164, 162], and Spreng [187].

4.2.1 Wheels

Wheels and tires have a high influence on secondary mass effects of the chassis and generate
secondary volume effects on electric machines, gearboxes, and the battery. This section as-
sesses the correctness of tire sizing using the vehicles documented in Table F.2. Since the focus
is on tire sizing, only the modeling approach presented in Subsection 3.4.1 and D.1 is used while
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the remaining parts of the architecture tool are deactivated. For the vehicles in Table F.2, empty
mass, mass distribution, tire diameter, rim size, interior, and exterior concept dimensions are
collected. With these inputs, the maximum occurring axle loads are estimated for each validation
vehicle as described in Section D.1. Subsequently, the occurring tire loads are derived and the
required tire volumes estimated (Equation (3.4)). Finally, a suitable tire is chosen from the tire
dataset. Figure 4.3 compares the real and calculated tire dimensions and shows the average
deviations, which are expressed as MAE and nMAE.
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Figure 4.3: Calculated vs. real tire dimensions for the vehicles listed in Table F.2.

Figure 4.3a compares the calculated tire volumes with the real ones. Most of the vehicles are
estimated correctly. One exception is the Tesla Model S, for which the A2mac1 archives [163] are
incomplete and the exact mass distribution and internal dimensions are unknown. The missing
values are estimated from the Tesla Model X, which nevertheless introduces a certain degree
of uncertainty into the model. Figure 4.3b shows the comparison between calculated and real
tire width. Since the tire width and volume are interdependent, the same vehicles that deviate in
Figure 4.3a also deviate in Figure 4.3b. For the few cases where the tire volume is not exactly
estimated, the deviations could be caused by incorrect model inputs (as is the case for the Model
S) or because the manufacturer opted for an oversizing of the tires (which would explain the
deviations of Opel Ampera and Tesla Model X). Further inaccuracies may also be contained in
the measurements of the A2mac1 database [163].

In this validation step, the rim diameter was inserted as model input. Theoretically, it is an
optional input, since the architecture tool can estimate the minimum required rim size from the
brake disc diameter (Subsection 3.4.1). However, the sizing of rims and tires is not based only on
the package and load specifications, but also on design requirements [103]: vehicles with similar
mass and tire loads may mount, depending on the applied design strategy, different rims and
therefore require different tire widths. In conclusion, for a precise estimation of tire dimensions,
the manufacturer design strategy (i.e. the rim dimensions) must be considered.

4.2.2 Battery

This section is divided into a verification and a validation step. The first step ensures that
the battery filling algorithm (Subsection 3.4.6) is implemented correctly while the validation
assesses the precision of the model. To test the battery model alone, only the modules shown in
Figure 3.14 are used, while all the other parts of the vehicle architecture tool are deactivated.
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Nevertheless, since the results of package modeling and LDS are also required to model the
battery, it is necessary to assign more inputs (such as the battery size, which would otherwise
be calculated in the interior and exterior modules) for a standalone run of the battery model.

In the verification step, a selected group of batteries contained in the battery dataset is simulated.
Since the volumetric models for interior and exterior are deactivated, the battery size cannot be
estimated and needs to be assigned as an input. Therefore, the real battery and cell dimensions
are retrieved from the battery dataset (Subsection 3.4.5) and assigned as inputs. The cell
dimensions are not varied and only the real cell size is used to fill the battery space. The
package factors are retrieved from the battery dataset and assigned as inputs as well. Finally,
for the dimensional chain in Equation (D.12), instead of using the constant values in Table D.4,
the real values of each chain component (lower protection, cooling, etc.) are retrieved for each
vehicle of the battery dataset. With this approach, the algorithm receives an input that is an
almost perfect replica of the battery volume, fills it using the real cell dimensions, and derives
the installable battery energy (orange bars in Figure 4.4).
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Figure 4.4: Comparison between real battery energy (blue bar) and battery energies calculated in the
verification (orange bar) and validation steps (gray bar).

For batteries equipped with a drop shape (such as the Audi e-tron or the Jaguar I-Pace), there
are deviations between real and calculated energy. These deviations are not caused by an
implementation error, but rather by the modeling of the frontal part of the battery. As visible in
Section B.2, the dimensions and shape of the frontal part vary within the drop shape batteries
(compare for example the Audi e-tron and the Jaguar I-Pace batteries). It is not possible to derive
a generalized method to precisely describe all drop shape variants. The MAE of the battery
energies in Figure 4.4 is 1.51 kW h while the corresponding nMAE is 2.23 %. Although the low
MAE and nMAE confirm that the filling algorithms and the package factors are implemented
correctly, a validation of the entire battery model is still required.

The validation step follows the same approach used for verification but has a lower number of
inputs. For modeling the dimensional chain in Equation (D.12), the constant values in Table D.4
are used. Furthermore, instead of imposing a fixed cell size, the cell dimensions are left to
vary within a given range (Section F.3). The calculated battery energy is represented as a gray
bar in Figure 4.4. The validation step uses the chain values listed in Table D.4 (and not the
real values of the validation vehicles), thus leading to different installable cell heights. Since
Table D.4 summarizes the average values of the battery dataset, the installable cell height is
overestimated in some cases, while in other cases it is underestimated. For the Polestar 2 and
the Renault Zoe, the deviation between calculated and real energy is particularly high. The
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Polestar 2 has one of the most complicated battery shapes (Figure B.3b) with a simultaneous
filling of the underbody, tunnel, and second level. The algorithm underestimates the available cell
height in the underbody and, since the estimated value is lower than the minimum allowed cell
height, the underbody remains empty, leading to a considerable (almost 42 %) energy deviation.
A similar problem occurs also in the Renault Zoe. In this case, the underbody space is estimated
correctly, but the vehicle is equipped with an above-average cell height (which is not included in
the allowable dimension range). Therefore, the underbody is filled with smaller cells resulting in
an underestimation of the battery energy.

Although there are some cases (Polestar 2 and Renault Zoe), where great deviations between
calculated and real values occur, these deviations are mostly caused by the simplification
introduced by the dimensional chain. Considering the current volumetric energy densities at the
cell level, an under- (or over-) estimation of 1 mm in battery height leads to energy deviations in
the order of 1 kW h. The same estimation error in the available battery width or length leads to
deviations in the order of 100 W h. Therefore, this validation step identifies the predominant role
of the z-direction on the installable battery energy.

In most cases, it is possible to obtain a good approximation of the installed energy if the package
factors and the cell energy densities are known. It would also be possible to implement an
average package factor for different cell types (e.g. for pouch, cylindrical, and prismatic cells).
The author advises against this strategy since the empirical analysis of the package factors
shows a great, mostly manufacturer-dependent, variability (Figure D.7). The same problem also
applies to the volumetric and gravimetric energy densities. They also show a high variability
depending on cell type, size, manufacturer, manufacturing year, and chemistry.

4.2.3 Gearbox

The analysis of the gearbox model is divided into two steps. First, the model is verified by
comparing its results with the outputs of another gearbox sizing software. Second, the model is
validated with a series of existing BEV gearboxes. For a standalone run of the gearbox model, it
is necessary to collect further inputs that would normally be calculated by the other tool modules.
Examples are the machine’s maximum torque and rotational speed (calculated by the LDS) as
well as machine diameter.

In the first step, the model is verified with the gearbox sizing software GAP [218, 179], developed
by the Chair of Machine Elements of the Technical University of Munich. GAP enables a first
design of gears and can also be used for sizing BEV gearboxes. However, it only sizes gears,
shafts, and bearings without deriving the gearbox housing dimensions. A sensitivity analysis
is conducted with both GAP and the model developed in this thesis to assess the influence of
transmission ratio and maximum gearbox torque on the gear dimensions (Figure 4.5)

Figure 4.5a shows the change in diameter of the first wheel of the first stage. The slightly higher
values in comparison to GAP are caused by different calculation methods. While the model sizes
D1 using an empirical estimation of the axle distance dgb,shafts,12 (Figure D.3), GAP’s estimation
uses a larger set of parameters [179, p. 57]. Figure 4.5c shows the calculated diameters of the
first wheel of the second stage. The deviations between GAP and the model are caused by the
different methods applied for the calculation of the transmission ratio of the second stage, which
consequently lead to slightly different diameters. Although the diameter surfaces do not perfectly
match, they show a similar trend. The MAE between the models is below 4 mm for both D1 and
D3.
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Figure 4.5: Comparison between the calculated gears dimensions of the two models for a parallel axle
gearbox with two reduction stages. Based on [101, 27].

In the second step, the model is validated with a set of existing BEV gearboxes. This step is
required to validate the dimensional chain-based housing model presented in Section D.3. GAP
cannot be used for this purpose since it does not estimate housing dimensions. Therefore,
the gearbox dataset introduced in Subsection 3.4.4 is used. For each gearbox contained in
the gearbox dataset, the required inputs (machine torque, rotational speed, etc.) are collected.
Subsequently, the gearboxes are simulated and the calculated housing dimensions are compared
with the real ones (Table 4.1).

The deviations in Table 4.1 are mostly caused by the dimensional chains described in Section D.3.
For example, the gearbox flanges (modeled with a constant value, Table D.2) cause deviations
between calculated and real housing length and height. Further inaccuracies are caused by
particular designs such as in the case of the BMW i3, where the differential cage is partially
integrated into the differential wheel leading to a narrow gear width. Consequently, the tool
overestimates the gearbox width for this vehicle.
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Table 4.1: Calculated vs. real dimensions for a set of parallel axle gearboxes [101, p. 86]. The values
are expressed as percentual deviations since the real housing dimensions are confidential.

Vehicle (model year) Gearbox length sgb,x Gearbox width sgb,y Gearbox height sgb,z

Figure D.3 Figure D.3 Equation (D.5)

BMW i3 (2019) 2.94 % 22.96 % 0.69 %

Nissan Leaf (2011) 13.60 % −4.18 % −3.49 %

Renault Twizy (2014) −0.15 % 9.56 % −12.16 %

VW e-Golf (2014) 7.64 % 11.32 % −2.89 %

VW e-Up! (2017) 9.95 % 7.05 % −12.20 %

4.3 Gravimetric Component Modeling Validation

This section validates the gravimetric component modeling (step 5, Figure 3.1) using the dataset
in Table F.2. The mass estimation presented in this section relies solely on the empirical models
listed in Appendix E. The LDS and the volumetric component models are deactivated to allow
for an in-depth validation of the mass model. However, for a standalone run of the gravimetric
component modeling, it is necessary to collect additional inputs. For example, the battery mass
is calculated from the installable energy (Equation (3.37)), which would normally be estimated
by the volumetric component modeling and the LDS. These missing inputs are collected from
the ADAC [149] and the A2mac1 database [163].

Once the inputs are collected, the vehicles in Table F.2 are simulated and their module masses
calculated. Subsequently, the real module masses are retrieved from A2mac1 [163] and com-
pared with the calculated ones. The results are represented as a whole model plot in Figure 4.6.
Since the real module mass is confidential, the axis values are hidden. To further impede an
extrapolation of the original data, the origin of the axes is not positioned at 0 kg, and only a
maximum of two vehicles per plot are labeled. Figure 4.6 also lists the average module deviations,
expressed as MAE and nMAE.

Figure 4.6a shows the whole model plot of the frame module. The high deviations of the BMW i3
are caused by the fact that its frame does not have a unibody construction and combines carbon
fibers (not considered in the vehicle architecture tool, Subsection 3.5.1) and aluminum [219,
220]. The BMW i3 is simulated assuming a unibody construction made entirely of aluminum.
This assumption yields a good approximation of the BIW mass but leads to an underestimation
of the mass of the other frame components. Another remarkable deviation (an overestimation
in this case) occurs for the Jaguar I-Pace. The reason for such an overestimation lies in the
lightweight design of this vehicle, which is equipped with a full aluminum frame [221] and has,
despite its large size, an incredibly low frame mass. For the chassis module (Figure 4.6b), the
BMW i3 has the highest deviation since its chassis is made entirely of aluminum [222] and is
therefore particularly light.

Regarding the powertrain module (Figure 4.6c), the Mercedes EQC shows one of the highest
deviations. A consistent portion of the EQC battery width is occupied by side crash reinforce-
ments (Figure B.4b). Since the reinforcements are positioned on the outer sides of the battery,
they do not constrain the module dimensions along the driving direction, which enables building
large modules. However, this strategy results in an above-average battery housing mass. The
powertrain module has the highest MAE since it is the heaviest module of the vehicle in most
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Figure 4.6: Calculated vs. real module masses for the vehicles listed in Table F.2. If the blue marker
lies between the dashed red lines, deviation is smaller than 10 %. If it is located in the white
areas comprised between the red dashed lines and the gray surfaces, deviation is greater
than 10 % but smaller than 20 %. Finally, the gray areas mark the cases where deviation is
greater than 20 %.
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cases. Therefore, although the nMAE is similar to other modules (such as frame and exterior),
the corresponding absolute error is higher.

For the exterior module (Figure 4.6d), the Tesla Model X has the highest deviation due to its heavy
dual-hinged doors, which are not considered in the vehicle architecture tool (Subsection 3.5.3).
Regarding the interior module (Figure 4.6e), the Model X is once again the vehicle with the
highest deviation. This is due to its single-seat layout (while all other vehicles have bench seats)
in the second seat row.

The mass of the electrics module is overestimated for the Tesla Model 3 and Model Y (Figure 4.6f).
For these two vehicles, the DC-DC converter and the HV charger are integrated directly into the
battery, while for the gravimetric component modeling they are considered as part of the module
electronics. To correct this inaccuracy, it would be necessary to know the real masses of the
DC-DC converter and HV charger to include them in the real electric module mass. However,
the exact mass of these components cannot be estimated since an internal battery teardown is
not available.

Finally, the sum of the simulated module masses is compared with the real empty vehicle mass
(Figure 4.7). For the vehicles in Table F.2, the model yields an MAE of 54.5 kg and an nMAE of
2.9 %. These values are similar to the deviations estimated by S. Fuchs [107, pp. 63-80] with his
mass model. In addition, these deviations are not necessarily caused by errors in the tool, but
rather by the unique characteristics (such as the battery housing of the Mercedes EQC) of some
vehicles, which cannot be considered in the model.
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Figure 4.7: Calculated vs. real empty vehicle masses for the vehicles listed in Table F.2.

4.4 Vehicle Architecture Tool Validation

This chapter assesses the accuracy of the entire vehicle architecture tool, testing the interaction
of all presented models: LDS (Section 3.3), volumetric (Section 3.4), and gravimetric (Section 3.5)
component modeling. A validation for vehicles of all segments and derivatives is not possible
due to the low number of existing BEVs. However, it is possible to validate the tool by simulating
a set of current BEVs, which will be denoted as validation dataset. The dataset contains eight
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top-selling BEVs: BMW i3s [223], VW ID.3 Max [213], VW ID.3 Pro S [224], Jaguar I-Pace [225],
Tesla Model 3 Standard Range (SR) [226], Tesla Model 3 Long Range (LR), Tesla Model Y
[227], and Audi e-tron [228]. These vehicles span different segments, body types, performance
requirements, and are all documented in the A2mac1 database [163], meaning that precise
mass and component data is available. A detailed description of the simulation setup for the
validation dataset is given in Section F.4.

The validation follows the approach shown in Figure 4.8. First, the input set required by the
architecture tool (Table 3.2) is collected for each validation vehicle (À, Figure 4.8). These inputs
are listed in Table F.4 - F.6. The tables document a portion of the required input set since some
design parameters (like the H30-1 and H30-2) are retrieved from the A2mac1 database [163]
and cannot be disclosed. Furthermore, as already noted in Subsection 4.2.2, to accurately model
the traction battery, the corresponding package factor and cell energy densities are required.
Once again, these parameters are for internal use and cannot be disclosed.
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Figure 4.8: Structure of the vehicle architecture tool validation.

In the following step (Á, Figure 4.8), the validation dataset is simulated. The architecture tool
iterates according to the procedure depicted in Figure 3.1 until each validation vehicle converges.
The result is a simulated vehicle with an estimate of both mass and package. The simulated
vehicle also documents the estimated consumption. In the last step (Â, Figure 4.8), the validation
and the simulated vehicles are compared.

Table 4.2 shows the simulation results (including the percentual deviation from the real values)
for four main categories: range, consumption, mass, and installed battery energy. These four
categories are interdependent. For example, the simulated range depends on the available
battery space (volumetric modeling) and vehicle consumption calculated by the LDS. The
resulting consumption is in turn influenced by the mass estimated by the gravimetric component
modeling. Finally, the installable battery energy is defined by the dimensions of wheels and drive
units, which are in turn influenced by the vehicle mass. In most cases, deviations below 5 % are
achieved. The highest deviations are between 5 % and 13 %.

Range is simultaneously an input and an output. Although the architecture tool will fill the battery
with cells to attain the input range, it is almost impossible to exactly match the required value.
This is because each newly added cell provides a discrete increase in battery energy and
accordingly a discrete increase in range. Further discontinuities are introduced by battery voltage
requirements (Figure 3.17). For these reasons, certain ranges are infeasible. To counter this
problem, there is no imposed cell size, but a range of feasible cell lengths, heights, and widths
(Table F.3). Depending on the chosen type (pouch, cylindrical, or prismatic), the architecture
tool can choose among several cell dimensions. Furthermore, as described in Subsection 3.4.6,
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the feasible battery voltage is set between 350 V and 450 V. Due to these implementations,
range discontinuities are drastically reduced, and in most cases, the deviation between real and
simulated range is below 1 %. The tool confirms that the real range is achievable in terms of
mass and package for all validation vehicles.

The second category listed in Table 4.2 is vehicle energy consumption. The losses of the gearbox,
power electronics, and battery are modeled as described in Section 3.3. The PMSM losses are
described with the efficiency map of Motor XP while the IM losses are modeled with the maps of
the efficiency map database. Based on the acceleration times and maximum speeds listed in
Table F.4 - F.6, the LDS identifies the maximum torque and machine speed, scales the efficiency
map accordingly, and uses it to estimate the machine losses in the cycle. The resulting WLTP
consumption shows deviations between −6.2 % and 6.3 %. The BMW i3s has one of the highest
deviations: although the mass is overestimated, the simulated consumption is underestimated
by 6.2 %. For this particular vehicle, the efficiency map of Motor XP largely overestimates the
machine efficiency. A reason for this deviation could be the BMW i3s machine, which is a hybrid
PMSM [229] and is probably not modeled correctly by the Motor XP map. Another vehicle with
a high deviation is the Tesla Model 3 SR, where consumption is overestimated by 6.3 %. This is
partly caused by overestimating the empty mass of the vehicle. Further causes are the lack of
official data regarding the exact net energy density of the Tesla Model 3 SR documented in the
A2mac1 database [163]. Additionally, there are several Tesla Model 3 variants equipped with
cells from different manufacturers [230]. Depending on the cell manufacturer, the vehicle range
and the net battery energy vary. Since Tesla does not publish an official overview of the existing
Model 3 SR models and their ranges, it cannot be guaranteed that the values used in (Table F.5)
for calculating the real vehicle consumption are correct.

Table 4.2: Simulated range, consumption, mass, and battery energy for the validation dataset. The
percentages in parentheses denote the deviation from the real values.

Vehicle Range in WLTP
Consumption in WLTP
(no charging losses)

Vehicle empty
mass (no driver)

Installed battery
net energy

BMW i3s 283.3 km (0.1 %) 12.6 kWh/100km (−6.2 %) 1450.0 kg (12.4 %) 35.6 kW h (−6.1 %)

VW ID.3 Max 425.3 km (0.5 %) 13.5 kWh/100km (−1.4 %) 1726.2 kg (−0.6 %) 57.5 kW h (−0.9 %)

VW ID.3 Pro S 556.5 km (1.0 %) 14.3 kWh/100km (2.4 %) 1874.7 kg (1.3 %) 79.6 kW h (3.4 %)

Jaguar I-Pace 473.4 km (0.7 %) 17.7 kWh/100km (−3.7 %) 2265.8 kg (2.6 %) 84.0 kW h (−3.0 %)

Tesla Model 3 SR 412.3 km (0.8 %) 13.0 kWh/100km (6.3 %) 1680.8 kg (4.3 %) 53.6 kW h (7.1 %)

Tesla Model 3 LR 559.7 km (−0.1 %) 13.9 kWh/100km (0.1 %) 1841.7 kg (6.7 %) 77.9 kW h (0.1 %)

Tesla Model Y 480.1 km (0.0 %) 15.6 kWh/100km (0.1 %) 2194.6 kg (6.2 %) 75.1 kW h (0.1 %)

Audi e-tron 407.1 km (0.5 %) 21.7 kWh/100km (2.0 %) 2469.7 kg (−2.0 %) 88.2 kW h (2.5 %)

The fourth column in Table 4.2 lists the simulated empty vehicle mass (the value does not include
the driver). In this case, the mean absolute deviation of the validation dataset is higher than the
value derived in Section 4.3. In fact, the resulting mass is, in contrast to Section 4.3, derived
from the vehicle architecture iterative process. Inaccuracies in the estimation of the component
volumes and the vehicle consumption impact the simulated mass, leading to a higher deviation.
Despite the interaction between volumetric models, LDS, and gravimetric models, the deviation
in mass estimation is always below 13 %. The vehicle with the highest error is the BMW i3s.
Following the same method applied in Section 4.3, the BIW of the i3s is assumed to be entirely
made of aluminum, which leads to a good approximation of the frame mass. However, the tool is
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not capable of modeling the lightweight measures applied on the i3s axles and battery housing
and overestimates the masses of chassis and powertrain.

The last column of Table 4.2 compares simulated and real battery net energy. For each vehicle,
the empirical package factors and cell energy densities are estimated and used as inputs. This
leads to deviations usually below 3 %. A higher deviation occurs for the Tesla Model 3 SR. As
already discussed, this deviation may be caused by an error in the estimation of the real net
energy, which is assumed to be 50 kW h [230]. The net energy underestimation by the BMW i3s
is caused by vehicle consumption, which is underestimated as well. Consequently, the required
range can be reached (at least in the simulation) with less battery energy.

Finally, inaccuracies in the consumption, mass, or battery energy estimation are also caused by
the fact that some vehicles are simply designed better than others and act as outliners. Since
the architecture tool is also based on empirical data, particularly well-designed vehicles (for
example in terms of mass) will inevitably be overestimated.

4.5 Main Findings

The scope of the previous sections was the validation and verification of the vehicle architecture
tool modules. Finally, Section 4.4 assessed the accuracy of the entire tool with a dataset of
existing BEVs. With these steps, it was possible to assess the performance capabilities of the
tool. This chapter summarizes the main insights of the validation.

In Section 4.1, it was observed that machine losses, and consequently machine efficiency maps,
have a great influence on vehicle consumption. The PMSM maps implemented in the efficiency
map database appear to be outdated and are therefore substituted with the machine map of
the software Motor XP [216, 217]. A similar analysis for IMs maps could not be conducted.
Nevertheless, IMs are not as relevant as PMSM since they are used less often in current BEVs
(vehicles in Table F.4 - F.6). For robust results, it has to be ensured that the machine efficiency
maps used are always up-to-date. The Motor XP map appears to correctly model the current
electric machine efficiencies. Therefore, for the simulations in Chapter 5, the PMSMs will be
described with the Motor XP map.

The validation of the wheel model (Subsection 4.2.1) showed that correct wheel sizing requires
tire and rim diameters as simulation inputs. Only with these inputs is it possible to reproduce the
diverse design strategies of the manufacturers. In the upcoming years, due to ongoing research
and development, the maximum tire loads will further increase and new tire dimensions will be
available. These changes have to be integrated into the tire dataset to avoid sizing tires based on
outdated data. This can be achieved by monitoring the updates of the ETRTO, which publishes
an overview of the existing tire dimensions and their corresponding maximum loads every few
years.

The main insight from Subsection 4.2.2 is that for a correct estimation of the battery energy,
both package factors and energy densities are required. It should also be considered cell energy
densities have drastically improved over the last years [21]. Therefore, when simulating a new
vehicle concept, the densities should be tuned according to the expected vehicle model year.
König et. al [21] give an overview of cell energy density development until 2030.

The validation of the mass model (Section 4.3) yielded an nMAE of 2.9 %. It has to be noted
that the mass model can recreate the average tendency of the vehicles contained in the mass
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dataset. On the one hand, the vehicle masses of manufacturers such as Tesla or BMW (which
are characterized by lightweight measures on powertrain, chassis, and frame) are usually slightly
overestimated. On the other hand, the masses of heavy SUVs that are not based on a pure
purpose design strategy (e.g. Mercedes EQC and Audi e-tron) are underestimated.

The validation in Section 4.4 confirmed that the mass iteration loop always converges and
can replicate the validation dataset correctly in most cases. However, there are still deviations
in vehicle consumption. This is due to the fact that the PMSMs are modeled with one single
efficiency map (the Motor XP map). A single map cannot represent all possible PMSM variants,
which is particularly critical in the case of the BMW i3s. Furthermore, to apply the Motor XP map
to the validation dataset, the map is scaled based on the required machine torque and rotational
speed of each validation vehicle (following the procedure shown in Figure 3.3). However, scaling
the efficiency map is a simplification and may lead to errors. Usually, a corresponding efficiency
map should be calculated for each combination of torque and rotational speed. The efficiency
map database was originally created to solve this problem: with its high number of maps with
different torques and rotational speeds, scaling the map is not required anymore. However,
the validation step in Section 4.1 showed that the database maps are unreliable. To solve this
problem, it is required to update the efficiency map database or to integrate a reliable machine
map calculator directly into the tool.

The validation step in Section 4.4 also highlights the relevance of mass estimation for vehicle ar-
chitecture sizing. If the mass is under- (or over-) estimated, vehicle consumption will consequently
also be under- (or over-) estimated. These errors are further propagated to the powertrain sizing
and are amplified during the iteration loop of the tool. To ensure reliable results, the empirical
models implemented in the gravimetric component modeling must always be up-to-date. This
can be achieved by integrating the newer component data into the SQL database as soon as
new BEVs enter the market.

In conclusion, the validation showed that the tool can model exiting BEVs precisely. For uncon-
ventional vehicle concepts, such as the BMW i3s, there are considerable deviations. To improve
the modeling of the BMW i3s, carbon fiber BIWs should be integrated into the architecture tool.
In the next chapter, some of the vehicles of the validation dataset will be used in a series of
parametric studies.
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This chapter applies the tool to quantify the impact of different electrification strategies on future
BEV architectures while considering both secondary mass and volume effects. First, the impact
of different cell types is analyzed (Section 5.1). Subsequently, the potential of a novel integration
principle is estimated (Section 5.2). Finally, Section 5.3 performs an optimization to determine
which cell types and integration principles have the highest potential.

5.1 Cell Type Impact

An important decision at the project start of a new BEV is selecting a cell type. As shown in
Section B.2, there are no clear guidelines in this regard and each manufacturer follows a different
strategy. The Tesla electrification strategy uses cylindrical cells and is often considered as one
of the reasons for Tesla’s success. What if this strategy was applied to a vehicle of another
manufacturer? What volume and mass effects are induced by this strategy and how do they
impact vehicle range and its consumption?

To answer these questions, a VW ID.3 is chosen as the reference vehicle for a parametric study.
The input set of the VW ID.3 Pro S is taken from Table F.4 and the vehicle is simulated twice:
first with its original cell type (pouch cells) and then with 21700 cylindrical cells (like the Tesla
Model 3). In the following sections, the first case will be denoted as pouch variant, while the
second case will be denoted as cylindrical variant. Since this parametric study simulates an
ID.3 to be launched in 2025, the cell energy densities are adjusted (Table 5.1). Moreover, the
differences in terms of package factors and energy densities between the pouch and cylindrical
cells have to be considered (Table 5.1).

To replicate the exact comfort requirements of the ID.3, the interior model (Subsection 3.4.3)
is deactivated and the internal dimensions are retrieved from the A2mac1 database [163]. The
simulated pouch and cylindrical variants have the same passenger compartment dimensions.
However, cylindrical cells have a smaller height and do not have a cooling plate along the
z-direction. The dimensional chain described in Section D.5 estimates a battery height reduction
of 39 mm. Therefore, for the cylindrical variant, the vehicle height (H100) is corrected and the
passenger compartment shifted by 39 mm towards the road surface (Table 5.1).

The lower H100 leads, on the one hand, to a mass reduction and, on the other hand, to a
reduction in the vehicle frontal area and drag coefficient. The mass reduction is accounted for
gravimetric component modeling while the drag loss reduction induced by the smaller frontal
area is considered in the LDS. The possible improvement in drag coefficient is (for the moment)
neglected and both variants are simulated with the ID.3 drag coefficient, which is 0.26 [231]. No
target range is assigned, meaning that the architecture tool derives the maximum achievable
range for both variants. The results are shown in Figure 5.1.
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Table 5.1: Comparison between the pouch and the cylindrical variants. The gross battery energy is
estimated based on the gross cell volumetric energy density. The usable (or net) battery
energy is estimated with the Kgross2net factor (Section 3.3). The remaining inputs required for
the reference vehicle simulation are taken from Table F.4 and are identical for both variants.

Design parameter Pouch variant Cylindrical variant

Gross volumetric cell energy density Ecell,vol (2025) 800 W h l−1 [232] 950 W h l−1 [207]

Gross gravimetric cell energy density Ecell,grav (2025) 350 W h kg−1 [232] 350 W h kg−1 [207]

Maximum cell height scell,z (Table F.3) 100 mm 70 mm

Package factor Kx / Package factor Ky 0.8211 / 0.8211 0.8922 / 0.8812

Resulting vehicle height (H100) 1550 mm 1511 mm

1 Estimated from VW ID.3 Pro S battery in A2mac1 2 Estimated from Tesla Model 3 LR in A2mac1

While the pouch variant reaches a range above 700 km, the cylindrical variant’s range remains
below 580 km. Cylindrical cells have better filling capabilities along the x- and y-directions as well
as a higher volumetric energy density, but they also are 30 mm lower than the pouch cells. This
30 mm difference causes a battery energy drop of 24.9 kW h. The lower battery energy leads to
savings in terms of mass and consumption, which are nevertheless not sufficient to reach the
same range as the pouch variant. In conclusion, for a vehicle with the characteristics of an ID.3,
it is not purposeful to apply a cylindrical cell strategy. However, a change in external dimensions
may overturn this trend.
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Figure 5.1: Resulting ranges, consumptions, masses, and battery energies for the pouch and the
cylindrical variants. Both variants have the same external (except for H100) and internal
dimensions, performance requirements, and battery footprint (i.e. battery width and length).
For better readability, the results are scaled using the values of the pouch variant.

To quantify the impact of the external dimensions, a new parametric study is conducted (Fig-
ure 5.2). The two variants are simulated by iteratively adjusting total width (W103), wheelbase
(L101), and height (H100). The starting values for L101 and W103 are the same for both variants.
Regarding the H100, the pouch variant starts at 1550 mm, while the cylindrical variant starts
at 1511 mm (according to Table 5.1). At every external dimension change, the architecture tool
recalculates the available battery space and fills it with cells. The reference wheelbase and width
are changed within a range of ±100 mm. For H100, the change is only comprised of ±20 mm.
This range is intentionally set lower since an increase in H100 is only purposeful if the cell height
can be increased accordingly. However, the empirical analysis in Table F.3 shows that current
BEV cells have a limited range in terms of height. For this study, it is assumed that by 2025 the
feasible cell height range is 80 mm−120 mm for pouch and 50 mm−90 mm for cylindrical cells.
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By increasing L101, the battery length can be raised and more cells installed. With an increase
of 100 mm, the pouch variant obtains a range improvement of 35 km (Figure 5.2a). The average
battery energy increase is 59 W h for each additional mm. The cylindrical variant reaches a
range slightly below 600 km and its battery energy gain is 42 W h mm−1. Although the range
changes only slightly for both variants, an L101 adjustment barely impacts vehicle consumption
(Figure 5.2b) and mass (Figure 5.2c).
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(c) External dimensions vs. vehicle empty mass
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Figure 5.2: Impact of the external dimensions. The x-axis shows the change in external dimensions
while the y-axis shows the corresponding impact on vehicle range, consumption, empty
mass, and battery energy. The two variants shown in Figure 5.1 are positioned at the zero
point of the x-axis. Both variants are simulated with a cd of 0.26.

An adjustment in W103 influences battery width. W103 has a greater impact on battery energy
than an equal change in L101 (Figure 5.2d). The reason for this trend is that the battery is shaped
like a rectangle with its longest dimension oriented parallel to the driving direction (Section B.2).
Therefore, the additional volume gained by a 1 mm increase of battery width is greater than the
one obtained with a 1 mm increase of battery length. However, an increase in W103 has a high
impact on vehicle mass (Figure 5.2c). Furthermore, W103 influences the frontal area and drag
losses, thus affecting vehicle consumption (Figure 5.2b). In conclusion, although an increase in
W103 offers a higher battery energy gain compared to an equal increase in L101, it also has a
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higher impact on vehicle consumption. The resulting range improvement by a width increase of
100 mm is below 13 km for both variants.

H100 has the highest impact on vehicle consumption (Figure 5.2b) and empty mass (Figure 5.2c).
Nevertheless, with every additional mm along the z-direction, battery net energy increases by
over 1 kW h for both variants. The cylindrical variant has a higher increase since its cells have
a better volumetric energy density. With a 20 mm H100 increase, taller cylindrical cells (90 mm
height) can be fitted into the vehicle. With this adjustment, the cylindrical variant reaches a range
of 692 km, which is close to the reference pouch variant.

To ensure that the trend in Figure 5.2 is not caused by neglecting the more favorable aerodynam-
ics of the cylindrical variant, this variant is simulated again by adjusting the drag coefficient cd.
Initially, a cd 0.23 is selected, which is then further decreased to 0.20. The first value corresponds
to the Tesla Model 3 [233], while the second is so far the best existing drag coefficient for series
BEVs [234]. Table 5.2 and Section G.1 present the results.

Table 5.2: Parametric study with different cd values. The column Ref depicts the reference variants with
the ID.3 external dimensions. The other columns show the impact of a change in external
dimensions. For the cylindrical variants with cd=0.23 and 0.20, the empty mass and battery
energy have the same values as the cylindrical variant with cd=0.26.

Ref
Wheelbase (L101) Width (W103) Height (H100)

−100 mm +100 mm −100 mm +100 mm −20 mm +20 mm

P
ou

ch
va

ria
nt

c d
=

0.
26

Range in km 713 682 748 699 726 607 810

Cons. in kWh/100km 14.27 14.03 14.43 13.43 15.09 13.79 14.75

Empty mass in kg 1864 1809 1912 1737 1993 1766 1964

Batt. net energy in kW h 101.8 95.6 107.9 93.8 109.5 83.7 119.4

C
yl

in
dr

ic
al

va
ria

nt

c d
=

0.
26

Range in km 573 545 597 558 583 441 692

Cons. in kWh/100km 13.42 13.20 13.61 12.61 14.21 12.96 13.90

Empty mass in kg 1691 1637 1736 1569 1806 1590 1797

Batt. net energy in kW h 76.9 72.0 81.2 70.4 82.9 57.1 96.2

c d
=

0.
23 Range in km 601 572 626 585 611 463 724

Cons. in kWh/100km 12.80 12.58 12.98 12.03 13.57 12.35 13.28

c d
=

0.
20 Range in km 631 601 657 614 641 488 759

Cons. in kWh/100km 12.19 11.97 12.37 11.46 12.92 11.71 12.66

The improved cd decreases consumption and leads to a range increase of approx. 28 km for the
cd=0.23 variant and of 58 km for the cd=0.20 variant (Table 5.2). These gains are obtainable with
a sole improvement of the drag coefficient. Based on this second study, it can be summarized
that a cd improvement of 0.01 leads to an average range increase of approx. 10 km. Despite the
cd improvement, the pouch variant still remains better in terms of range.

5.2 Cell to Body Integration Principle

The study in Section 5.1 showed that increasing the current cylindrical cell height by 20 mm
allows ranges comparable with pouch cells. In 2020, the Tesla chief executive officer, Mr. Musk,
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presented a new integration principle that indeed goes in this direction [235]. In this thesis,
this principle will be denoted as Cell to Body (C2B) integration (Figure G.2b), and this chapter
assesses its impact on future BEVs in terms of mass, consumption, and range.

The current models of Tesla Model 3 and Model Y have a highfloor integration principle (Fig-
ure 2.7a) with cylindrical cells. The battery has a drop shape without a second level and the
cells (21700 format) are grouped into four large modules (Figure B.3a). The future Tesla models
with C2B principle will use the 4680 format (cylindrical cells with a diameter of 46 mm and a
height of 80 mm). Inside the battery, there will be no modules or internal crash structures, which
will allow the cells to be packed more densely. Furthermore, as Mr. Musk said, "The battery for
the first time will have dual-use [...] as energy device and as structure" [235]. The battery is
integrated directly into the BIW and becomes part of the frame. The cells are glued together with
a filler, which can also transfer shear stress so that the battery acts as a honeycomb structure
increasing BIW stiffness. With these adjustments, Tesla claims that the mass of the BIW can be
reduced by 10 % [235].

What is the range potential of the C2B principle in comparison to the highfloor? To answer this
question, three vehicles are simulated. The first vehicle is the VW ID.3 with cylindrical cells
(and cd=0.26) described in Section 5.1. The second vehicle is a Tesla Model 3 LR (performance
requirements and dimensions are taken from Table F.5) and the third is the Tesla Model Y listed
in Table F.6. To simulate a C2B principle on these vehicles, some assumptions are required.
First, the battery dimensional chain has to be corrected, since components such as the module
housing and the battery cover are eliminated. Second, the cell energy densities and package
factors have to be modified due to the different cell format. Finally, the mass savings generated
by the C2B strategy have to be estimated. Section G.2 documents the assumptions while the
simulation results are shown in Table 5.3.

Table 5.3: Comparison between highfloor and C2B integration principle.

Highfloor (21700 format) C2B (4680 format)

ID
.3

cy
l.

Range in km 573 696

Cons. in kWh/100km 13.42 13.43

Empty mass in kg 1691 1694

Battery net energy in kW h 76.9 93.5

M
od

el
3

Range in km 667 799

Cons. in kWh/100km 13.75 13.76

Empty mass in kg 1805 1810

Battery net energy in kW h 91.7 109.9

M
od

el
Y

Range in km 602 727

Cons. in kWh/100km 15.28 15.30

Empty mass in kg 2116 2123

Battery net energy in kW h 92.0 111.2

By upgrading from a highfloor to a C2B integration principle, the vehicles obtain a battery energy
increase between 16.6 kW h and 19.2 kW h. This increase depends on the battery footprint. On
the one hand, the Tesla Model Y has the largest footprint and obtains the highest energy increase
if the 21700 cell format is substituted with the 4680 format. On the other hand, the Model Y
also has the highest mass and consumption. Therefore, the resulting range increase is almost
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identical to the VW ID.3, which has a smaller footprint but also lower consumption. All vehicles
obtain a range increase above 120 km.

Despite the considerable battery energy increase, the vehicle masses remain almost unchanged,
since the mass savings generated by the C2B principle compensate for the mass increase
caused by the larger cell format. Furthermore, despite being 10 mm higher, 4680 cells require the
same installation space as 21700 cells along the vertical direction (Figure G.3). By combining
these effects, an upgrade from highfloor to C2B principle barely impacts vehicle consumption
(Table 5.3). In the next section, the C2B principle is further analyzed.

5.3 Integration Principle Optimization

Section 5.1 studied the impact of a shift from pouch to cylindrical cells, while Section 5.2
assessed the potential of the C2B principle. This section applies an optimization to identify
which combination between cell type and integration principle yields the highest range. First, a
set of reference vehicles is defined. Subsequently, a set of design variables and optimization
objectives is selected (Subsection 5.3.1). Finally, the reference vehicles are optimized and the
results presented (Subsection 5.3.2).

The set of reference vehicles includes three current BEVs: the VW ID.3, the Tesla Model 3,
and the Audi e-tron (Table 5.4). These BEVs differ in their external dimensions, have different
powertrain requirements, drive typologies, and body types. Each reference vehicle will be
optimized with two cell types (pouch and cylindrical) while applying three different integration
principles (mixedfloor, highfloor, and C2B). Simulating both pouch and cylindrical cells on the
reference vehicles follows the same procedure as in Section 5.1. For the Tesla Model 3, the
vehicle height is increased until there is enough space to fit a 100 mm tall pouch cell, thus
deriving a pouch variant of the Tesla Model 3. For the Audi e-tron and the VW ID.3, the vehicle
height is decreased until a 21700 cell format perfectly fits into the battery.

Table 5.4: Differences between the pouch and cylindrical variants of the reference vehicles. Besides the
values listed in this table, the other simulation inputs are taken from Table F.4 - F.6.

VW ID.3 Tesla Model 3 Audi e-tron

ID.3 77 kWh in Table F.4 Model 3 LR in Table F.5 e-tron in Table F.6

Variant Pouch Cylindrical Pouch Cylindrical Pouch Cylindrical

Cell height 100 mm 70 mm 100 mm 70 mm 100 mm 70 mm

Vehicle height (H100) 1550 mm 1511 mm 1482 mm 1443 mm 1636 mm 1597 mm

Kpack,x / Kpack,y 0.821/0.821 0.892/0.8811 0.821/0.821 0.892/0.8811 0.821/0.821 0.892/0.8811

Ecell,vol for 2025 800 W h l−1 950 W h l−1 800 W h l−1 950 W h l−1 800 W h l−1 950 W h l−1

Ecell,grav for 2025 350 W h kg−1

1 When simulating a C2B strategy, the package factors and mass savings derived in Section G.2 are used.

The resulting vehicle heights for the six variants are listed in Table 5.4. When deriving a
cylindrical variant from a pouch variant (and vice versa), the external dimensions (with the sole
exception of the H100) and performance requirements of the original vehicle are not changed.
The internal dimensions (which are retrieved from A2mac1) remain unchanged so that the pouch
and cylindrical variant have the same comfort requirements for each vehicle. The pouch variants
will be optimized with a highfloor and a mixedfloor integration principle. The cylindrical variants
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will be optimized with a highfloor and a C2B principle. The mixedfloor principle is excluded for
cylindrical cells since it has never been applied for this cell format.

5.3.1 Design Variables and Objective Selection

For the optimization, the author selected the NSGA II genetic algorithm, because it has already
been used several times for vehicle concept design applications (Section 2.5) and has been
proven suitable also for the use in this thesis. For the implementation in this thesis, the open-
source code of Song [236] is modified to be used for the vehicle architecture tool. The optimizer
parameters are set according to the values proposed by Angerer [75, p. xxv].

Once the NSGA II is coupled with the vehicle architecture tool, it can be used to optimize the
reference vehicles in Table 5.4. The NSGA II can vary a selected set of vehicle architecture tool
inputs to minimize (or maximize) a selected set of vehicle architecture tool outputs. The inputs of
the tool that NSGA II can vary are denoted as design variables, while the outputs of the tool that
it optimizes are denoted as objectives.

The author chooses vehicle range and battery net energy as objectives. The NSGA II will try to
maximize range while minimizing required battery energy. In this way, it is possible to identify
the vehicles that achieve the longest possible range with the least amount of battery energy. As
design variables, the author chooses the following inputs of the architecture tool:

• External dimensions: The wheelbase (L101) and vehicle width (W103) of each
reference vehicle can be varied within a range of ±100 mm.

• Internal dimensions: The passengers’ seating position (expressed as H30-1,
H30-2, H5-1, and H5-2, Figure 2.4) of each reference vehicle can be varied within
a range of ±20 mm.

• Cell dimensions: The allowable pouch cell height range is 80 mm−120 mm. The
ranges for width and thickness are set according to Table F.3. The allowable
cylindrical cell height is set between 50 mm−90 mm. The cell diameter is varied
according to Table F.3. If a C2B strategy is applied, the allowable cell diameter is
set between 44 mm−48 mm.

• Number of machines: For the Tesla Model 3 and the Audi e-tron (which are
also equipped with an AWD variant), the algorithm also tests whether a front or
rear-wheel drive topology is more advantageous.

The width and wheelbase were already identified in Section 5.1 as influential parameters on
vehicle range. They are therefore chosen as design variables. Among the interior concept
measures, the H30-1, H30-2, H5-1, and H5-2 are selected as design variables as they have
a direct influence on the available battery space. By varying H5-1 and H5-2, the NSGA II can
shift the entire passenger compartment vertically, while it can adjust the seating height of the
passengers by varying H30-1 and H30-2. The allowed variation of these design variables is
limited to ±20 mm to not drastically impact the legroom. The remaining internal dimensions (such
as the headroom H61-2) are blocked and taken from the original interior concept of the reference
vehicles. The H100 is not chosen as a design variable, since it can be directly derived from the
H5-1 and H5-2 and the fixed headroom.

The NSGA II also uses the cell dimensions as design variables. For each calculated vehicle
architecture, the NSGA II selects the cell size within the allowable ranges that optimally fills
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out the battery space. Finally, for vehicles equipped with two machines, the NSGA II also tests
whether a topology with one machine yields better results.

5.3.2 Optimization Results

To present the results, four outputs of the vehicle architecture tool are used: vehicle mass,
vehicle consumption, range, and battery net energy (the latter two are also the optimization
objectives of the NSGA II). Further plots documenting the distribution of the design variables
and other outputs of the tool are provided in Section G.3.

Figure 5.3 shows the resulting consumption and vehicle mass as a function of the two optimiza-
tion objectives (range and battery energy) for the VW ID.3. Additional plots are documented in
Figure G.4 and G.5.
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(c) Range vs. empty vehicle mass
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Figure 5.3: Resulting optimal architectures for the VW ID.3. These results are obtained with a population
size of 300 over 30 generations.

The pouch variant with mixedfloor principle loses a part of the battery installation space due to
the footwell at the first row of seats (Figure 2.7b). This loss is balanced by installing additional
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cells underneath the second row of seats. There is a group of mixedfloor vehicles with a
consumption below 12 kWh/100km and ranges between 600 km and 650 km (Figure 5.3a).
These vehicles are equipped with cell heights below 90 mm (Figure G.4d) and have an H100
below 1540 mm (Figure G.4b). If the range has to be further increased, the cell height needs to
be increased as well. This requires a simultaneous increase of underbody thickness and H30-2
(the latter adjustment is required to install taller cells underneath the second row of seats). These
adjustments increase the H100 and yield a second front with higher consumption starting from
650 km range.

The pouch variant with highfloor principle builds a compact front extending from 550 km to 870 km.
First, the NSGA II gradually reduces the seating heights of the passengers (H30-1 and H30-2,
Figure G.5c). This adjustment decreases the height of the passenger compartment and allows
installing taller cells without affecting H100. Once it is no longer possible to decrease H30-1 and
H30-2, the NSGA II raises H100 to further increase cell height. This strategy is followed until
a range of approx. 750 km. At this range value, the maximum allowable cell height has been
reached (Figure G.4d). Consequently, the NSGA II raises L101, which yields a range increase of
almost 80 km (Figure G.5a). Once L101 also reaches its maximum value, the NSGA II raises the
vehicle width (which was so far kept to the minimum allowable value, Figure G.5e). As a result,
the battery energy (Figure G.5e), the vehicle mass, and the consumption increase. The range
improvement obtained with this measure is limited to only 20 km.

The ID.3 highfloor cylindrical variant has two distinct fronts. The first extends between 480 km
and 710 km and is characterized by a consumption below 12 kWh/100km (Figure 5.3a) and
masses below 1600 kg (Figure 5.3c). The vehicles contained in this front require approx. 10 kW h
less than the pouch variants (Figure G.4a). At approx. 710 km, the vehicles reach a critical mass
that requires a resizing of the wheels. This leads to wider tires that reduce available battery
space. Consequently, the NSGA II tries to compensate for the space loss by increasing both
vehicle width (Figure G.5e) and cell height (Figure G.4d). The resulting range improvement is
below 50 km and each additional km requires on average 0.46 kW h (for the first front the cost is
only 0.12 kW h km−1).

For the ID.3 reference vehicle, the C2B strategy is by far the best integration principle. This
strategy enables ranges of up to 850 km with a vehicle consumption below 12 kWh/100km and
masses lower than any other integration principle (Figure 5.3).

The second reference vehicle is the Tesla Model 3. Figure 5.4 shows the resulting consumption
and vehicle mass as a function of the two optimization objectives (range and battery energy).
Additional plots are documented in Figure G.6 and G.7. For this reference vehicle, the NSGA II
can also choose whether to install one (as front or rear-wheel drive) or two machines (as AWD).
The AWD option may reduce vehicle consumption, but also decreases the allowable battery
length (as the battery must maintain a minimum clearance from both machines, Figure 3.10).
The NSGA II in most cases opts for the AWD option since the energy savings that can be
obtained with two machines compensate for the reduction of battery space.

The highfloor pouch variant is better than the mixedfloor variant in terms of consumption and
mass (Figure 5.4). It almost reaches a range of 1000 km with battery net energies below 150 kW h
(Figure G.6a). The highfloor cylindrical variant builds a compact front, which generally has lower
consumption and mass than the pouch variants. Once again, the NSGA II first adjusts H30-1
and H30-2 to increase cell height. Once these design parameters cannot be used anymore,
L101 is adjusted to further increase range. Finally, starting from a range of 900 km, the NSGA II
begins increasing W103 (Figure G.7f) since there is no remaining design variable that can be
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used. The vehicles with larger W103 are on the rightmost edge of the cylindrical front and have
worse values than the pouch variants in terms of mass and consumption.
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Figure 5.4: Resulting optimal architectures for the Tesla Model 3. These results are obtained with a
population size of 300 over 30 generations.

As observed for the VW ID.3, the C2B principle is always better than the other principles in terms
of mass and consumption. Assuming that the cells used can have a maximum height of 90 mm,
this integration principle can yield ranges above 1000 km.

Figure 5.5 shows the resulting consumption and mass for the Audi e-tron. Additional plots are
documented in Figure G.8 and G.9. Unlike the previously simulated vehicles, the Audi e-tron has
a second level of cells underneath the second row of seats (Figure B.2a). Despite this difference,
the resulting fronts are disposed similarly to the other two reference vehicles.

The NSGA II in most cases opts for an AWD topology since this decreases vehicle consumption.
The resulting vehicle architectures have masses between 2000 kg and 2800 kg. These high
masses lead to a higher consumption (Figure 5.5a) than ID.3 (Figure 5.3a) and Model 3
(Figure 5.4a). Due to its large external dimensions, the Audi e-tron has a larger battery footprint
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than the Model 3, and its second level of cells further increases the installable battery energy.
However, its high consumption also impacts the required battery energy (and therefore costs):
the e-tron requires a battery net energy between 105 kW h and 205 kW h for ranges between
600 km and 950 km (Figure G.8a). For the same ranges, the Tesla Model 3 requires only between
60 kW h and 145 kW h (Figure G.6a).

400 600 800 1000
Range in km

17

18

19

20

21

22

C
on

su
m

pt
io

n
in

 k
W
h/
10
0k
m

Pouch HF
Pouch MF
Cyl HF
Cyl C2B

Ref. pouch

Ref. cylindrical

(a) Range vs. consumption in WLTP

100 120 140 160 180 200
Battery net energy in kWh

17

18

19

20

21

22

C
on

su
m

pt
io

n
in

 k
W
h/
10
0k
m

Ref. pouch

Ref. cylindrical

(b) Battery net energy vs. consumption in WLTP

400 600 800 1000
Range in km

1800

2000

2200

2400

2600

2800

3000

E
m

pt
y 

m
as

s 
in

 k
g

Ref. pouch

Ref. cylindrical

(c) Range vs. empty vehicle mass

100 120 140 160 180 200
Battery net energy in kWh

1800

2000

2200

2400

2600

2800

3000

E
m

pt
y 

m
as

s 
in

 k
g

Ref. pouch

Ref. cylindrical

(d) Battery net energy vs. empty vehicle mass

Figure 5.5: Resulting optimal architectures for the Audi e-tron. These results are obtained with a
population size of 300 over 30 generations.

5.4 Main Findings

This section summarizes the main findings of the thesis. First, the impact of the integration
principle is discussed in Subsection 5.4.1. Second, the influence of external and internal di-
mensions is described (Subsection 5.4.2). Finally, the impact of the components is discussed
(Subsection 5.4.3). The findings presented in this chapter are based on the assumed cell sizes
(Subsection 5.3.1) and energy densities (Table 5.1).
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5.4.1 Impact of Integration Principle

The mixedfloor principle with pouch cells in most cases yields the highest consumptions and
masses (Subsection 5.3.2). This strategy has a lower potential compared to the highfloor and
C2B principles and it should not be used for future BEVs.

The highfloor principle with pouch cells allows ranges above 800 km for both Model 3 and ID.3.
For the e-tron, the highfloor principle is simulated with a second level of cells. Without this
additional level, the e-tron range would drop below 800 km regardless of the integration principle
applied. A second level of cells may appear as an efficient integration strategy for the ID.3 and
the Model 3. However, the presence of a second level creates a coupling between underbody
height (sub,z, Figure 3.13) and H30-2: if taller cells are installed in the underbody, H30-2 must
also be raised to fit the cells into the second level. This leads to a further increase in vehicle
height and consumption. For these reasons, a second level is simple to integrate into large SUVs
due to their high H30-2 and H100, but becomes problematic for sedans and hatchbacks.

The highfloor principle with cylindrical cells generally has a lower consumption than a highfloor
principle with pouch cells. Furthermore, if the difference in production costs between the pouch
and cylindrical cells is neglected, the battery energy savings generated by the cylindrical highfloor
principle are directly associated with lower costs. According to the estimation of König et al. [21],
production cost savings between 100€ to 200€ are obtainable for each saved kW h by 2025.

This C2B principle can integrate up to 19 kW h more energy than a comparable highfloor principle
without impacting the vehicle mass, its external dimensions, and its consumption (Section 5.2).
This renders the C2B strategy the most promising integration principle for future BEVs. The
optimization performed in Subsection 5.3.2 further highlights the potential of the C2B principle:
for all three reference vehicles, this principle yields the highest ranges and the lowest battery
energies.

In conclusion, a highfloor strategy coupled with pouch or cylindrical cells allows ranges of at
least 800 km by 2025. In the case of large SUVs, it is advisable to extend the highfloor battery
with a second level to compensate for the higher vehicle consumption. When a C2B strategy is
applied, the same ranges can be obtained with lower battery energies. These results confirm
that BEVs will be competitive with ICEVs in terms of range by 2025, regardless of the vehicle
segment.

5.4.2 Impact of External Dimensions and Interior Concept

Section 5.1 quantified the influence of the external dimensions on a reference ID.3. On aver-
age (regardless of cell type), the increase in mass caused by larger external dimensions is
0.5 kgmm−1 for L101, 1.1 kgmm−1 for W103, and 5.5 kgmm−1 for H100. These values are for
the case that the external dimension increase is used to install more cells. H100 has the highest
mass increase since a greater amount of battery energy can be installed with additional space
along the z-direction compared to an equal adjustment of W103 and L101.

During vehicle optimization, the NSGA II raises H100 to install taller cells in the vehicle, thus
reaching higher ranges. On the one hand, a larger H100 increases the vehicle frontal area, its
mass, and ultimately its consumption. On the other hand, taller cells can be installed and the
resulting increase in energy compensates for the higher consumption.

The NSGA II also uses L101 as a design variable because it has a minor effect on the vehicle’s
mass and consumption. There is however a case, where L101 is an unsuitable design variable to
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increase range. The reference vehicles were simulated with a constant ground clearance at the
underbody dclear,ub,z (for ID.3 and Model 3, the requirements were similar to the Korea standard,
while the Audi e-tron was simulated with the LDT class described in Table 3.3). However, if
the ground clearance at the underbody is influenced by the ramp angle (similar to the example
shown in Figure 3.6), an increase in L101 would require a higher dclear,ub,z (and consequently a
decrease in battery height) to maintain the same ramp angle. In conclusion, in cases where the
manufacturer wants to offer a particularly high ramp angle, L101 is not suitable to increase the
battery energy.

On the contrary, W103 is rarely changed by the NSGA II. The optimizer tries to keep the W103
as small as possible and increases it only when it is not possible to use any other design variable.
The reason for this trend is that increasing W103 yields a higher battery energy improvement
than L101, but also has a higher impact on the vehicle mass. The higher resulting masses
may require resizing the tires, which in turn decreases the available battery space along the
y-direction. In many cases, the increase in battery width achieved by a wider W103 is canceled
out by the increase in tire width. This effect, combined with the fact that W103 also impacts
the frontal area and drag losses of the vehicle, renders W103 an unsuitable design variable to
increase range.

Reducing W103 appears to be an efficient way to improve range. The vehicle architecture tool
ensures that within the given W103 ranges, the electric machine remains installable. However,
it must also be considered that apart from the package of machines and gearboxes, the
passenger’s comfort also plays a major role when defining the W103.

The NSGA II also adjusts the seating height of both rows of seats (H30-1 and H30-2) to increase
battery energy. By lowering the seating position of the passengers, it is possible to reduce the
effective height of the passenger compartment and to install taller cells, while keeping the frontal
area and H100 unchanged. The same effect could also be obtained by reducing the passenger
headroom or vehicle ground clearance. On the one hand, a reduction of headroom negatively
affects the passengers’ comfort and should therefore be avoided. On the other hand, ground
clearance requirements (such as LDT and M1G) are an important selling point for SUVs. A
solution to this problem is to equip large SUVs with air springs at the front and rear axle. In this
way, the ground clearance can be actively adjusted depending on vehicle speed. For example,
the Audi e-tron is equipped with air springs that yield a height range adjustment of 76 mm [237].

The optimization also highlights how large external dimensions are not always suitable for the
range. This is exemplarily shown by the Audi e-tron that has larger reference external dimensions
and a larger footprint than the Tesla Model 3. Furthermore, the e-tron is equipped with a second
level of cells that yield a higher installed energy than the Model 3 but not higher ranges. The
causes for the lower ranges are the large external dimensions of the e-tron (which lead to a large
frontal area), its high drag coefficient (Table F.6), and its high mass. The combination of these
effects yields a higher consumption and lower ranges in comparison to the Tesla Model 3.

In conclusion, it appears that L101 is an efficient design variable to increase range. Future BEVs
should therefore have different proportions than ICEVs with comparable external dimensions:
they should be equipped with larger wheelbases, shorter overhangs, low ground clearance, and
low ramp angles. Furthermore, an increase in L101 can also be used to increase the passenger
compartment length and the legroom for the passengers. H100 is the most powerful design
variable to increase range, however, a reduction of the seating height yields the same effect
without affecting the vehicle height and is, if possible, to be preferred. Finally, W103 should be
kept as small as possible while considering the comfort requirements for the passengers.
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5.4.3 Impact of Components

Regarding cell type, current pouch cells are 30 mm taller than current cylindrical cells and
can therefore install a greater amount of energy in the same battery footprint. For example,
for a battery footprint similar to the ID.3, the energy difference between pouch and 21700
cylindrical cells is 24.9 kW h (Figure 5.1). For every additional mm along the z-direction, the
battery energy increases by 990 W h mm−1 for pouch and by 1080 W h mm−1 for cylindrical cells.
An equal adjustment along the x-direction yields an increase of 40 W h mm−1 for cylindrical and
60 W h mm−1 for pouch cells. Finally, along the y-direction, the gain for cylindrical and pouch cells
is 47 W h mm−1 and 76 W h mm−1 respectively. These results highlight the predominant impact of
the z-direction on battery energy.

The tires have a great impact on the achievable range due to their geometrical interdependency
with the battery (Figure 3.11 and 3.12). Due to a higher mass with respect to ICEVs, BEVs are
equipped with extra load tires (Table F.4 - F.6). This strategy reduces the tire dimensions but
also increases their costs. Another efficient way to decrease the tire dimensions is to reduce
the rim diameter. By decreasing the rim diameter (for example from 20′′ to 19′′), it is possible
to fit thinner tires while keeping a similar (or identical) outer tire diameter. This adjustment
decreases the wheel arch width, which increases the available battery width: for example, with
a tire width reduction from 235 mm to 225 mm, the battery width could be increased (provided
that an acceptable level of safety in case of a crash is ensured) by approx. 20 mm. As already
discussed at the beginning of this section, each additional mm along the y-direction yields
an energy gain comprised between 47 W h and 76 W h. However, from a design point of view,
bigger rim diameters are more appealing. In conclusion, when choosing the tire and rim size, a
compromise between small tire sizes and design has to be found.

The electric machines impact the battery footprint and constrain the available battery length.
However, in the optimization step, the NSGA II mostly opts for two (instead of one) machines
since the decrease of the battery length is compensated by the lower consumption of the AWD
topology. Regarding the machine topology (Figure B.1), it would be ideal to position the machines
"outside from the wheelbase" so that they take up as little space as possible from the battery.
However, other requirements have to be taken into account when considering the machine
position. For example, for the Tesla Model 3 and Model Y, the front machine is positioned behind
the axle (Figure B.1a) to increase the available space at the front overhang and to install a large
front trunk. The front trunk is a feature that appears in most current BEVs and may become an
important selling point in the future. Regarding the rear machine topology, a positioning behind
the axle (Figure B.1a) would yield additional space for the battery but also impact the available
trunk height. During the optimization process, the machine topology was not changed, so that
the resulting vehicles still ensure the same spaces for the front and rear trunks as the reference
vehicles.
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This chapter questions the methodological procedure and results, and provides an outlook for
future research. First, the tool’s limitations are presented. Second, the validity of the results is
discussed.

The architecture tool is developed for the vehicle concept design and must therefore rely
on a limited set of inputs. This requirement is only achievable with empirical models. The
disadvantage of data aging, which is one of the main weaknesses of empirical models, is solved
by an updatable database. With this implementation, the tool yields reliable results already at
the start of the vehicle concept design. However, in further development steps, the architectures
calculated by the tool need to be detailed with more sophisticated physical and semi-physical
models.

One weakness of the tool are the maps contained in the efficiency map database and calculated
with the tool of Kalt [238, 239]. As noted in Section 4.1, these maps can be unreliable, especially
when modeling new BEVs. One solution to this problem is to integrate commercial efficiency map
tools, such as Motor XP [216], into the vehicle architecture tool. Another possibility is to develop
a machine loss model from scratch. However, such a model needs to be verified, and currently,
there are, to the author’s knowledge, no open-source machine efficiency maps that could be
used for verification. There is also room for improvement for the electric machine volumetric
model. This component is modeled empirically following the approach of Felgenhauer [39,
p. cxxviii]. The machine sizing applies an empirical relationship between maximum power and
stator volume (Equation (D.6)). Automotive manufacturers do not usually publish the maximum
power of their machines, which complicates the creation of a machine database. For this reason,
reliable machine data could only be collected for a limited number of machines. Future work
should consider detailing the volumetric machine model.

The volumetric model of the gearbox was validated with a set of existing gearboxes that cover a
transmission ratio range of 6−12 and a maximum torque range of 50 N m−600 N m. Currently,
the existing BEV gearboxes are within these ranges. However, future technology leaps, such as
high rotational speed machines [240], may lead to different transmission ratios and require an
adaptation of the model.

Regarding the interior concept model, the tool only considers conventional seat layouts, i.e.
configurations where all passengers face towards the driving direction. Over the next years,
especially due to the growing interest towards autonomous driving, new interior and seat layout
concepts will gain importance [35]. An extension of the current tool to also consider innovative
seat layouts is currently being carried out by König [35]. König will also model and consider the
influence of trunk spaces on the vehicle architecture.

Regarding the battery model, the results in Subsection 5.3.2 show that, for future scenarios, a
simple rectangular shape with highfloor principle yields ranges above 800 km. A shift towards
rectangular batteries (like the VW ID.3, Figure B.3c) will likely be observable in future years. This
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shift would lead to a reduction of existing battery shapes and integration principles, allowing for
a deeper dive into modeling a rectangular shape.

One of the main requirements for the vehicle architecture tool was to allow an automatic update
of the implemented models. This requirement is fulfilled by coupling the tool with a database
(Section 3.2). For the method to work, the database has to be kept up-to-date by gradually
adding new component and vehicle data and filtering out older data.

After presenting the limitations of the vehicle architecture tool, the following paragraphs briefly
discuss the parametric studies presented in Chapter 5. First of all, the results obtained from the
parametric studies are valid for vehicles that are similar to the simulated reference vehicles. An
extrapolation of the results to different segments is not possible and, if it is desired, requires a
new simulation with the tool. The parametric studies in Chapter 5 predict the range improvement
achievable by 2025 with different electrification strategies. The hereby generated secondary
volumetric effects (for example on the battery dimensions) and the secondary mass effects (on
the components and vehicle mass) are considered. Without modeling secondary effects, it would
not be possible to predict the impact of electrification strategies on external dimensions, mass,
consumption, and range.

The package factors used for the parametric studies are (with the only exception of the C2B
integration principle) taken from current BEVs. The reason for this choice is that the package
factors have high variability, which hinders an estimation of their improvement in the next years.
A similar problem occurs for the electric machines: the tool models the machine losses with
efficiency maps of current BEVs. However, an improvement in both package factors and machine
efficiency is to be expected and will further increase the ranges predicted in Chapter 5.

During the optimization in Section 5.3, cd is kept constant. There are empirical approaches that
correlate cd with the external dimensions of the vehicle [241]. However, cd is not exclusively
influenced by the external dimensions: for example, the cd of the Audi e-tron is improved from
0.28 to 0.27 by substituting the conventional rearview mirrors with virtual rearview mirrors [242].
For the VW ID.3, the cd varies in a range of 0.002 depending on the mounted rim design and
size [231]. Finally, the external dimensions are not necessarily significant when it comes to cd: in
2012, the truck manufacturer MAN developed a truck concept with optimized aerodynamics, thus
obtaining a cd of 0.3 [243]. In conclusion, for precise modeling of the drag coefficient, detailed
knowledge of the optional extras (which is not available during the early development phase)
as well as computational fluid dynamic models are required. An extension of the model with a
computational fluid dynamic simulation is not purposeful, since it highly increases computation
time.

A further remark is required for the C2B principle. The assumptions used to model this principle
are based on the limited information available at the moment. In future works, as new insights are
available, modeling the C2B principle should be further detailed, and the simulations presented
in Subsection 5.3.2 repeated.

Finally, the optimization results shown in Subsection 5.3.1 are only valid for the selected
reference vehicles and design variable ranges. The design variables and their ranges are
chosen considering the tool limitations. The simulations are repeated multiple times with different
numbers of generations and population sizes. A convergence of the pareto fronts is ensured
with a generation number of 30 and a population size of 300. However, the NSGA II is sensitive
to the selected optimization parameters: adding new design variables or changing their ranges
may impact the shape and position of the pareto fronts and lead to different results.
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7 Summary

Chapter 1 presented the motivation for the development of a vehicle architecture tool. The
shift towards BEVs requires new components, such as the traction battery, which in turn cause
secondary effects. The current development process is not capable of estimating the secondary
effects that occur during the early development phase. The lack of knowledge on secondary
effects gives rise to the probability of estimation errors during vehicle sizing. These errors may
in turn render the vehicle package infeasible or result in a range below the desired value.

In Chapter 2, the four architectural features were presented. A literature review revealed that
existing methods focus on one or two architectural features while neglecting the others. Fur-
thermore, none of the methods fully consider secondary effects. Consequently, there is no
methodology capable of supporting the early development phase of BEVs, while considering
secondary volume and mass effects. To solve this problem, a novel vehicle architecture tool
had to be developed. The chapter closed by identifying the requirements that such a tool should
have.

Based on the requirements derived in Chapter 2, Chapter 3 outlined a vehicle architecture
tool for BEV sizing. The tool inputs were identified through extensive literature research. For
machine sizing and to estimate vehicle consumption, an LDS was implemented. For modeling
the component volumes and the available installation spaces, a set of dimensional chains,
semi-physical models, and empirical models was derived. Empirical models were also employed
to estimate the mass of the vehicle modules and ultimately the total vehicle mass. The empirical
data that was gathered during the development of the tool is stored in an SQL database. The
database can be extended with new empirical data and enables an automatic update of the
empirical models used in the tool. Finally, to consider the secondary volume and mass effects,
the tool is nested in an iterative loop.

Chapter 4 validated the functionality of the tool by comparing the generated results with the
consumption, component volumes, and component masses of existing vehicles. In such cases
where the tool could not model the components or masses correctly, the reason for these
deviations was identified and discussed. The validation step identified and solved the tool’s weak
points.

Following the validation, the tool was applied to estimate the potential of BEVs in 2025 (Chapter 5).
Several cell types and integration strategies were simulated on vehicles belonging to different
segments. Interdependencies between vehicle dimensions, mass, and attainable range were
identified and discussed. Finally, optimization was conducted to identify the maximum range
potential for different cell types and integration principles.

Finally, Chapter 6 discussed the limitations of the tool and provided an outlook for future research.
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A Exterior and Interior Concept

The exterior and interior concept dimensions considered in this work are listed in Table A.1 and A.2.
A detailed description of these dimensions is documented in the SAE J1100 [51]. It is possible
to skip the dimensional concept calculation and assign an already existing dimensional concept.
This feature is preferable if the BEV has to be derived based on an already existing reference
vehicle. To assign an existing dimensional concept, a set of optional inputs (marked with * in
Table A.1 and A.2) is required.

Table A.1: Exterior concept dimensions considered in this thesis. Based on [51].

Code Definition according to the SAE

A106-1 Angle of approach: Smallest angle in side view formed by the ground and the line tangent
to the front tire static-loaded radius arc and the underside of the vehicle, including all flexible
components

A106-2 Angle of departure: Smallest angle in side view formed by the ground and the line tangent
to the rear tire static-loaded radius arc and the underside of the vehicle, including all flexible
components

A117 Ramp breakover angle at maximum load: Supplement of an angle between two lines tangential
to the front and rear tire static laden radii at the gross vehicle mass and intersecting at a point on
the underside of the vehicle which defines the largest ramp over which the vehicle can roll

L101* Wheelbase: Longitudinal distance from the front wheel centerline to the rear wheel centerline

L103 Vehicle length: Maximum longitudinal distance between the foremost point and the rearmost
point on the vehicle

L104* Vehicle front overhang: Longitudinal distance from the centerline of the front wheels to the
foremost point on the vehicle

L105* Vehicle rear overhang: Longitudinal distance from the centerline of the rear wheels to the
rearmost point on the vehicle

L113* Longitudinal distance between the front wheel centerline and the driver’s BOF

L114 Longitudinal distance between the front wheel centerline and the driver’s SgRP

L115-2 Longitudinal distance from the SgRP-2 to the centerline of the rear wheels

H100* Vehicle height: Maximum distance on the BIW normal to the ground excluding hardware and trim
(such as roof racks, antennas, spoilers, etc.)

H101 Vehicle height: Maximum distance on the BIW normal to the ground including hardware and trim
(such as roof racks, antennas, spoilers, etc.)

H156 Ground clearance: Minimum distance from the underside of the vehicle (i.e. sprung mass) to the
ground. Unsprung parts and assemblies are typically excluded

W103* Vehicle width: Maximum lateral distance between the widest points on the vehicle (side mirrors
excluded)

W117 Body width at the SgRP: Maximum lateral distance between the natural shape of the vehicle
through the SgRP
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A Exterior and Interior Concept

Table A.2: Interior concept dimensions considered in this thesis. Based on [51].

Code Definition according to the SAE

A40 Angle of the manikin torso from the vertical

A44 Angle between the thigh line and the (lower) leg line

A46 Angle between the (lower) leg line and the bare foot flesh line

A47-1* Acute angle of the driver’s shoe plane from horizontal

A47-2* Acute angle of the passenger (second row of seats) shoe plane from horizontal

A57 Angle of the thigh line from horizontal

L50-2 Longitudinal distance between the SgRPs of the first and second row of seats

L53-1* Longitudinal distance between SgRP and AHP

L53-2* Longitudinal distance between SgRP-2 and FRP

L99-1 Longitudinal distance between the driver’s BOF and SgRP

L99-2* Longitudinal distance between the driver’s BOF and SgRP-2

H5-1 Minimum distance between SgRP and ground

H5-2 Minimum distance between SgRP-2 and ground

H30-1* Vertical distance from SgRP to the AHP

H30-2* Vertical distance from SgRP to the FRP

H61-1* Distance along a line 8° rear of vertical from the SgRP to the first limiting surface plus 102 mm

H61-2* Distance along a line 8° rear of vertical from the SgRP-2 to the first limiting surface plus 102 mm

SL14 Maximum seat thickness measured through the seatback

SW16-1 Maximum lateral distance across the trimmed width of the driver’s seat cushion

W3 Minimum lateral distance between the trimmed door surfaces within the measurement zone
defined by the SAE J1100

W5 Minimum lateral distance between the trimmed door surfaces within the measurement zone
defined by the SAE J1100

W9 Maximum diameter of the steering wheel

W20-1* Lateral distance between SgRP and vehicle center

W20-2* Lateral distance between SgRP-2 and vehicle center

W27 Diagonal head clearance, defined using the side view top contour defined by the SAE J1052

W31-1 Lateral distance between the trimmed door surfaces within the measurement zone defined by
the SAE J1100

W35 Lateral head clearance, defined using the side view top contour defined by the SAE J1100
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B Drive Topology

This section outlines the electric machine (Section B.1) and battery topologies (Section B.2)
considered in this work.

B.1 Electric Machine Topology

Figure B.1 shows the drive unit configurations resulting from the combination between the
electric machine topologies (Figure 2.6) and gearbox types (Subsection 3.4.4). The red arrow in
Figure B.1 points toward the driving direction.

(a) Central machine (in front of the axle) with a parallel
axles gearbox. Example: VW e-Up.

(b) Central machine (behind the axle) with a parallel axles
gearbox. Example: Tesla Model Y.

(c) Central machine in coaxial design with a planetary
gearbox. Example: Jaguar I-Pace.

(d) Central machine in coaxial design with a coaxial gear-
box. Example: Opel Ampera.

(e) Machine near to the wheel in coaxial design with a plan-
etary gearbox. Example: Audi e-tron S.

(f) Machine near to the wheel with a parallel axles gearbox.
Example: Rimac Concept 2.

Figure B.1: Existing electric machine topologies and gearbox types.
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B Drive Topology

B.2 Traction Battery Topology

This section presents the battery shapes and cell layouts of some of the vehicles used for
characterizing the battery topology. Information regarding cell layout and battery shapes is
obtained from open-source publications, the manufacturer’s sites, and internet documents. The
white arrow in Figure B.2 - B.4 points toward the driving direction.

Side crash reinforcements

Second level (5 modules)

Battery housing

› 36 modules

› 12 cells per module

Module assembly

(a) Audi e-tron (2019): highfloor battery, drop shape with second level. Based on [83].

Battery housing

› 36 modules

› 12 cells per module

Module assembly

(b) Jaguar I-pace (2018): highfloor battery, drop shape. Based on [245].

Figure B.2: Existing battery designs (Part 1/3).
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B Drive Topology

Crash reinforcementsBattery housing

› 2 modules

› 1058 cells per module

Module assembly (small)

› 2 modules

› 1150 cells per module

Module assembly (large)

(a) Tesla Model 3 (2017): highfloor battery, drop shape. Based on [246, 247].

Tunnel (3 modules)

Second level (5 modules)

› 27 modules

› 12 cells per module

Module assembly

›
›

Battery housing

(b) Polestar 2 (2020): highfloor battery, rectangular shape with second level and tunnel. Based on [248].

Space for BMS

Battery housing

› 12 modules

› 24 cells per module

Module assembly

(c) VVW ID.3 Pro S (2020): highfloor battery, rectangular shape. Based on [249, 250].

Figure B.3: Existing battery designs (Part 2/3).
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B Drive Topology

Space for BMS

Battery housing

› 8 modules

› 12 cells per module

Module assembly

(a) BMW i3 (2017): highfloor battery, rectangular shape. Based on [251, 252].

Side crash reinforcements Second level (1 Module)

Battery housing

(b) Mercedes EQC (2020): highfloor battery, rectangular basic shape, with second level. Based on [253].

Footwell (4 modules)

Second level (12 modules)

› 24 modules

› 8 cells per module

Module assembly

› 24 modules

› 8 cells per module
› Same module assembly

› Different orientation

Battery housing

(c) Nissan Leaf (2018): mixedfloor battery, rectangular shape with second level and footwell at the second row of
seats. Based on [92, p. 146, 254].

Figure B.4: Existing battery designs (Part 3/3).
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C Longitudinal Simulation, the WLTP

The procedure for calculating vehicle consumption and emission in Europe is documented in
the WLTP [255]. The first step of the WLTP is the definition of a test cycle, i.e. the WLTC. For
this purpose, the vehicles are divided into classes according to their power-to-mass ratios and
speed [256, pp. 494-495]. Each class corresponds to a different WLTC. Most BEVs belong to
class 3b, which is therefore further considered in this section. A class 3b cycle (Figure C.1)
consists of a low, a medium, a high, and an extra high phase [256, p. 495].
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› Calculation of combined consumption
› Calculation of combined range

City cycle
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Figure C.1: Speed profile of a class 3b WLTC. The cycle covers a distance of 23.3 km and has a duration
of 1800 s, with an average speed of 46.5 kmh−1 and a maximum speed of 131 kmh−1 [257] .
Data from [256, pp. 522-540].

The first two phases (low and medium) simulate an urban trip and are referred to as city cycle.
The high and extra high phases simulate a high-speed road and highway profile. While the city
cycle is used to calculate the city consumption, all four phases are used for the estimation of the
combined consumption. The combined consumption is further considered since the vehicles
simulated by the architecture tool are not sized exclusively for urban trips. For calculating
combined consumption, there are two possible procedures [256, p. 743-745]: Consecutive Test
Procedure and Shortened Test Procedure (STP). As the name suggests, the consecutive test
procedure consists of a maximum of three consecutive WLTCs. Nevertheless, this procedure
is only applicable to BEVs with a range below 70 km [256, p. 743-745]. Since most BEVs have
greater ranges, the STP (Figure C.2) is used to reduce the test duration.
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C Longitudinal Simulation, the WLTP
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Figure C.2: STP with two dynamic segments (DS1 and DS2) and two constant speed segments with a
velocity of 100 kmh−1 (CS1 and CS2). Each dynamic segment is composed of a standard
WLTP (W LT C1 and W LT C2) and city cycle (Cit y1 and Cit y2). Based on [256, p. 745].

The STP is composed of two dynamic and two constant speed segments. The dynamic segments
(DS1 and DS2, Figure C.2) include a complete WLTC and an additional city cycle. The constant
speed segments (CS1 and CS2, Figure C.2) are not relevant for estimating consumption and are
only used to deploy the battery, thus shortening the test duration. Their length is not fixed, but
rather depends on the battery energy of the vehicle. The combined range RWLTP,comb is calculated
according to Equation (C.1).

RWLTP,comb =
ESTP

CDS,WLTC
=

ESTP

CWLTC1 K1 + CWLTC2 K2
(C.1)

Where ESTP is the usable battery energy during the entire procedure (which corresponds to the
net battery energy), and CDS,WLTC is the energy consumption of the WLTC parts (W LT C1 and
W LT C2 in Figure C.2) of the dynamic segments [256, p. 768]. The CDS,WLTC is expressed as
the weighted sum of the consumption in the WLTC parts (CWLTC1 and CWLTC2). The weighting
factors K1 and K2 are calculated according to [256, p. 768]. With the combined range from
Equation (C.1), the combined consumption CWLTP,comb is derived according to:

CWLTP,comb =
EAC

RWLTP,comb
(C.2)

Where EAC is the energy required to fully recharge the battery after the STP. EAC is measured
at the vehicle charger [256, p. 747] and includes the losses occurring in the charger, cables,
and battery during the charging process. The manufacturers usually publish the combined
consumption CWLTP,comb and the combined range RWLTP,comb. However, the combined consumption
does not correspond to the combined range: CWLTP,comb includes charging losses (Equation (C.2)),
while RWLTP,comb is derived from the actual measured consumption in the cycle CDS,WLTC and does
not include charging losses (Equation (C.1)).

The LDS implemented in this work does not consider charging losses since the high variability of
existing charging plugs and strategies complicates modeling this feature [258, 259]. Therefore,
the main output of the LDS is CDS,WLTC, which is not comparable with the CWLTP,comb values given
by the manufacturers. One way to filter out charging losses from the manufacturer values (thus
estimating CDS,WLTC), is by inverting Equation (C.1), with the assumption that the usable energy
during the test procedure ESTP is equal to the net battery energy. The net battery energy is
usually documented in the ADAC database [149]. This method will be used during the vehicle
architecture tool validation in Section 4.4.
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D Volumetric Component Modeling

This section provides additional information for the models developed for the tires (Section D.1),
interior (Section D.2), gearbox (Section D.3), electric machine (Section D.4), and battery (Sec-
tion D.5).

D.1 Tires

For estimating the tire volume, the vehicle architecture tool performs a sizing based on the
maximum occurring axle loads. The axle loads are derived from the momentum and force
balance of the weight forces of the passengers, luggage, and vehicle. Figure D.1 shows the
modeling approach used to describe the position of the Center of Gravity (COG) of these
components.

FG

Fpass,r Flug

L114 L50-2

dSgRP2,lug,x

L101 

dveh,lug,x

Faxle,f Faxle,r

Fpass,f

dCOG,veh,x

L105

slug,x

Figure D.1: Dimensional chain for positioning the forces of a fully-loaded vehicle.

The empty vehicle weight force FG (in N) is derived from the empty mass of the current iteration
in mn. Subsequently, FG is positioned at the vehicle COG dCOG,veh,x, which is calculated with
the vehicle’s mass distribution at the rear axle Krep,r (in %, typical values in Subsection 3.5.2)
according to Equation (D.1).

dCOG,veh,x = L101
Krep,r

100
(D.1)

In accordance with [55, p. 4], the driver is modeled with a mass of 75 kg. The same value is
also used for the other passengers. The passenger’s weight forces Fpass,f/r are positioned at the
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D Volumetric Component Modeling

seating reference points, which are in turn calculated by the interior model (Subsection 3.4.3).
The interior model also estimates the available luggage length slug,x using the dimensional chain
shown in Equation (D.2).

slug,x = L101+ L105− L114− L50-2− dSgRP2,lug,x − dveh,lug,x (D.2)

Where dSgRP2,lug,x is the minimum longitudinal distance between SgRP-2 and the luggage compart-
ment. This element of the dimensional chain models the space requirements for the passenger
torso and the seat thickness. dveh,lug,x models the loss of available luggage compartment length
caused by trunk frame and bumpers. These two chain elements are modeled empirically with
constant values. By combining Equation (D.2) with the other interior concept dimensions, the
tool derives the luggage compartment COG (which is assumed to be half the luggage length,
Figure D.1). Estimating the luggage load Flug requires the payload given by the vehicle manufac-
turer. Since it usually includes the mass of the passengers, Flug is calculated from the difference
between payload and passenger weight forces.

Once all occurring forces are calculated, the axle loads are estimated. The vehicle architecture
tool simulates the axle loads at each iteration to check whether a resizing of the tires is required.

D.2 Interior

For the sizing of the second row of seats, the internal dimension H61-2 is used (Subsection 3.4.3).
H61-2 depends on the design and shape of the vehicle’s rear-end. For this reason, it is not
possible to derive an empirical regression between the H61-2 and other internal dimensions.
For the calculation in the vehicle architecture tool, three body-type-dependent H61-2 values are
derived from the interior dataset (Table D.1). Since the H61-2 values are derived from existing
vehicles, they can be varied within the limits specified by the corresponding standard deviations,
while ensuring that sufficient headroom is available for the passengers.

Table D.1: Typical H61-2 values derived from the interior dataset. The H61-2 given in this table does not
include the 102 mm prescribed by the SAE J1100 (compare Table A.2).

Body type Mean value Standard deviation Number of evaluated vehicles

SUV 877.4 mm 17.9 mm 64

Hatchback 846.4 mm 23.1 mm 57

Sedan 845.8 mm 22.8 mm 18

D.3 Gearbox

For modeling the gearbox, the gears, shafts, and bearings are considered separately. The
semi-physical gearbox model is documented in the theses of Köhler [100, 101] and a previous
publication [27], and will not be further detailed in this thesis. This section only presents the
dimensional chains (derived from the gearbox dataset) used for sizing the housing.

Figure D.3 shows the dimensional chains describing the gearbox length sgb,x and its height sgb,z.
Based on the calculated gear diameters, the axle distance between the first and second shaft
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D Volumetric Component Modeling

HousingFlange4th gear (differential)

1st gear

3rd gear

2nd gear

Bearings 1st shaft1st shaft

2nd shaft

3rd shaft

Figure D.2: Typical layout of a parallel axles gearbox with two reduction stages.

(dgb,shafts,12) and between the second and third shaft (dgb,shafts,23) are derived. In some vehicles,
such as the Renault Twizy, the centers of the three shafts are collinear. However, in most cases,
they are not arranged on a straight line and, to describe their relative position, the angles α12

and α23 are introduced (Figure D.3). An analysis of the gearbox dataset identifies an empirical
range between 20° and 40° for α12 and α23, respectively.

In the gearbox model, the shafts are arranged based on the chosen sizing options. It is possible
to choose between an arrangement that minimizes the gearbox length or one that minimizes its
height. Consequently, the angles are tuned within the empirical range to minimize the selected
option.

α12

α23

sgb,pklk,xr4

sgb,�lg

dclear, gear

sgb,x

sgb,z

③
②

①

Z

XY

dgb,shafts,23

d gb
,sh
aft
s,1
2

Figure D.3: Typical arrangement of a parallel axle gearbox. The figure shows the first shaft À (which is
directly connected with the electric machine), the middle shaft Á, and the differential (or
output) shaft Â.
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D Volumetric Component Modeling

Based on the calculated angles, the dimensional chain in Equation (D.3) is applied to estimate
the total gearbox length sgb,x.

sgb,x = sgb,flg+dclear,gear+ r4+[dgb,shafts,23 cos(α23)+dgb,shafts,12 cos(α12)] cos(α23)+sgb,pklk,x (D.3)

In Equation (D.3), sgb,flg includes the housing thickness and flanges, while dclear,gear is the
clearance between the differential wheel and the inner side of the gearbox housing. On the side
of the first shaft (À, Figure D.3), the critical component is the parking lock wheel. In most cases,
the parking lock wheel is placed on the first shaft and has a greater diameter than the first gear.
To consider its influence on the housing dimensions, the term sgb,pklk,x is introduced. This element
is derived from the gearbox database as well. As shown in Figure D.3 and in Equation (D.3), the
differential wheel has a great influence on the gearbox length sgb,x. Since it is usually the biggest
wheel in the gearbox, the differential wheel also determines the gearbox height sgb,z, which is
calculated in Equation (D.4).

sgb,z = 2 [r4 + dclear,gear + sgb,flg] (D.4)

The gearbox width sgb,y (not represented in Figure D.3) is derived with the last dimensional chain.
For this scope, the width of the gears sgb,gears,y (which represents the width of the components
on the left-hand side of Figure D.2) is calculated by the gearbox model and inserted into
Equation (D.5).

sgb,y = sgb,gears,y + 2 sgb,seal,y (D.5)

In addition, the term sgb,seal,y considers the housing thickness and the installation space for the
sealing rings placed on the first and third shaft. Table D.2 summarizes the chain elements
discussed in this section.

Table D.2: Dimensional chain elements for the gearbox model. Based on [101, p. 60].

Chain element Mean value Description

sgb,pklk,x 100 mm Required space by the parking lock wheel, and housing

dclear,gear 5.5 mm Clearance between differential and housing

sgb,flg 25 mm Thickness of flange and housing thickness

sgb,seal,y 12 mm Required installation space for the gearbox sealing ring

D.4 Electric Machine

Apart from the machine technology (such as IM or PMSM, Subsection 2.2.2), another possible
categorization for electric machines is based on the rotor-stator layout. Electric machines can
be divided into inrunners (the rotor is placed inside the stator) and outrunners (the stator is
placed inside the rotor). Outrunner machines are normally used for wheel-hub motors or in
mild hybrid vehicles [189, p. 344]. Since these two cases are not covered in this thesis, the
developed volumetric models exclusively consider the inrunner layout (Figure D.4). For modeling,
a benchmark analysis is conducted on the machine dataset. More information regarding this
analysis is documented in the thesis of Köhler [101, pp. 41-47]. In the following paragraphs, the
workflow of the machine sizing model is briefly explained.
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Housing

Flange front cover

Rotor

Stator

Bearing

Machine output shaft

Housing ribs

Flange rear cover

X
Y

Z

Figure D.4: Typical structure of an electric machine with its sub-components.

In the first step, the stator (marked as dark blue in Figure D.4) is dimensioned. Its sizing is based
on the empirical regression in Equation (D.6), which estimates the stator volume Vmach,stat from
the maximum machine power Pmach,max (in kW).

Vmach,stat = −2.7930 l+ (0.0948 l kW−1) Pmach,max (D.6)

Given the stator volume Vmach,stat, the corresponding diameter Dmach,stat (expressed in mm and
shown in Figure D.5) is derived according to Equation (D.7).

Dmach,stat =

�

4 Vmach,stat 106

πKstat

�

1
3

where Kstat =
smach,stat,y

Dmach,stat
(D.7)

Kstat is the stator’s length to diameter ratio. Köhler [101, p. 46] estimates a Kstat of 0.986 for
PMSMs and of 0.865 for IMs. With Equation (D.6) and (D.7), the dimensions of the stator are
fully defined. Nevertheless, to estimate the machine dimensions, a consideration of the housing
is also required. For this scope, the dimensional chains shown in Equation (D.8) and (D.9) are
used.

Dmach = Dmach,stat + 2 smach,rib,x + 2 smach,hous,x (D.8)

smach,y = smach,stat,y + dmach,stat,y (D.9)

Equation (D.8) yields the outer diameter of the machine housing Dmach, which considers, be-
sides the stator diameter, also the thickness of the housing smach,hous,x and of its ribs smach,rib,x

(Figure D.5). The flanges for the front and rear cover (which usually have a wider diameter to
accommodate the bolts fixing the covers) are neglected for the calculation of Dmach.

Equation (D.9) yields the machine length smach,y, which also includes the space requirements of
the housing covers (not shown in Figure D.5). For this scope, the empirical factor dmach,stat,y is
derived from the difference between stator length and housing length. Table D.3 summarizes
the terms required for the dimensional chains in Equation (D.7) - (D.9).
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Figure D.5: Section view of an electric machine with its sub-components.

Table D.3: Dimensional chain elements for the electric machine model. Based on [101, p. 46].

Chain element Mean value Description

Kstat,PMSM 0.986 Stator length to stator diameter ratio for PMSMs

Kstat,IM 0.865 Stator length to stator diameter ratio for IMs

smach,rib,x 13.4 mm Machine housing thickness

smach,hous,x 12.44 mm Height of the rims of the machine housing

dmach,stat,y 74.00 mm Difference between stator and machine length

D.5 Traction Battery

For filling the available battery space, package factors and dimensional chains are derived from
the battery dataset. To understand how the package factors are derived, Figure D.6 shows a
simplified battery pack.

XY
Z

sub,x
sub,y

scell,z

scell,x

scell,y

Figure D.6: A rectangular shape with prismatic cells. The white arrow points towards the driving direction.

xliv



D Volumetric Component Modeling

For the calculation, a coordinate system is defined, where the x-direction is parallel to the driving
direction. The package factor along x Kpack,x is derived according to Equation (D.10).

Kpack,x =
Ncell,x scell,x

sub,x
(D.10)

Where Ncell-x is the number of cells along the x-direction. In the case shown in Figure D.6, it is
equal to 24. The same procedure is applied for the y-direction (Equation (D.11)).

Kpack,y =
Ncell,y scell,y

sub,y
(D.11)

Where the number of cells Ncell,y is equal to four. The battery in Figure D.6 is one of the simplest
layouts possible. As shown in Section B.2, some vehicles have cells in the second level or in
the tunnel and not necessarily with the same orientation as in the underbody. In these cases,
separate Kpack,x and Kpack,y are derived for each installation space. Figure D.7 gives an overview
of underbody batteries. More information is specified in the thesis of Köhler [101, p. xxiii].
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Figure D.7: Typical package factors for underbody batteries. Based on [101]

In contrast to the x- and y-directions, the z-direction shows less variability between manufacturers
and is therefore modeled with a dimensional chain. Figure D.8 shows the main components of
the chain. Starting from the underbody height sub,z, the chain derives the available cell space
along the z-direction scell,av,z,ub according to Equation (D.12).

scell,av,z,ub = sub,z − sbatt,lowp,z − sbatt,cool,z − dcell,mod,z − dclear,batt,z − sbatt,cover,z (D.12)

Where sbatt,lowp,z represents the thickness of the lower protection and sbatt,cool,z the thickness of
the cooling system. The latter is normally composed of a cooling plate installed underneath the
cell modules (Figure D.8). An exception is the manufacturer Tesla, which cools the battery with
water pipes running within the modules [260]. This solution reduces the battery height (since
sbatt,cool,z is equal to 0) at the cost of a loss of space along the y-direction (where the cooling
pipes are installed).

The factor dcell,mod,z considers the space required by the housing components of the module.
Köhler derives three different values depending on cell type [101, p. 76]. Furthermore, dclear,batt,z
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Figure D.8: An Audi e-tron battery (second level and BMS are not shown) with its main components.
The white arrow points towards the driving direction.

describes the vertical clearance between module and battery cover. This space is normally left
empty or occasionally used to lead the module cables. Finally, sbatt,cover,z describes the thickness
of the battery top cover. The dimensional chain shown in Equation (D.12) is valid for the battery
underbody, but can also be adapted for the second level and the tunnel. Table D.4 summarizes
the dimensional chain elements required for Equation (D.12).

Table D.4: Dimensional chain elements for the battery model. The terms in brackets have to be used in
case there is no cooling along the z-direction (e.g. Tesla). Based on [101, p. 76].

Chain element Mean value Description

sbatt,lowp,z 11.63 mm (15.07 mm) Lower protection thickness

sbatt,cool,z 12.59 mm (0 mm) Cooling plate thickness

dcell,mod,z,pouch 7.29 mm Difference between cell and module height for pouch cells

dcell,mod,z,cyl 7.50 mm Difference between cell and module height for cylindrical cells

dcell,mod,z,prism 12.18 mm Difference between cell and module height for prismatic cells

dclear,batt,z 7.75 mm Vertical clearance between module and battery cover

sbatt,cover,z 4.21 mm Battery cover thickness
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E Gravimetric Component Modeling

This section provides additional information for the mass models presented in Section 3.5. If
more detailed information about the simulated architecture is available, it is possible to increase
the precision of the mass model by initializing the set of optional inputs shown in Table E.1. If the
inputs in Table E.1 are not assigned, the model runs the simulation with a set of default values.

In the following pages, the complete list of the empirical mass model is specified. These models
have first been developed in the thesis of Romano [162] and further detailed in a previous
publication [28]. The models are grouped in Table E.3 - E.9 according to the module they belong
to. To make the list more compact, a set of formula symbols (Table E.2) is introduced.

The single components are described with constant values or linear regressions. In the former
case, Table E.3 - E.9 report the average component mass derived from the mass dataset. In the
second case, the tables report the calculated empirical regression. Equation (E.1) shows the
general structure of a linear regression for modeling the mass of a component mcomponent based
on the inputs X1 and X2.

mcomponent = A+ B X1 + C X2 (E.1)

Where A is the empirically derived intercept (always expressed in kg) and B and C are the
empirical coefficients multiplying X1 and X2. Their units depend on X1 and X2. For example, if X1

represents a length (in mm), then B is expressed in kgmm−1.

Table E.1: Optional Inputs for the gravimetric component modeling. Based on [28].

Frame, Chassis, and Powertrain options Interior options

Aluminum percentage in the frame Cluster type (Digital/Analog)

Air suspensions (Yes/No) Head-up display (Yes/No)

All-wheel steering (Yes/No) Sliding rear seats (Yes/No)

Gravimetric cell energy density in W hkg−1 Rear seat type (Bench/individual)

Rear axle type (Multilink/Torsion beam) Subwoofer (Yes/No)

Exterior options Accessories options

Door material (steel/aluminum) Phone connectivity (Yes/No)

Hood material (steel/aluminum) Active cruise control (Yes/No)

Hatch material (steel/aluminum) Lane-keeping support (Yes/No))

Fenders material (steel/aluminum) Park assistant (Yes/No)

Headlights type (LED/Xenon/Halogen) Spare tire (Yes/No)

Panorama roof (Yes/No) Tow Hitch (Yes/No)

Sliding roof (Yes/No)

Number of doors (2/4)
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Table E.2: List of symbols employed in Table E.3 - E.9.

Symbol Unit Description

Drim,inch inch Diameter of the rim

Dtire mm Outer diameter of the tire

Ebatt,is kW h Installed battery gross energy

Ecell,grav W h kg−1 Gravimetric energy density at the cell level

H100 mm Vehicle height (compare Table A.1)

L101 mm Vehicle wheelbase (compare Table A.1)

L103 mm Vehicle length (compare Table A.1)

L104 mm Vehicle front overhang (compare Table A.1)

L105 mm Vehicle rear overhang (compare Table A.1)

Laxle,f kg Occurring maximum load at the front axle

Laxle,r kg Occurring maximum load at the rear axle

mbrakes,f kg Mass of the front brake system

mgross,n kg Calculated vehicle gross mass at the nth iteration

mwheel kg Mass of one wheel (includes both tire and rim mass)

Pmachs,max kW Total installed machine maximum power

stire,y mm Tire width

Tmach,max N m Maximum torque of the electric machine

Ubatt,nom V Nominal voltage of the battery

Vbatt l Battery volume (not including the sills)

Vveh,s m3 Vehicle substitute volume

W103 mm Vehicle width (compare Table A.1)

ρAlu % Percentage of aluminum in the BIW

Table E.3: Mass models for the frame module. Based on [28].

Component Equation or constant value R2

BIW 4.5748+ 5.9108 Vveh,sρAlu + 13.2029 Vveh,s(1−ρAlu) + 0.0797 mgross,n 0.86 %

Other frame components −18.2704+ 4.0904 Vveh,s 0.49 %
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Table E.4: Mass models for the chassis module. Based on [28].

Component Equation or constant value R2

Anti-lock braking system 2.71 kg -

Brake disc covers 0.81 kg -

Brake fluid 0.58 kg -

Brake hoses 0.57 kg -

Brake lines system 1.41 kg -

Front axle active spring-damper assembly1 16.68 kg -

Front axle links −83.2618+ 0.0281 Laxle,f + 0.0526 W103 58 %

Front axle passive spring-damper assembly2 2.6178+ 0.0099 Laxle,f 48 %

Front brake system −4.857+ 0.0154 mgross,n 68 %

Further components air springs3 8.97 kg -

Master cylinder 4.59 kg -

Parking brake actuators 1.12 kg -

Rear axle links (multi link axle) −65.9170+ 0.0088 mgross,n + 0.0539 W103 43 %

Rear axle links (torsion beam axle) −0.7229+ 0.0219 mgross,n 56 %

Rear axle passive spring-damper assembly1 1.6343+ 0.0087 Laxle,r 53 %

Rear axle active spring-damper assembly2 14.55 kg -

Rear axle steering system4 11.46 kg -

Rear brake system 2.0549+ 0.5855 mbrakes,f 64 %

Rim mass (one rim) −13.0632+ 1.4047 Drim,inch 88 %

Steering system −10.8485+ 0.0024 mgross,n + 0.0099 L101 79 %

Tire mass (one tire) −16.8902+ 0.0541 stire,y + 0.0234 Dtire 86 %

1 Air suspension mass at the front/rear axle. Use only when the "Air suspensions" option is set to "Yes"
2 Passive suspensions system. Use only when the "Air suspensions" option is set to "No"
3 Includes the masses of the air bottles and compressor. Use only when the "Air suspensions" option is
set to "Yes"
4 Includes the masses of the rear actuation motor and tie rods. Use only when the "All-wheel steering"
option is set to "No"
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Table E.5: Mass models for the exterior module. Based on [28].

Component Equation or constant value R2

Fenders: steel /aluminum 5.44 kg / 5.12 kg -

Fog lights 1.22 kg -

Front bumper −36.8280+ 0.0308 W103 46 %

Front doors (material: aluminum)1 −41.2364+ 0.0238 H100+ 0.0129 L101 69 %

Front doors (material: steel)1 −23.6024+ 0.0110 H100+ 0.0150 L101 72 %

Front doors (two-door vehicles)2 62.6775+ 0.0338 H100+ 0.0206 L101 78 %

Halogen headlights −18.2866+ 0.0138 W103 46 %

Hood (material: aluminum) −72.4132+ 0.0473 W103 52 %

Hood (material: steel) −78.9009+ 0.0537 W103 62 %

LED headlights −24.5286+ 0.0179 W103 41 %

Rear bumper −38.4403+ 0.0288 W103 35 %

Rear doors (material: aluminum)1 −84.4604+ 0.0223 H100+ 0.0268 L101 60 %

Rear doors (material: steel)1 −46.0006+ 0.0155 H100+ 0.0179 L101 73 %

Rear quarter glass (SUVs and hatchbacks) −2.4013+ 0.0052 L105 34 %

Rear quarter glass (sedans) 1.91 kg -

Rear window (only for sedans) 8.37 kg -

Roof glass: glass fixed3 / sliding glass4 21.44 kg / 30.87 kg -

Stop lights 0.24 kg -

Taillights −11.7713+ 0.0061 W103+ 0.0027 H100 38 %

Trunk (material: aluminum) −85.0098+ 0.0531 W103+ 0.0091 H100 71 %

Trunk (material: steel) −103.0405+ 0.0559 W103+ 0.0192 H100 75 %

Trunk lid: steel/aluminum 19.95 kg / 18.16 kg -

Windshield (L101 ≤ 2493 mm) 12.4 kg -

Windshield (2493 mm < L101 ≤ 2640 mm) 12.51 kg -

Windshield (2640 mm < L101 ≤ 2750 mm) 13.68 kg -

Windshield (2750 mm < L101 ≤ 2927 mm) 12.71 kg -

Windshield (L101 > 2927 mm) 13.66 kg -

Wiper system with reservoir and fluids 4.86 kg -

Wipers 3.6 kg -

Xenon headlights −22.3259+ 0.0119 W103+ 0.0053 H100 33 %

1 The regression yields the mass of one door. Use only when the "Number of doors" option is set to 4
2 The regression yields the mass of one door. Use only when the "Number of doors" option is set to 2
3 Includes the masses of the additional components for the panorama roof. Use only when the "Panorama
roof" option is set to "Yes"
4 Includes the masses of the additional components for the sliding roof. Use only when the "Sliding roof"
option is set to "Yes"
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Table E.6: Mass models for the interior module. Based on [28].

Component Equation or constant value R2

A/C system with refrigerant 16.73 kg -

Airbag sensors and control unit 0.44 kg -

Brake pedal 1.58 kg -

Center console −25.4609+ 0.0120 L101 50 %

Cross-car beam 6.25 kg -

Curtain airbag / Driver airbag / Knee airbag 2.48 kg / 1.07 kg / 1.42 kg -

Dashboard 7.82 kg -

Drive pedal 0.38 kg -

Front seat (one seat) −44.0809+ 0.0257 W103+ 0.0073 L101 57 %

Glove box 2.38 kg -

Head-up display 1.49 kg -

Heating system passenger compartment −19.5455+ 0.0196 W103 52 %

Horn system 0.51 kg -

Infotainment 1.11 kg -

Instrument cluster: analog/digital 1.26 kg / 1.66 kg -

Interior trim parts −261.2804+ 0.1394 W103+ 0.0089 L103 83 %

Noise insulation (L101 ≤ 2750 mm) 6.42 kg -

Noise insulation (L101 > 2750 mm) 12.76 kg -

Passenger airbags: front rear 1.66 kg / 0.79 kg

Rear seats (entire rear seat bench)1 −97.1243+ 0.0955 W103+ 0.0181 L101 47 %

Rear seats sliding mechanism2 9.90 kg 47 %

Seatbelt (one) front/rear 2.29 kg / 1.73 kg -

1 If the "Individual" option is selected, the mass of the rear seats is obtained by multiplying the mass of
the front seat by the number of passengers in the second (and if present) third row
2 Rear sliding mechanism mass. Use only when the "Sliding rear seats" option is set to "Yes"

Table E.7: Mass models for the powertrain module. Based on [28].

Component Equation or constant value R2

Battery electrics1: AWD / non AWD vehicles 20.65 kg / 9.67 kg -

Battery housing 1.7900+ 0.0330 Vbatt 54 %

Cells with module casing2 Kcell2mod

�

Ebatt,is
Ecell,grav

�

-

Coolant fluid: AWD / non AWD vehicles 10.17 kg / 7.39 kg -

Electric machine mounts (one machine) 11.52 kg -

Gearbox, differential, driveshafts See [100, 101, 27] -

IM (one machine with housing) 29.3478+ 0.1305 Tmach,max 70 %

Noise insulation (one machine) 1.42 kg -

PMSM (one machine with housing) 23.1450+ 0.0884 Tmach,max 34 %

Powertrain cooling system 11.1957+ 0.0433 Pmach,max 39 %

Transmission fluid (one gearbox) 1.1 kg -

1 Includes BMS, electric connectors, cables, and battery junction box
2 Kcell2mod is 1.23 for pouch cells, 1.14 for cylindrical cells, and 1.12 for prismatic cells
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Table E.8: Mass models for the electrics module. Based on [28].

Component Equation or constant value R2

12 V battery 19.96 kg -

12 V battery cables 0.33 kg -

AC home charging cable 2.33 kg -

AC public charging cable 2.16 kg -

Additional charging plug components 1.47 kg -

Charging plug 3.42 kg -

DC-DC converter 1.8787+ 0.0070 Ubatt,nom 75 %

DC-DC converter supports 0.65 kg -

Fuse box 1.11 kg -

HV cables: AWD / non AWD vehicles 9.30 kg / 4.13 kg -

HV charger 5.3459+ 0.1097 Ebatt,is 62 %

Inverter 9.13 kg -

Inverter supports 2.74 kg -

LV wiring −71.1687+ 0.0345 L101 62 %

Other LV components 4.22 kg -

Table E.9: Mass models for the accessories module. Based on [28].

Component Equation or constant value R2

Advanced driver assistance systems 1.03 kg -

Adaptive cruise control (if present) 0.37 kg -

Blind spot monitoring (if present) 0.5 kg -

Key-less entry (if present) 0.25 kg -

Lane-keeping support (if present) 0.18 kg -

Night vision camera (if present) 1.02 kg -

Park assist (if present) 0.43 kg -

Pedestrian warning 0.79 kg -

Phone connectivity (if present) 0.4 kg -

Spare tire (if present) −0.0758+ 0.6628 mwheel 78 %

Toolbox (if spare tire not present) 3.34 kg -

Toolbox (if spare tire present) 5.25 kg -

Tow hitch system (if present) 21.66 kg -

Trunk opening assist (if present) 0.24 kg -
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F Verification and Validation

This chapter provides additional information about validating the LDS (Section F.1), tire model
(Section F.2), battery model (Section F.3), and architecture tool (Section F.4).

F.1 Longitudinal Simulation Validation

To simulate the VW ID.3 in the LDS, the vehicle is parameterized. Table F.1 summarizes the
most important values used for the parametrization.

Table F.1: LDS parameters for simulating the VW ID.3

Parameter Value Description

m 1820 kg Empty mass (no driver), measured before the roller dynamometer analysis

t0−100 7.3 s Acceleration time from 0 kmh−1 to 100 kmh−1 [213]

vveh,max 160 kmh−1 Maximum vehicle speed [213]

cd 0.26 Aerodynamic drag coefficient. Value set as described by [231]

cr 0.0095 Rolling resistance coefficient; estimated with the model of Moller [160]

Paux 0.2 kW Auxiliaries power. Measured during the roller dynamometer analysis

igb 11.53 Transmission ratio [214].

Tires 215/45 R20 Mounted tire variant

The following additional information is required to perform the validation step:

• The coefficients cd and cr are used to model the driving resistances. More informa-
tion is specified in [153, p. 10].

• Energy consumption was measured at the battery output and does not include
internal battery losses. Therefore, in the simulation of the ID.3, the battery losses
are set to zero.

• From the analysis of the ID.3 measurements, it appears that the vehicle does
not activate recuperation mode (independent of the driving cycle) when the ve-
hicle speed is below 4 kmh−1. In the LDS, this limit is not considered. The error
introduced by this simplification is negligible since the extra energy that can be
recuperated in the cycle parts below 4 kmh−1 is below 100 W h.

• Paux describes the onboard power system. It does not include air conditioning or
passenger cabin heating power since these were deactivated during the cycle
measurements.
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F.2 Tire Validation

Table F.2 shows the vehicles used to validate the tire model (Subsection 4.2.1). The dataset
is created from the A2mac1 database and contains only BEVs. When possible, the vehicle
model series according to the ADAC nomenclature is given. For the Tesla Model 3 LR RWD
and the BMW i3 120 Ah (RE), there are no ADAC model series since these particular models
are not available on the European market. The same vehicles are also used in the gravimetric
component modeling validation (Section 4.3).

Table F.2: Dataset used to validate the tire and vehicle mass modeling.

Manufacturer ADAC model series Model

Audi e-tron (GE) (ab 03/19) e-tron 55 quattro

BMW n.a. i3 120 Ah (RE)

Hyundai Kona (OS) Elektro (ab 08/18) Kona (64 kWh)

Jaguar I-Pace (X590) (ab 10/18) I-Pace EV400 AWD

Kia e-Niro (DE) (ab 12/18) e-Niro (64 kWh)

Mercedes EQC (293) (ab 06/19) EQC 400 4MATIC

Nissan Leaf (ZE1) (ab 01/18) Leaf (40 kWh) Tekna

Opel Ampera-E (07/17-06/19) Ampera-E

Peugeot e-208 (II) (ab 01/20) e-208 GT

Polestar 2 Launch Edition (06/20 - 07/20) 2

Renault Zoe (ab 10/19) Zoe R135

Tesla n.a. Model 3 LR RWD

Tesla Model X (ab 06/16) Model X P90D

Tesla Model Y (ab 01/21) Model Y Performance

Tesla Model S (08/13 - 04/16) Model S 60

VW Golf (VII) e-Golf (04/17-05/20) e-Golf VII (Facelift)

VW up! e-up! (11/13 - 06/16) e-Up!

VW ID.3 Pro Performance (58 kWh) (09/20 - 11/20) ID.3 Pro Performance

F.3 Traction Battery Validation

In the vehicle architecture tool, the user does not have to specify the cell dimensions and can
let the filling algorithm identify them in dependency of the available battery space. To identify
the optimal cell dimensions, the filling algorithm varies the cell size (Figure F.1) within given
empirical ranges (Table F.3).

For the prismatic cells, the defined cell height scell,z does not consider the cell connections since
their required installation space is already accounted for in the term dcell,mod in Table D.4. For
pouch cells, when considering cell length (denoted as scell,x in Figure F.1), the cell connections
are excluded as well. In this case, the required installation space for the cell connections is
considered by the package factors.
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Figure F.1: Definition of cell width, height, and length. The x-axis points opposite to the driving direction.

Table F.3: Cell ranges for the vehicles contained in the battery dataset. Based on [101, pp. 88-89].

Cell type scell,x scell,y scell,z

Pouch 266 mm-513 mm 9 mm-14 mm 97 mm-101 mm

Prismatic 148 mm-280 mm 28 mm-79 mm 82 mm-125 mm

Cylindrical 18 mm-21 mm 18 mm-21 mm 65 mm-70 mm

F.4 Vehicle Architecture Tool Validation

Table F.4 - F.6 list the inputs required to simulate the validation dataset (Section 4.4). Apart from
the inputs, the tables list the empty vehicle mass, battery energy, tire dimensions, and WLTP
consumption. These values are not required as inputs, but are used for validation purposes.

Regarding vehicle consumption, the values listed by the manufacturers cannot be directly used
for validation. The LDS does not model charging losses, which are included in the official
consumption values (Appendix C). For a comparison with the LDS results, a correction is
required. This is achieved by inverting Equation (C.1) and imposing ESTP as the net battery
energy given by the manufacturer and RWLTP,comb as the listed range in WLTP. This yields an
estimation of the consumption that does not include charging losses and that is denoted as
Cons. in WLTP (calculated) in Table F.4 - F.6.

The validation vehicles can be equipped with different tire and rim combinations. In most cases,
different rim diameters are available with the same tire width. In this case, the base rim size is
chosen. For some vehicles, the highest rim size can be represented only with wider tires. Since
the tire width also influences battery space, the author selects the widest tire combination for
these vehicles since it is the critical one for the definition of the battery space.
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Table F.4: Main inputs of the validation dataset (Part 1/3).

Variable BMW i3s VW ID.3 62 kWh VW ID.3 77 kWh

General

Model series in ADAC i3s (120 Ah) [223] Pro Perf. 1st max [213] Pro S 5 seats [224]

Model year 2019 2020 2020

Length (L103) 4006 mm [261] 4261 mm [262] 4261 mm [262]

Wheelbase (L101) 2570 mm [261] 2771 mm [262] 2771 mm [262]

Width (W103) 1791 mm [223] 1809 mm [262] 1809 mm [262]

Height (H100) 1570 mm [261] 1552 mm [262] 1552 mm [262]

Number of seats 4 [261] 5 [213] 5 [224]

Body type Hatchback Hatchback Hatchback

Tire dimensions 195/55 R201 215/45 R20 [213] 215/50 R19 [224]

Tire type Extra load Extra load Extra load

Drag coefficient cd 0.29 [229] 0.26 [231] 0.26 [231]

Mass and payload

Empty mass (without driver) 1290 kg [261] 1737 kg [263] 1850 kg [263]

Payload (with passengers) 440 kg [261] 533 kg2 450 kg2

Performance requirements

Acceleration time 6.9 s [261] 7.3 s [262] 7.9 s [262]

Maximum vehicle speed 160 kmh−1 [261] 160 kmh−1 [262] 160 kmh−1 [262]

Range in WLTP 283 km [261] 423 km [263] 551 km [263]

Cons. in WLTP (calculated) 13.39 kWh/100km 13.71 kWh/100km 13.97 kWh/100km

Traction battery

Integration principle Highfloor Highfloor Highfloor

Battery shape Rectangular Rectangular Rectangular

Net battery energy 37.9 kW h [261] 58.0 kW h [262] 77.0 kW h [262]

Cell type Prismatic Pouch Pouch

Electric machine and gearbox (front axle / rear axle)

Drive unit configuration - / Figure B.1a - / Figure B.1a - / Figure B.1a

Number of machines - / 1 - / 1 - / 1

Machine type - / PMSM - / PMSM - / PMSM

Gearbox type Parallel axles Parallel axles Parallel axles

Transmission ratio - / 9.67 [240] - / 11.53 [214] - / 11.53 [214]

Further remarks

Used for cell type study
(Section 5.1)

No No Yes

Used for C2B study
(Section 5.2)

No No Yes

Used for optimization study
(Section 5.3)

No No Yes

1 The table lists the tire size at the rear axle. At the front axle, smaller tires are used [261]
2 Estimated from the difference between empty and gross mass given in [263]
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Table F.5: Main inputs of the validation dataset (Part 2/3). The parameters marked with * are retrieved
directly from A2mac1 and cannot be disclosed.

Variable Jaguar I-Pace Tesla Model 3 Tesla Model 3 LR

General

Model series in ADAC I-Pace EV 400 [225] Model 3 SR Plus [226] not available

Model year 2019 2020 2018

Length (L103) 4682 mm [264] 4694 mm [265] 4694 mm [265]

Wheelbase (L101) 2990 mm [264] 2875 mm [265] 2875 mm [265]

Width (W103) 2011 mm [264] 1849 mm [265] 1849 mm [265]

Height (H100) 1566 mm [264] 1443 mm [265] 1443 mm [265]

Number of seats 5 [264] 5 [265] 5 [265]

Body type SUV Sedan Sedan

Tire dimensions 255/40 R22 [264] 235/45 R18 [265] 235/45 R18 [265]

Tire type Extra load Extra load Extra load

Drag coefficient cd 0.29 [82] 0.23 [233] 0.23 [233]

Mass and payload

Empty mass (without driver) 2208 kg [264] 1611 kg [265] 1726 kg [265]

Payload (with passengers) 537 kg [264] 443 kg [265] 443 kg [265]

Performance requirements

Acceleration time 4.8 s [225] 5.6 s [226] 5.1 s [226]

Maximum vehicle speed 200 kmh−1 [225] 225 kmh−1 [226] 225 kmh−1

Range in WLTP 470 km [264] 409 km [265] 560 km [230]

Cons. in WLTP (calculated) 18.42 kWh/100km 13.89 kWh/100km 13.89 kWh/100km

Traction battery

Integration principle Highfloor Highfloor Highfloor

Battery shape Drop shape Drop shape Drop shape

Net battery energy 86.6 kW h [264] 50 kW h1 77.8 kW h [230]

Cell type Pouch Cylindrical Cylindrical

Electric machine and gearbox (front axle / rear axle)

Drive unit configuration Figure B.1c / Figure B.1c - / Figure B.1a - / Figure B.1a

Number of machines 1 / 1 - / 1 - / 1

Machine type PMSM / PMSM - / PMSM - / PMSM

Gearbox type Planetary / Planetary - / Parallel axles - / Parallel axles

Transmission ratio 9.06 / 9.06 [82] * / * * / *

Further remarks

Used for cell type study
(Section 5.1)

No No No

Used for C2B study
(Section 5.2)

No No Yes

Used for optimization study
(Section 5.3)

No No Yes

1 Own calculation. Estimated by scaling the net energy and the number of cells [247] of the Model 3 LR [230].
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Table F.6: Main inputs of the validation dataset (Part 3/3). The parameters marked with * are retrieved
directly from A2mac1 and cannot be disclosed.

Variable Tesla Model Y Audi e-tron

General

Model series in ADAC Model Y Perf. AWD [227] e-tron 55 quattro [228]

Model year 2021 2019

Length (L103) 4751 mm [266] 4901 mm [228]

Wheelbase (L101) 2890 mm [266] 2928 mm [228]

Width (W103) 1921 mm [266] 1935 mm [228]

Height (H100) 1624 mm [266] 1629 mm [228]

Number of seats 5 [266] 5 [228]

Body type SUV SUV

Tire dimensions 275/35 R211 265/45 R21 [267]

Tire type Extra load Extra load

Drag coefficient cd 0.23 0.28 [242]

Mass and payload

Empty mass (without driver) 2066 kg [266] 2520 kg [228]

Payload (with passengers) 340 kg2 575 kg [228]

Performance requirements

Acceleration time 3.7 s [227] 5.7 s [228]

Maximum vehicle speed 241 kmh−1 [266] 200 kmh−1 [228]

Range in WLTP 480 km [227] 405 km [228]

Cons. in WLTP (calculated) 15.63 kWh/100km 21.23 kWh/100km

Traction battery

Integration principle Highfloor Highfloor

Battery shape Drop shape Drop Shape + 2nd level

Net battery energy 75 kW h [227] 86 kW h [267]

Cell type cylindrical pouch

Electric machine and gearbox (front axle / rear axle)

Drive unit configuration Figure B.1a / Figure B.1c Figure B.1b / Figure B.1a

Number of machines 1 / 1 1 / 1

Machine type IM / PMSM IM / IM

Gearbox type Parallel axles / Parallel axles Parallel axles / Planetary

Transmission ratio * / * 9.0 / 9.2 [83]

Further remarks

Used for cell type study
(Section 5.1)

No No

Used for C2B study
(Section 5.2)

Yes No

Used for optimization study
(Section 5.3)

No Yes

1 The table lists the tire size at the rear axle. At the front axle, smaller tires are used [266]
2 Estimated from the difference between empty and gross mass given in [266]
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This chapter provides additional information for the interpretation of the results discussed in
Chapter 5. Section G.1 provides the plots for the parametric study discussed in Section 5.1.
Section G.2 documents the assumptions used for the C2B strategy simulation (Section 5.2).
Finally, Section G.3 documents additional plots of the optimization described in Section 5.3.

G.1 Impact Assessment: Cell Type

In Section 5.1, a parametric study was performed to assess the impact of the external dimensions
on a VW ID.3. The ID.3 is electrified using pouch and cylindrical cells as well as different drag
coefficients. The results of the parametric study are summarized in Table 5.2. The table considers
four different cases: pouch variant, cylindrical variant with cd=0.26, cylindrical variant with
cd=0.23, and cylindrical variant with cd=0.20. The first two variants are represented graphically in
Figure 5.2. The remaining cylindrical variants with cd=0.23 and cd=0.20 are shown in Figure G.1.
Since the pouch case was identified as the variant with the highest range, it is also represented
as reference in Figure G.1.
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(b) External dimensions vs. consumption in WLTP

Figure G.1: Impact of the external dimensions. The x-axis shows the change in external dimensions
while the y-axis shows the corresponding impact on vehicle range and consumption.

The only difference between the two cylindrical variants in Figure G.1 is the cd value. A change
in cd does not impact the vehicle architecture mass and the battery energy. The cylindrical
variant with cd=0.20 has a better range due to its lower consumption (Figure G.1b). However,
the attainable range mostly remains below the values obtained by the pouch variant. The only
exception, where the cylindrical variants outperform the pouch variant in terms of range, is when
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H100 is increased by 20 mm. In conclusion, a sole improvement of cd is not sufficient to reach
the same ranges as the pouch variant.

G.2 Assumptions for the C2B Strategy Simulation

There is little information regarding the C2B strategy since it is not available on the market yet.
For the modeling in the tool, a set of assumptions regarding battery dimensional chains, package
factors, mass savings, and energy density is required. Figure G.2 highlights the differences
between the highfloor and the C2B principle.

Crash structure 

Internal crash structuresBattery housing Battery cells

Body in White
Z

X
Y

(a) Highfloor integration principle of the Tesla Model 3 and Model Y (21700 cell format).

Battery cells

Body in WhiteCrash structure 

Battery housing

Z

X
Y

(b) C2B integration principle for future Tesla models (4680 cell format).

Figure G.2: Highfloor vs. C2B integration principle. The figure shows the BIW and the battery. The
x-direction points opposite to the driving direction.

First of all, to model the C2B strategy, the battery dimensional chain components (Table D.4)
are modified as shown in Figure G.3. The upper cover is no longer needed since the battery is
integrated directly into the BIW. The module housings are eliminated, which further increases
the usable space along the z-direction. Nevertheless, the dimensional chain element describing
the module housing (denoted as Module housing in Figure G.3) is not set to zero, but to a value
of 2 mm, which considers the space required by the cell-to-cell interconnects. The component
Air in Figure G.3 represents the clearance between the battery cover and the top of the module
housing. In the case of the C2B strategy, this space is occupied with a filler. It is assumed that
the height of this clearance remains unchanged. With these adjustments, it is possible to fit the
4680 cells in the same battery space as the 21700 cells.

Second, the C2B allows packing the cells more densely, meaning that the package factors have
to be corrected. For this scope, the Tesla Model 3 battery is taken as reference. Along the driving
direction, the inactive space is occupied by the cooling pipes and the electrical connections
between the modules. The assumption is made that these components are also required for
a C2B strategy and Kpack,x is set equal to the Tesla Model 3. Along the y-direction, consistent
adjustments are required: the Tesla Model 3 has internal crash structures between the modules
(Figure G.2a). However, with a C2B strategy, the internal crash structures are not required
anymore (Figure G.2b) and the usable space along the y-direction increases. To calculate the
Kpack,y improvement, the internal crash structures of the Tesla Model 3 are measured in A2mac1
and the package factor is corrected. This leads to an improvement of Kpack,y from 0.89 to 0.95.
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Figure G.3: Comparison between the dimensional chain of a Tesla Model 3 (with 21700 cells, values
from Table D.4) and the dimensional chain used for the C2B simulation (with 4680 cells).

Third, the mass saving obtainable with a C2B strategy must be estimated. The savings resulting
from the module’s elimination are considered by adjusting the cell to module factor Kcell2mod

(Table E.7). The Kcell2mod factor models the mass increase due to electrical connectors inside
the modules, cooling plates, and module housings. A benchmark analysis of the Tesla Model 3
shows that, if the module housings are eliminated, Kcell2mod can be improved from 1.14 to 1.06.
Furthermore, the 10 % saving on the frame, which was declared by Mr. Musk during the Tesla
Battery Days [235], is estimated using the equations presented in Subsection 3.5.1. For the
vehicles considered in the parametric study, the frame mass ranges between 300 kg and 400 kg.
Therefore, independent of the considered vehicle, a mass saving of 35 kg (10 % of the mean
value of the frame mass range) is assumed.

Finally, the energy density improvement of the 4680 format has to be quantified. During the
Tesla battery days, the energy of the 4680 cells in comparison to the 21700 was described
with the following statement: "So when we put it all together and go to our new 80 mm length
[. . . ] we get five times the energy and six times the power" [235]. According to this statement,
4680 cells should have five times the energy of the 21700. However, they also have approx. five
times the volume. Therefore, it is assumed that the volumetric energy density does not change
with the new cell format. The same assumption is also used for the gravimetric energy density.
Consequently, the vehicles analyzed in the parametric study are simulated with the density
values listed in Table 5.1.

G.3 Integration Principle Optimization

This section provides further plots of the optimization of the reference vehicles VW ID.3 (Fig-
ure G.4 and G.5), Tesla Model 3 (Figure G.6 and G.7), and Audi e-tron (Figure G.8 and G.9).
The figures also show the original value of the reference pouch (denoted as a white square) and
cylindrical (denoted as a white circle) variant. For the H30-2, the original values are retrieved
from the A2mac1 database and cannot be disclosed.
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(e) Battery net energy vs. cell height

Figure G.4: Overview of the pareto fronts and some of the tool outputs for the VW ID.3. These results
are obtained with a population size of 300 over 30 generations.
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Figure G.5: Overview of the main design variables for the optimal configurations of the VW ID.3. These
results are obtained with a population size of 300 over 30 generations.
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(d) Range vs. cell height
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Figure G.6: Overview of the pareto fronts and some of the tool outputs for the Tesla Model 3. These
results are obtained with a population size of 300 over 30 generations.
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Figure G.7: Overview of the main design variables for the optimal configurations of the Tesla Model 3.
These results are obtained with a population size of 300 over 30 generations.
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(d) Range vs. cell height
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Figure G.8: Overview of the pareto fronts and some of the tool outputs for the Audi e-tron. These results
are obtained with a population size of 300 over 30 generations.
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Figure G.9: Overview the main design variables for the optimal configurations of the Audi e-tron. These
results are obtained with a population size of 300 over 30 generations.
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