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Abstract: Dimensional chains are the basis for testing the feasibility of vehicle architectures in the
early development phase since they allow for parametrical vehicle modeling. Parametrical modeling
is employed in the early development of the vehicle in order to enable the estimation of the space
available for powertrain components. For battery electric vehicles (BEVs), new dimensional chains
have increased relevance because of the geometrical interdependencies between the traction battery
and the passenger compartment. The passenger compartment and traction battery share the same
position in the vehicle, i.e., between the axles, which leads to a conflict between these two components.
Furthermore, the passenger compartment dimensions are needed to size components like heating,
ventilation, and air conditioning (HVAC), the energy consumption of which in turn influences
the required battery capacity. In order to describe these interdependencies, we identify a set of
dimensional chains and derive a passenger compartment volume estimation model that can be
employed in the early development phase of the vehicle design. We further analyze the single
elements of the dimensional chain and present typical values for each element.

Keywords: geometrical interdependencies; battery space; passenger compartment dimensional chains

1. Introduction

The new European Union (EU) CO, regulations [1] are forcing manufacturers to gradually
introduce electric vehicles into their fleet. This powertrain electrification is a long-term strategy that
allows manufacturers to comply with the imposed EU emissions standards.

The architecture design of battery electric vehicles (BEVs) represents a challenging task for
manufacturers. It takes place during the early development phase, when engineers have to define
the outer dimensions and the characteristics of the vehicle [2] (p. 10). The importance of this step
can be explained using the Pareto principle. Eighty percent of the vehicle will have already been
defined during about 20% of the development time [3]. Therefore, the results of this phase are
crucial for the further concept development steps. The central component of BEV-architectures is the
traction battery, which usually represents the largest and heaviest component of the electric powertrain.
In most of the existing electric vehicles, the battery is placed between the front and rear axle [4].
This position corresponds to that of the passenger compartment, thus creating an interdependency
between passenger compartment and battery.

Multiple approaches exist in the literature for modeling the passenger compartment and the battery
space. The modeling of the passenger compartment’s dimensions is intensely researched by Miiller [5]
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and Raabe [6]. Both authors focus on modeling dimensions and geometrical interdependencies
within the passenger compartment, but only consider combustion engine vehicles. Mau et al. [7,8]
present a list of parametric models, which can also be applied to estimate the passenger compartment
dimensions. Nevertheless, these models do not consider the presence of a traction battery. Kuchenbuch
et al. study the interdependencies between driver’s seat configuration and battery installation
space for BEVs [9] (p. 82). The author focuses on the derivation of driver’s comfort angles and
position but does not present a set of dimensional chains to fully describe the passenger compartment.
Similar methodology can also be found in [10]. Felgenhauer models the seating position of the driver
in order to derive the available space at the vehicle front [2] (pp. 51-52). He only considers the
first seat row and not the entire compartment because his model focuses on the front part of the
vehicle. Tzivanopoulos et al. model how future vehicle requirements and innovations impact the
vehicle interior [11] (pp. 669-682). He describes the passenger compartment and the ergonomic
interdependencies of the interior layout [11] (p. 673). Nevertheless, the author does not consider the
traction battery and focuses on other types of innovations, such as steer-by-wire. Stefaniak et al. [12,13]
create a digital mock-up (DMU) for the derivation of battery installation space for electric vehicles.
Starting from the main dimensions of the vehicles, the DMU derives the possible installation space of
the battery and optimizes its cell orientation. The DMU does not model the volume of the passenger
compartment, and many passenger compartment measures appear to be required as inputs.

None of the aforementioned authors offers a complete overview of the interdependencies between
the battery and the passenger compartment. Some authors model the compartment precisely but do
not consider the battery. Others consider the battery but do not fully model the passenger compartment
dimensions and volume. All the models presented are difficult to reuse since the authors only briefly
show their own methods without providing all the values which are required to use the models.
The aim of this paper is to study the interdependencies between the passenger compartment and
the battery space, to model the volume of the compartment itself, and to derive each geometrical
interdependency on the basis of real vehicle data evaluation. We further provide all of the results from
our analysis, thus allowing the methods presented in this paper to be reused. We will use these results
in future research in order to model the effects of the passenger compartment volume on the heating,
ventilation, and air conditioning (HVAC) power and to further model the corresponding required
battery capacity for the HVAC components. This step has not been considered by any of the authors
cited above.

To define the aforementioned interdependency between passenger compartment and battery,
we start from the vehicle external dimensions. The vehicle external dimensions are employed as
input in various parametrical models for the early vehicle development design [2] (p. 26), [14] (p. 68),
and [15]. The total vehicle height (H100, Figure 1) belongs to the main vehicle’s external dimensions.
The driver’s required space is derived using dimensional concept measures, as will be shown in the
following sections. The vehicle’s ground clearance (Figure 1) can be modeled using existing standards
and norms [16-18]. Subsequently, subtracting the driver required space and the ground clearance from
the H100, it is possible to derive the available battery space in Z-direction (Figure 1). Let us suppose that
an increase of the driver headroom AL is required, for example, due to higher comfort requirements.
In order to maintain the required vehicle’s height, the headroom increment AL results in an equal
loss of battery space in the Z-direction. A loss AL in the Z-direction causes a greater volume loss
(and consequently installable battery capacity loss) than an equal loss in the X- or Y-direction (Figure 1),
so we will focus mainly on the Z-direction. Furthermore, the increased headroom AL leads to a higher
passenger compartment volume. This volume increase causes secondary effects such as higher energy
consumption by the HVAC system. BEVs are particularly affected by the HVAC system because the
latter can reduce range dramatically at low and high temperatures [19] (p. 7). In order to achieve the
same required range, the battery capacity has to be enlarged, thus increasing its volume. This creates
a conflict between required battery space and required passenger compartment space. To quantify
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the secondary volume effects caused by the passenger compartment on the battery (and vice versa),
the relevant geometrical relationships between these two components need to be identified.

| Passenger compartment volume

H100

Vehicle start

Ground line

Figure 1. Geometrical correlation between passenger compartment and battery for the Z-direction.

This paper opens with a description of the relevant standards and methods for defining the
passenger compartment layout. We then present the identified dimensional chains (in the X-, Y-,
and Z-directions) that describe the passenger compartment. Whereas the X- and Y-chains are needed for
the passenger compartment volume estimation, the Z-chain is relevant to both the compartment volume
estimation and the description of its geometric dependence with the battery. Given the dimensional
chains in the Z-direction, we derive a method for quantifying the battery space starting from a given
vehicle height. We subsequently implement a model for estimating the passenger compartment volume
combining all the identified chains. We will use these results in future publications to model the
effects of passenger compartment volume on the HVAC and then link the HVAC power demand to
the required battery capacity, thus quantifying all of the secondary effects between the passenger
compartment and battery.

2. Materials and Methods

A vehicle architecture is defined by its main features of dimensional concept, topology, components,
and dimensional chains [20]. For the scope of this paper, the relevant features are dimensional concept
and dimensional chains.

The dimensional concept represents one of the first steps of the vehicle architecture design.
It consists of two main tasks [20]:

e  Modeling of internal and external vehicle dimensions. Examples include the main vehicle
dimensions like overhang, wheelbase, as well as passenger compartment dimensions such as
driver’s headroom [21] (pp. 34).
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e  Modeling of legal requirements. Examples include the driver’s field of vision [22] (p. 38) or the
vehicle’s ground clearance.

Figure 2 shows an illustrative representation of some dimensional concept measures.
Various standards exist for the dimensional concept definition. In this paper, we use the standards
defined by the Society of Automotive Engineers (SAE). A comprehensive description of each dimension
shown in this paper can be found in the following standards SAE J1100 [23], SAE J826 [24], and SAE
J4002 [25].

Figure 2. Some of the most important measures for the dimensional concept [26].

The use of dimensional chains for the definition of the dimensional concept is widespread [27] (p. 3).
To link the dimensional concept’s measures, dimensional chains employ geometrical relationships.
Equation (1) shows a simplified example of a geometrical relationship between the dimensional
concept’s measures of Figure 2. Using this elementary relationship, it is possible to derive the vehicle’s
total length (L103) from its overhangs (L105 and L104) and wheelbase (L101).

L103 =L104 + L101 + L105 @

2.1. Database and Conventions Employed

For the derivation of the dimensional chains, we employ the a2mac1 database [28]. The information
contained in the database includes general vehicle data (external and internal dimensions) and
component data (components dimensions, weights, and volumes). Despite the goal of creating a model
for BEVs, the database mainly contains internal combustion engine vehicles (ICEVs) because the
number of electric vehicles on the market is still low. This factor represents no falsification for the
model since most of the dimensional concept measures do not change between BEVs and ICEVs.

Following the data collection, we categorize it according to two main variables, which are the
vehicle frame-form and the coupling between the first and second row of seats.

Regarding the frame-form (or body style) vehicles can be categorized in groups such as hatchback,
sedan, van, and sport-utility-vehicles (SUV) [29] (p. 143). The relevant body styles in the scope of this
paper are hatchbacks, sedans, and SUVs since the collected data does not provide enough vehicles for
the other categories.

The coupling [24] (p. 12) defines the legroom between the first and the second row of seats in
X-direction. Its classification takes place according to the interference between the backside of the front
seat and the leg of the manikin in the second row of seats [24] (p. 17). There are three possibilities:

e  Short coupling: Interference between the leg of the manikin in the second row of seats and the
front seat.
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e  Standard coupling: Ankle angle (A46, Figure 3) of the manikin in the second row of seats smaller
than 130°. No interference with the front seat.

e Long coupling: Ankle angle (A46, Figure 3) of the manikin in the second row of seats bigger than
130°. No interference with the front seat.

5th H-point

Figure 3. Main dimensions and angles for the description of the driver’s legroom.

Following data collection and categorization, we generate a database containing 121 vehicles.
The dimensional chains presented in the following sections are categorized according to the chain’s
main direction. For the definition of the main directions, we use the reference system shown in Figure 2.

2.2. Dimensional Chain in the X-Direction

The dimensional chain in the X-direction describes the passenger compartment’s length.
To implement this chain, it is necessary to identify the reference points that describe the driver’s
legroom. These points are: the accelerator heel point (AHP), the ball of the foot (BOF), and the hip point
(H-point) [23] (p. 22). Figure 3 shows the aforementioned reference points and the main dimensions of
the driver’s leg and foot. Regarding the position of the reference points, we consider the AHP and
BOF to be fixed since they are defined by the accelerator pedal in its unpressed state. On the other
hand, the H-point position can vary according to the seat position. The latter can be adjusted both in
the X- and the Z-direction, which causes a corresponding shift of the H-point. The area that describes
all the possible positions of the H-point is the H-point travel path (Figure 3). To better understand the
H-point travel path, we have to discuss its correlation with the leg and foot dimensions.

Regarding the dimensions of the driver’s leg and foot, different manikin sizes exist and are defined
by the SAE [24] (p. 9). These sizes are employed in order to describe various population groups.



World Electric Vehicle Journal 2020, 11, 39 6 of 19

The common sizes are the 95th percentile male manikin and the 5th percentile female manikin [30]
(p. 360). These standards mean that the male manikin is bigger than 95% of the male population,
while the female manikin is smaller than 5% of the female population. The upper edge of the travel
path connecting points 1 and 2 (Figure 3) is the 5th percentile line and is used to position the female
manikin. The male manikin is usually placed on the lower edge connecting points 4 and 5 (Figure 3)
on the 95th percentile line. The H-point travel path has to be positioned so that there is at least one
point on the 5th percentile line where the female manikin is able to reach the pedals, and one point
on the 95th percentile line where the male manikin has enough legroom to sit in the car. In so doing,
the H-point travel path ensures that all people smaller than the 95th percentile manikin and bigger
than the 5th percentile manikin can be accommodated in the vehicle and can reach the pedals. Point 3
in Figure 3 is the Seating Reference Point (SgRP). The SgRP is usually employed as a design point by
the manufacturers. This point does not have a fixed standardized position inside of the travel path,
and like the dimensions of the travel path, its position is usually manufacturer-dependent. Point 5 is
the rearmost, lowest point of the path (95th H-point) and represents the limit for positioning the 95th
percentile manikin.

Using these reference points, we can define the required dimension to describe the driver’s
legroom. In the scope of this paper, we use H30-1, which defines the vertical distance between AHP
and the SgRP projected on the Z-direction, and L53-1, which defines the distance between the BOF and
SgRP projected on the X-direction. Referring to these measures at the 95th H-point results in the lowest
feasible H30 (H30-min, Figure 3) and the maximal feasible L53-1 (L53-1-max, Figure 3). To uniquely
define leg and foot position, we also need the ankle angle (A46), the pedal plane angle (A47), and the
knee angle (A44). In Figure 3, the represented knee angle corresponds to the angle which results from
positioning the 95th percentile driver’s leg at the 95th H-point.

The modeling of the driver’s legroom requires choosing a manikin size as well as a H-point
among all possible points inside of the travel. We use the 95th percentile manikin size positioned at the
95th H-point as shown in Figure 3. Therefore, the measures used in the next steps are the L53-max
and the H30-min. Choosing this point for the modeling allows us to position the seat travel path to
guarantee that the 95th percentile manikin fits into the passenger compartment.

After choosing an H-point position and a manikin size, the relationships between L53-1-max and
the other measures have to be identified. These are purely geometrical interdependencies, and given
the correct number of parameters, it is possible to exactly calculate L53-1-max. Based on the angles in
Figure 3, we define the angles A and B using Equations (2) and (3).

A = (180° — (A46 — 6.5°) — A47) )

B = (A46 — 6.5° — Add + A4Y) 3)

Subsequently, we can express the L53-1-max as in Equation (4). In this equation, the lower leg
length is abbreviated as Ll-1, the thigh length as T-1, the barefoot height as FH, and the distance between
ankle point and AHP as BFL.

L53-1-max = cos(180° — A47 — atan(FH/BFL)) x (FH? + BFL?)*® + LI-1 x cos(A) + T-1 X cos(B)  (4)

To reduce the number of inputs, the ankle angle (A46) can be set to 87° according to [25] (p. 30).
Furthermore, it is possible to approximate the pedal angle A47 with the H30-min. The equation which
describes this interdependency is presented in [25] (p. 16).

The L53-1-max does not consider the foot dimensions. The required foot space in X-direction
depends on the foot plane angle and the length of the foot itself. The foot length (FL in Figure 3) has
a fixed value of 203 mm [24] (p. 7), so we can express its projection in the X-direction, FLX, as follows:

FLX = 203 X cos(A47) (5)
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Subsequently, combining Equations (4) and (5), we derive the SAE measure L.99-1, which defines
the total legroom for the driver:
L99-1 = L53-1-max + FLX (6)

To derive the total passenger compartment length, it is necessary to also consider the second
row of seats. We employ the L50-2 measure for this purpose. The L50-2 is the distance between the
H-points of the first and the second row of seats projected in the X-direction. Regarding the second
row, the seats are usually not adjustable, which means that there is no H-point travel path and only one
possible H-point. Equation (7) shows how to derive the total passenger compartment length (L99-2).

L99-2 = L50-2 + L99-1 @)

L99-2 defines the distance between the BOF of the driver and the H-point of the second row of
seats projected in the X-direction. In case a third row is present, the passenger compartment length
(L99-3) can be calculated while adding the L50-3 measure (which defines the distance between the
second and third rows) to L99-2 (not shown in Figure 4).

95th H-point H-point-2

H30-min ] ' ) H30-2

4

FLX L53-1-max L50-2

L99-1

< > Ground line

Figure 4. Overview of the dimensional chain in the X-direction [26].

2.3. Dimensional Chain in the Y-Direction

The dimensional chain in the Y-direction describes the passenger compartment’s width measured
at the first row of seats. For the sake of simplicity, the width of the first and second rows are considered
to be identical. All the presented measures are defined at the SgRP position. For the definition of this
chain, we use the method presented in [7] (p. 597). Figure 5 shows the elements of the chain.
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W3-1 Vehicle center W117

SW16-1| |=mmmmdmmmm¥oee &

Figure 5. Overview of the dimensional chain in the Y-direction, based on [7] (p. 597).

The W20-1 measure defines the distance between the SgRP and the center of the vehicle. For ICEVs,
W20-1 varies according to the engine installation and topology. For example, in vehicles with
a longitudinal engine installation and a rear or all-wheel drive, the gearbox has to be placed in
the vehicle tunnel, which leads to a greater W20-1 than in a vehicle with transverse engine and
a front-wheel-drive.

In the case of BEVs, the gearboxes are much smaller, and the electric machine always has
a transverse installation [2] (p. 48), which means that there is no dependency between the tunnel
dimensions and the engine or gearbox position. On the other hand, the traction battery can influence
the tunnel dimensions. This occurs for a few BEVs and plug-in-hybrid vehicles where the battery is
fully or partially integrated into the tunnel. Regarding the former case, one example is the Volvo XC90
plug-in hybrid [31] (p. 4), which has a 9.2 kWh battery installed entirely within the tunnel [31] (p. 2).
The latter case applies to electrified vehicles with a T-shaped battery, e.g., the GM EV1 [32], the BMW
i8 [33], and the Rimac Concept One [34]. In these vehicles, the battery is mounted in the tunnel and
under the second row of seats. This strategy permits a form of integration which does not influence
the total vehicle height. Nevertheless, the usable space is lower than with a rectangular battery
shape. Furthermore, since the battery tunnel extends through the entire passenger compartment, it can
represent an obstruction for a fifth passenger in the second row of seats. In fact, all of the three vehicles
referred to above have either two or four seats. It has been shown in previous research [4] (p. 3) that,
with respect to purpose design vehicles, most manufacturers (Audi, BMW, Polestar, Tesla, Volkswagen)
utilize a rectangular battery placed in the vehicle underbody. Cases in which the battery is placed in
the tunnel are unusual for purpose design vehicles and will not be further considered in the scope of
this paper.

The width of the seat is defined using the SW16-1 measure, and the distance between the seat
and door is defined using the WG-1 measure [7] (p. 597). Adding the door thickness (DT) at the SgRP
height, it is possible to derive the vehicle width W117 at the first row of seats, as in (8).

W117 = 2 X (W20-1 + WG-1 + DT) + SW16-1 8)
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Since the focus of this paper is defining the passenger compartment size, the SAE W3-1 standard
is more adequate than the W117. This is defined as in (9).

W3-1=W117 -2 x DT )

2.4. Dimensional Chain in the Z-Direction

These dimensional chains describe the passenger compartment’s height. These chains are
particularly important for describing the interaction with the traction battery. We identify two
dimensional chains, one for the first row of seats and one for the second. For the sake of simplicity,
we consider both the total vehicle height and the heel point height to be identical in both seat rows.
Figure 6 further illustrates the elements of the chain.

95th H-point

H100

H156 *
S, Ground line
______ 2 . R
\ N
\ /
\ —
\ $ UFT e—\—
[T T
o CHI —
\ - UGT e g

Figure 6. Overview of the dimensional chains in the Z-direction [26].

The ground clearance between the axes (H156) is defined by various guidelines. Examples for
off-road vehicles include the light-duty truck (LDT) guideline [17] (pp. 85-87) in the US or the M1G
standard in the EU [16]. These guidelines do not apply to non-off-road vehicles. In the latter case,
there is no guideline either in Europe or in the U.S. Nevertheless, ground clearance standards do exist
which apply to all passenger cars, e.g., the Australian [35] and South Korean standards [36].

The underbody height (UH) varies according to the manufacturer and the installed cell geometry.
BEVs normally have a higher UH as ICEVs due to the required space for the traction battery. Given the
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cell height (CH), it is possible to derive the required UH using Equation (10), in which UFT is the
underfloor thickness, UGT is the underbody guard thickness, and PFZ the cell packaging factor in the
Z-direction. The latter represents the ratio between the CH and the battery height (BH). The PFZ has to
be derived empirically based on the evaluation of existing vehicles. One approach for the derivation of
packaging factors can be found in [37] (p. 65).

UH = UFT + UGT + CH/PFZ (10)

The height of the driver’s AHP results in the addition of UH and H156. Using this point, we can
derive the position of the 95th H-point. For this purpose, we need to calculate H30-min. H30-1 at
the SgRP is provided in most of the sources (including a2mac1), which means that H30-min has to
be derived from H30-1. This can be done by using the simplified H-point travel path presented in
Figure 3, as in Equation (11).

H30-min = H30-1 — (TH28 — TH33) (11)

We then add the maximum effective headroom H62 to H30-min. H62 denotes the driver’s required
space including the torso, head, and headroom (Figure 6). The size of the driver’s body parts is fixed
and standardized [24] (p. 9). H62 is defined along a line inclined by 8° from the Z-axis [23] (p. 52).
Finally, adding the roof thickness (RT), the total vehicle height H100 can be calculated as in (12).

H100 = H156 + UH + H30-min + H62 x cos(8°) + RT (12)

For the second row of seats, the SAE only defines an effective headroom (H61-2, Figure 6) and
not a maximum effective headroom (H62). Furthermore, as this row usually does not have adjustable
seats, no distinction between H30 and H30-min has to be made. Therefore, the H30 for this seat row is
simply defined as H30-2. This simplifies the derivation of the total vehicle height for the second row of
seats, as shown in (13).

H100 = H156 + H68 + H30-2 + H61-1 X cos(8°) + RT (13)

2.5. Definition of Passenger Compartment Volume

Finally, combining the previously presented dimensional chains, we derive an estimation model
for the passenger compartment volume (Figure 7). In this case, a 2D-representation is sufficient because
the dimension in the Y-direction is kept constant at the W3-1 value described in Equation (9).

To model the volume limits at the front windshield we use the field of vision defined by the
United Nations Economic Commission for Europe (UNECE). In the regulation R 125 [22], the UNECE
defines the terms and conditions for the driver’s field of vision. This regulation defines the position
in the X- (X-V2) and Z-directions (Z-V2) of the V2-point relative to the SgRP position [22] (p. 43).
The V2-point describes the position of the driver’s eyes. As shown in Figure 7, in order to guarantee the
driver’s field of vision, it is required that there is no obstruction in the field of vision plane which starts
from V2 and is inclined at a 4° angle with respect to the horizontal plane [22] (p. 43). This regulation is
ideal for modeling the vertical position of the windshield. Equation (14) defines the front height of the
volume (H-f) using the position of the V2-point, the foot length (FL), and other measures, which were
presented earlier hereinabove.

H-f = H30-1 + Z-V2 — [(X-V2 + L53-1-max + FL X cos(A47)) X tan(4°)], (14)
Equation (15) derives the total passenger compartment height (H-tot).

H-tot = H30-min + H62 X cos(8°) (15)
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Regarding the compartment length, there are three components: the rear length (L-1), the length
of the second row incision (L-in), and the total length (L-tot).

Lr -
Y ]
Field of view plane Torso plane Il
/
A
A4027 1\
BOF

Lot Z-V2 Hez H-point-2 II ]
SgRP / !

H-f ' \4 4
v : ‘ 4
4 4 % / r
Z \ '%\ ‘_‘/, u / /s

\J H30-1 i SL10-2 7
\ 9) H30-min N @/ H30-2
I N 95th H-point
A A A 4
- AHP L-in
L53-1-max . L50-2 ~

L-tot %

Ground line

Figure 7. Definition of the passenger compartment volume [26].

L-r starts from the 95th H-point for the driver and extends until the torso plane of the second row
of seats. The torso plane goes through the H-point of the second seat row and is inclined with respect
to the Z-axis at an angle, which corresponds to the torso angle of this row of seats (A40-2). We use
a typical value of 25° for the modeling of A40-2. Equation (16) depicts the formula for the derivation
of L-r.

L-r = L50-2 + (H-tot — H30-2) x tan(A40-2) (16)

The L-in is defined in order to model the space beneath the second row of seats. In some vehicles,
like the Audi e-tron, this space is used to install a second battery level [38] (p. 19), thus achieving
a higher battery capacity. For the definition of L-in we use the effective cushion depth at the second
seat row SL10-2, which defines the distance between the H-point and the front end of the cushion [23]
(p. 60). Using the measures introduced in the previous section, L-in is calculated as:

L-in = SL10-2 + [(H-tot - H30-2) X tan(A40-2)], (17)
Subsequently, using the previously calculated L-r, the L-tot is derived as:
L-tot = FL X cos(A47) + L53-1-max + L-r, (18)
Finally, the passenger compartment volume is set up via the components defined above:

V-tot = W3-1 X [((L-tot — L-in) x H-f) + (L-in X (H-tot — H30-2))
+ (L-r X (H-tot — H-f)) + 0.5 x ((L-tot — L-r) X (H-tot — H-f))]
3. Results

In this section, we present the results of our research. We conduct an evaluation of the individual
chain components, describing their typical values or deriving linear regressions for their modeling.
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In addition, we show how to model the space for the battery in the Z-direction and conduct a validation
of the passenger compartment’s volume model.

3.1. Results for the Dimensional Chain in X

Table 1 further illustrates the values derived for the measures of the dimensional chain in the
X-direction. The table lists the categorization applied to each measure, the number of samples (NoS),
the resulting mean value (p), the standard deviation (o), and the coefficient of variation (CoV). For the
derivation of L53-1-max as in Equation (4), the manikin dimensions and the angles A46 and A44 are
required. The manikin dimensions are documented in the SAE standards, so they are not listed in
the table. Regarding the ankle angle A46, the data analysis shows that the recommended value of
87° [25] (p. 30) corresponds to the values shown by the vehicles in our database. For the knee angle
A44, the data analysis shows a variation of between 120° and 135°; the database mean value is shown
in Table 1.

Table 1. Overview of the empirical values for the dimensional chain in the X-direction.

Name Category NoS p o CoV
Ad6 No category 113 87.1° 0.1° 0.1%
A44 No category 111 126.8° 3.7° 2.9%

L50-2 Short coupling 59 7792mm  41.6 mm 5.3%

L50-2 Standard coupling 27 828.1mm  32.6 mm 3.9%

TL28 No category 106 3029 mm  13.6 mm 4.5%
TL33 No category 107 2443 mm  16.3 mm 6.7%
SL10-2 No category 85 357.6 mm  18.3 mm 5.1%

For the derivation of L.99-2, we divided the vehicles according to their coupling, thus deriving three
different categories for the L50-2 measure (Table 1). The long coupling case only occurs in one vehicle
and is therefore negligible. Either standard or short coupling occurs in all of the remaining vehicles.

Table 1 also presents the horizontal components (TL28 and TL33) of the H-point travel path.
As mentioned earlier each manufacturer defines their own travel path dimensions. For the modeling,
we therefore derive an average travel path based on all of the travel paths in the database. The given
values of TL28 and TL33 can be used to model a realistic H-point travel path.

Using a constant value, we calculate the effective cushion depth of the second seat row SL10-2,
which is required for the volume calculation. The data analysis showed that a distinction between
frame-form is not statistically relevant, so we then considered all vehicles together.

The L53-1-max value is not listed in the table because it can be calculated using Equation (4).
To test the correctness of the formula, we validate it using our database. To do so, we first collect all of
the actual L53-1-max and H30-min values for each vehicle contained in the database. Subsequently,
we use the actual values of H30-min as an input for Equation (4), thus deriving a calculated value of
L53-1-max for each vehicle. To use Equation (4), we also need the values for A47 and A46. We model
A47 using the method presented in [25] (p. 16) and model A46 using the constant value presented in
Table 1. Finally, we compare the calculated values for L53-1-max with the actual values. To quantify
the deviation between the calculated and the actual values we use the mean absolute error (MAE)
and the normalized absolute error (nMAE). The MAE of the calculated values with respect to the
actual values is 25.9 mm. The actual values for L53-1-max are in the range from 800 mm and 1000 mm,
so a MAE of 25 mm is relatively low. The corresponding nMAE is 2.7%, so the calculated values have
a mean deviation of 2.7% from the actual values.

This deviation is caused by the fact that different vehicles have also different A44 and A46 values.
Our evaluation still shows that it is possible to model the legroom of the driver using only one input,
i.e., the H30-1, and with a relatively low error.
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3.2. Results for the Dimensional Chain in' Y

To evaluate the W20-1 measure we test its correlation with W117 and the engine installation.
As explained earlier in Section 2.3, we expect a dependency based on the engine installation. Therefore,
we divide the database into ICEV with a longitudinal engine, ICEV with a transverse engine and front
wheel drive, and BEVs. For the BEVs, we only consider purpose design vehicles. Table 2 shows the
resulting linear regressions. The linear regressions describing the ICEV with a transverse engine shows
parameters differing from the longitudinal engine case, which confirms the influence of the engine
installation. Furthermore, the parameters for the BEV regression are similar to the ICEV transverse
case. This result confirms that the W20-1 for BEVs can be modeled similarly to ICEVs with a transverse
engine. We also evaluate the W20-1 mean values for the three cases, which are further illustrated in
Table 3. The difference between transverse and longitudinal as well as the similarity between transverse
and the BEV case is evident in this evaluation as well.

Table 2. Derived linear regressions showing the correlation between W20 and engine installation.

Case Regression NoS R?

internal combustion engine yehlcles (ICEV), W20-1 = —72.60 mm. + 0.24 x W117 74 779%
transverse engine

ICEV, longitudinal engine W20-1 =19.23 mm + 0.19 x W117 18 56%
Battery electric vehicles (BEVs) (purpose design) W20-1 =107.17 mm + 0.26 x W117 6 76%

Table 3. Overview of the empirical values for the dimensional chain in the Y-direction.

Name Category NoS p o CoV

W20-1 ICEV, transverse 74 350.6 mm 16.6 mm 4.7%

W20-1 ICEV, longitudinal 18 380.1 mm 14.3 mm 3.8%

W20-1 BEVs 6 347.0 mm 20.0 mm 5.8%

SW16-1 No category 111 506.0mm  12.0 mm 2.4%
WG-1 No category 98 75.2 mm 13.6 mm  18.1%

DT No category 98 204.2 mm 16.9 mm 8.3%

Regarding the seat width SW16-1, we test different variables to find a correlation between vehicle
width and seat width. The evaluation does not show any statistically relevant correlation. Therefore we
derive a constant value for the seat width (Table 3). The derived value, 506.0 mm, is close to the 500 mm
minimum hip clearance suggested by [39] (p. 6).

All vehicles must respect minimal requirements regarding shoulder and elbow room. For this
reason, all vehicles have a similar WG-1, as confirmed by the relatively low standard deviation shown
in Table 3.

For the DT, we try to evaluate the correlation with W117. The results show a statistical correlation
between the two values evaluated using 98 vehicles. Although the corresponding R? is not particularly
high (53%), the correlation in Equation (20) can be used to derive a realistic door thickness.

DT = -100.89 mm + 0.17 x W117 (20)

Otherwise, it is also possible to use the constant value presented in Table 3.

3.3. Results for the Dimensional Chain in Z

Table 4 further illustrates the values for the measures of the dimensional chain in the Z-direction.
Regarding H156, we distinguish between SUVs and non-SUVs vehicles. We assume that all of the
SUVs vehicles have either an LDT or a M1G certification. According to [16] (pp. 62-63), [17], (p. 85),
one of the minimum requirements for the M1G and LDT classes is having a ground clearance of at least
200 mm between the front and the rear axle. The data evaluation shows that almost all SUVs (except for
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four vehicles) have a value higher than 200 mm, which confirms our supposition. The ground clearance
value of non-SUVs is lower than the one for SUVs. According to the South Korean Standard, all vehicles
must have at least 120 mm of ground clearance [36] (p. 6). This is the case for all non-SUV vehicles,
and the resulting mean value is listed in Table 4.

Table 4. Overview of the empirical values for the dimensional chain in the Z-direction.

Name Category NoS p o CoV
H156 SUVs 45 2374 mm  28.5mm 12.0%
H156 non SUVs 62 1746 mm  14.8 mm 8.5%
UFT No category 9 15.1 mm 8.7 mm 57.6%
UGT No category - - - -

H30-1 Hatchback 44 256.3 mm 233 mm 9.1%

H30-1 Sedan 15 2343 mm  12.8 mm 5.5%

H30-1 SUvV 44 301.2mm  28.0 mm 9.3%

H30-2 Hatchback 27 3289 mm 185 mm 5.6%

H30-2 Sedan 15 313.7mm 9.3 mm 3.0%

H30-2 SUvV 44 349.5mm 154 mm 4.4%
TH28 No category 103 83.6mm  11.2mm 13.4%
TH33 No category 103 59.0mm  9.2mm 15.6%
H62 Hatchback 27 912.8 mm 252 mm 2.8%
He62 Sedan 15 9144 mm 351 mm 3.8%
H62 SsUv 44 9282 mm 225 mm 2.4%

He61-2 Hatchback 27 848.3 mm 143 mm 1.7%

H61-2 Sedan 14 8549 mm 24.0 mm 2.8%

H61-2 SUV 39 876.2mm  20.0 mm 2.3%

RT No Category 46 45.7mm 94 mm 20.6%

The mean value of the UFT is evaluated using only BEVs and further illustrated in Table 4.
Regarding the UGT, we are unable to derive any value with our database. We expect that the range
and the mean value will be similar to the UFT. Regarding the PFZ, the cell type has to be taken into
account. Therefore, we analyze the existing BEVs and derive typical values for the PFZ. Table 5 shows
an overview of various vehicles and cell types. The package factors presented thereby only apply to
the Z-direction, and model the effective space loss for the cell due to the presence of other components,
e.g., the battery cover cooling plate, electrical wires; or module covers.

Table 5. Typical PFZ values for various vehicles and cell types.

Vehicle Model Year Cell Type Cell Packaging Factor in Z (PFZ)
Tesla Model X 2016 Cylindrical 18650 0.67
Tesla Model 3 2017 Cylindrical 21700 0.64
BMW i3 2019 Prismatic 0.72
Audi e-tron 2019 Pouch 0.67

To model the H30-1 at the SgRP, we divide the vehicles according to their frame-form and generate
three different constant values. We use the same categories as for H30-2, thus deriving three values.
The values for the H-point travel path in the Z-direction (TH28, TH33) are also shown in Table 4.
Together with the values presented in Section 3.1, it is possible to fully define the dimensions of the
H-point travel path. Combining H30-1, TH28, and TH33 it is possible to derive H30-min, as shown in
Equation (11).

Regarding the effective and the maximum effective headroom (H61-2 and H62), we divide the
data using the same criteria as for H30-1. The second seat row is always positioned higher than the
first, as shown from the difference between the mean values for H30-1 and H30-2. Because the height
of the vehicle at the first and second row of seats is similar, this results in a smaller headroom for
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the second row, as confirmed by the difference between H61-2 and H62. For the roof thickness (RT),
we suggest the value proposed by [40] (pp. 60-61).

As a final result for the dimensional chain in the Z-direction, we derive the formula describing the
maximum installable cell height starting from a given H100, as shown in Equation (21). The values for
the formula can be implemented using the results of Tables 4 and 5.

CH = (H100 — H156 — H30-min — H62 X cos(8°) — RT — UGT — UFT) x PFZ (21)

The maximum cell heightis proportional to the capacity of the battery itself. Therefore, Equation (21)
makes it possible to verify the influence of different passenger compartment values on the battery
space and the installable capacity.

3.4. Results for the Volume

To test the effectiveness of the volume estimation model, we follow the same procedure applied
to L53-1-max. Therefore, we collect all of the required parameters for Equations (14)—(19) from the
database and calculate the real volume for each vehicle in the database.

To derive the calculated volume for each vehicle, we define four cases with different inputs.
These are further illustrated in Table 6. In the first case, we use general inputs, i.e., H30-1 and W20-1.
Furthermore, the inputs frame-form (hatchback/SUV/sedan) and coupling (standard/short) are used to
select the corresponding constant values from Table 1, Table 3, and Table 4. For case 2, we also add the
H30-2 value as an input in order to better model the second row of seats. For case 3, we add the L50-2
value to the inputs so that the coupling is no longer required as an input. Finally, for case 4, we also
add the H62 value in order to exactly model the driver’s space in the Z-direction.

Table 6. Overview of the evaluated scenario and the corresponding inputs.

Case Case Input MAE nMAE
1 H30-1, W20-1, frame-form, coupling 1581 4.7%
2 H30-1, H30-2, W20-1, frame-form, coupling 1511 4.6%
3 H30-1, H30-2, W20-1, L50-2, frame-form 1301 3.9%
4 H30-1, H30-2, W20-1, L50-2, H62, frame-form 861 2.6%

As already done for L53-1-max, we derive a calculated volume for each case and each vehicle.
Subsequently, we compare the calculated volumes with the real volumes and quantify the deviation
with MAE and nMAE. The evaluation shows that, although case 1 requires a low number of general
inputs, it still has a MAE of 158 L, which corresponds to a nMAE of only 4.7%. For the other cases,
as the number of inputs increases, MAE and nMAE are also gradually lower.

This validation shows that, given a low number of inputs, it is still possible to achieve a satisfactory
volume estimation.

4. Discussion and Conclusions

The novelty of this paper is the presentation of a complete set of dimensional chains for the
passenger compartment and the simultaneous modeling of its interdependency with the battery space.
The presented models are all evaluated using real vehicle data, and the authors provide all of the
derived dimensional chain values. The latter approach permits usage of the method presented herein
for other tools and purposes.

With regard to the modeling, we first identify the essential dimensional chains for modeling the
passenger compartment volume. We compare different standards and derive a set of equations for the X-,
Y-, and Z-directions. With a particular focus on the Z-chain, we derive the geometrical interdependency
between battery and passenger compartment. In the scope of this paper, we only focus on the battery
because the interdependencies and dimensional chains of other components, e.g., the electric motor,
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have already been researched in [2]. Subsequently, by combining the dimensional chain we generate
an empirical model for estimating the passenger compartment volume. The following model validation
is comprised of two steps: derivation of the chain’s values, and validation of the chain’s precision.

For the derivation of the chain’s values, we employ our database and assign a typical value to
each chain’s measure. Whenever possible, we compare the derived values with the values prescribed
by the standards in order to ensure the accuracy of the values. The database contains mainly ICEVs.
However, this does not falsify our model because most of the elements of the dimensional chains are
similar between BEVs and ICEVs. The elements in which a certain difference between ICEVs and BEVs
is to be expected, e.g., underbody height (UH) and W20-1, are assessed separately by considering
only BEVs. In addition, the database is implemented in the form of a dynamic database, as presented
in [20] (p. 6), thus permitting the data to be continuously updated. By way of this implementation, it is
possible to add new BEVs to the database and automatically update the models, thus ensuring that the
dimensional chains are always up-to-date.

Regarding the model evaluation step, the L53-max model shows a low nMAE when implemented
using only one simple input, the H30-min. The L53-max value accounts for more than half of
the passenger compartment length and is therefore relevant to the volume estimation. The accuracy
observed with just one required input enables utilization during early vehicle development. The volume
estimation model has a low nMAE, and is therefore, also suitable for use in the early development
phase. As shown in Table 6, the user can decide which input variables to use, which gives the model
a high degree of flexibility.

In the upcoming investigation, we will use the volume derived from the volume estimation model
as an input for an HVAC model. The HVAC model will be derived from a given passenger compartment
volume, the required power for heating, ventilation, and air conditioning. We will then model the
correlation between HVAC power demand and battery capacity requirements, thus correlating increases
of HVAC power demand in corresponding increases battery required capacity, and, therefore, battery
required space. In this way, we will be able to describe the effects of an increase or decrease in passenger
compartment volume on the battery both geometrically (through the dimensional chains presented in
this paper) and physically (through new HVAC requirements).
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