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Abstract

With the increasing complexity of electrical and electronic (E/E) components in modern
powertrains, functional safety requires more systematic assessment methods. This paper
presents a simulation-based approach for automated Hazard Analysis and Risk Assessment
(HARA) of battery electric vehicles in accordance with ISO 26262. The method combines
operational-situation parameters, including vehicle speed, road surface, vehicle gap, and
road inclination, to define a structured set of hazardous events. Severity, Exposure, and
Controllability are evaluated using rule-based criteria, including a dedicated Controlla-
bility rule set for longitudinal motion hazards. Quantitative erroneous acceleration and
deceleration thresholds associated with different ASILs are derived using a bisection search
algorithm, enabling quantifiable and testable safety goals. Comparison with manual HARA
reveals systematic biases: low speed does not necessarily imply improved Controllability
due to shorter vehicle gaps, while Severity may be underestimated at low speeds because
of high instantaneous electric-machine torque. The maximum ASIL is often identified
similarly by simulation and experts, whereas lower-ASIL hazardous events may lack con-
sistency and coverage in manual HARA. As a practical application, the approach can be
integrated into existing automotive safety workflows as a HARA support tool, improving
the consistency of lower-ASIL events while allowing engineers to focus on maximum
ASIL cases.

Keywords: functional safety; ISO 26262; automotive; HARA; hazard; ASIL; hazard analysis;
risk assessment

1. Introduction

Functional safety has become a fundamental aspect of modern automotive develop-
ment, driven by the increasing complexity of electrical and electronic (E/E) systems. The
current state of the art is defined by ISO 26262 (latest edition 2018) [1], which establishes
a comprehensive framework for ensuring functional safety throughout the entire vehicle
lifecycle. Central to this framework is the dedicated safety V-cycle, which complements
the conventional development process and ensures systematic consideration of functional
safety from concept to production and operation.

At the concept phase, Hazard Analysis and Risk Assessment (HARA) plays a key
role in identifying potential hazards, estimating associated risks, and determining the
required Automotive Safety Integrity Levels (ASILs). These ASILs directly influence the
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necessary safety measures and development effort, making HARA a critical starting point
for safety-driven system design.

Functional safety considerations are particularly important for battery electric vehicles
(BEVs), where new types of hazards arise due to high-voltage battery systems, electric
drive units, and their associated thermal management systems. In the context of motion-
related hazards, electric powertrains differ fundamentally from conventional combustion
engine systems. Electric motors can generate both high positive and negative torque
almost instantaneously over a wide operating range, whereas combustion engines provide
only limited negative torque beyond passive drag. Consequently, HARA for BEVs must
explicitly account for the possibility of unintended and uncontrolled application of both
positive (acceleration) and negative (deceleration) torque.

There is a high level of complexity arising from numerous hazards and operational
situations, each of which is traditionally assessed manually. This can lead to inconsistencies
due to incomplete coverage of operational situations, insufficient consideration of relevant
powertrain parameters, and consequently inaccurate ASIL determination. In addition, the
process frequently relies on expert-based assessment methods with limited support from
quantitative or data-driven evaluation metrics. As a result, analysts tend to assess hazards
conservatively, which can lead to over-specified safety requirements [2]. Furthermore,
various capabilities of different vehicle platforms cannot be adequately assessed through
manual analysis. For instance, the torque-speed characteristics of electric machines in
BEVs typically exhibit decreasing maximum torque at higher speeds, which can limit the
magnitude of unintended torque and thereby influence the criticality of certain hazardous
events. Such effects are usually not considered in manually performed HARA, which may
lead to an overestimation of ASIL. To address these limitations and improve repeatability
and consistency, data-driven, simulation-based HARA approaches have been introduced.
However, they predominantly focus on lateral hazards [3] or automated driving func-
tions [4,5], particularly addressing insufficient vehicle deceleration. Furthermore, some of
these approaches focus only on operational situations with high exposure in order to target
the highest ASIL classifications [6]. Other approaches simplify the assessment of driver
interaction and mitigation potential by conservatively assuming worst-case conditions [7].
In addition, some methods rely on detailed vehicle parameters and the availability of
high-fidelity vehicle models [8]. Consequently, such simulation-intensive approaches are
mainly suited to later development stages when detailed system parameters are avail-
able, supporting re-evaluation and refinement of existing ASIL. Furthermore, emerging
artificial intelligence (Al)-based approaches, particularly those using generative Al, may
offer promising opportunities for ASIL determination [9,10]. However, such methods often
require large representative datasets, may provide limited transparency, and can be difficult
to justify in the context of ISO 26262.

This paper addresses the identified limitations by proposing a methodology for
the automated HARA of longitudinal motion hazards, such as unintended acceleration
and deceleration, which are often neglected in simulation-based analyses despite their
varying ASIL classifications reported in the literature [11-13]. The approach combines
multiple operational situations to ensure comprehensive coverage of relevant driving
conditions and their interactions and introduces rule-based evaluation of all relevant
ASIL-determining parameters. Vehicle behavior is simulated in MATLAB/Simulink
2025b under both nominal and fault conditions, including diverse fault injections with
varying torque levels, rather than assuming only maximum torque. The proposed
method explicitly quantifies erroneous acceleration and deceleration, extending the
analysis beyond conventional ASIL classification. Furthermore, the approach is applica-
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ble both to the entire powertrain and to individual vehicle functions with a restricted
Operational Design Domain (ODD).
The main contributions of this paper are:

e A simulation-based approach for automated HARA of longitudinal motion hazards in
BEVs, enabling consistent and structured analysis across the entire HARA.

e A rule-based evaluation of ASIL-determining parameters.

e Identification of erroneous acceleration and deceleration, leading to distinct
ASIL classifications.

This represents a methodological advancement in HARA because the analysis is not
limited to a small number of critical operational situations. Instead, a large number of
hazardous events are assessed consistently across multiple scenario parameters, ensur-
ing that the impact of each factor is considered throughout the HARA. By combining
transparent rule-based ASIL evaluation with bisection-based estimation of acceleration
and deceleration thresholds, the proposed approach enables a broader and more repro-
ducible assessment than is typically achieved in manual HARA. It also differs from existing
simulation-based approaches by not being restricted to selected operational situations,
conservative worst-case assumptions, or detailed vehicle models. This makes it particularly
relevant to early concept phases, enabling an initial assessment of hazard criticality and
associated vehicle dynamics. Furthermore, unlike data-driven and Al-assisted methods, it
does not require representative training datasets and retains deterministic and traceable
assessment logic.

This paper is structured as follows. Section 2 provides the necessary background
on ISO 26262, with a focus on HARA and the relevant ASIL-determining parameters.
It also reviews existing research on the estimation of these parameters in simulation-
based approaches. Section 3 presents the proposed methodology. Section 4 applies the
approach to two BEVs of different performance classes, namely the Tesla Model 3 and the
Volkswagen ID.3 and analyzes the results in comparison with literature values. Section 5
demonstrates the application of the approach to selected vehicle function with a restricted
ODD, such as traffic jam assist, highlighting its support in defining functional limitations
and ODD boundaries. Section 6 discusses the main biases and inconsistencies identified
through the comparison between manual HARA and simulation-based HARA, examines
the advantages and limitations of the proposed approach, and discusses its integration into
existing automotive safety workflows. Section 7 concludes the paper by summarizing the
main findings and contributions and outlining directions for future work.

2. State of the Art

In this section, the relevant background is presented. First, the ISO 26262 standard is
introduced, and the relevant concepts and clauses related to HARA and ASIL determina-
tion are described. Subsequently, methods for estimating ASIL-determining parameters
are reviewed.

2.1. Functional Safety for Road Vehicles

ISO 26262 addresses the functional safety of E/E systems in road vehicles across
the entire product lifecycle, from concept to decommissioning. A key activity in the
concept phase is HARA, which systematically identifies hazards, evaluates relevant
operational situations, and assesses the associated risks. Figure 1 illustrates the overall
HARA process.
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Figure 1. Schematic process of the HARA.

Hazards are defined as potential sources of harm caused by malfunctioning system
behavior. Typical examples include vehicle motion hazards such as unintended vehicle
acceleration due to excessive torque. In addition to qualitative descriptions, hazards can
also be defined quantitatively, for example by specifying threshold-based criteria for unsafe
behavior [14]. ISO 26262 lists structured methods such as Hazard and Operability Study
(HAZOP) as suitable techniques to support hazard identification.

For each identified hazard, relevant operational situations are determined, describing
scenarios that may occur during vehicle operation. Hazardous events are then defined
as the combination of a hazard and an operational situation. Each hazardous event is
evaluated in terms of Severity (S), Exposure (E), and Controllability (C), which represent
the potential harm, the likelihood of occurrence, and the ability to avoid or mitigate the
event, respectively. These factors are categorized into discrete classes, with Severity ranging
from S0 to S3, Exposure from EQO to E4, and Controllability from CO to C3. Based on these
parameters, the ASIL is determined using the ISO 26262 risk matrix. The ASIL (A-D)
defines the required rigor of subsequent safety measures, while QM indicates that standard
quality processes are sufficient. If multiple operational situations result in different ASILs
for the same hazard, the highest ASIL shall be assigned. Based on the resulting ASIL, safety
goals are derived to define the top-level safety requirements for preventing or mitigating
the corresponding hazardous events.

Manual HARA is inherently limited by a lack of objectivity, as key parameters are
typically assessed qualitatively and depend strongly on individual expertise and judgment.
As a result, different engineers may assign significantly different risk classifications for
the same hazardous event. Approaches such as independent reassessment by a second
team have been proposed to mitigate bias but remain resource-intensive and still show
discrepancies in the results [15]. Empirical studies further highlight this variability. Both
inexperienced and expert engineers exhibit inconsistencies in HARA outcomes, with
expert assessments additionally influenced by experience-driven biases [16]. Rule-based
approaches improve consistency, but ASIL classifications still vary across evaluators and
are often application-specific [17].

2.2. Severity and Controllability Estimation Approaches for HARA

To support Severity assessment in HARA, ISO 26262: Part 3 (Annex B) recommends
the use of medical injury severity classifications, such as the Abbreviated Injury Scale (AIS),
Maximum AIS (MAIS), or Injury Severity Score (ISS). However, mapping specific driving
scenarios to these scales still relies heavily on expert judgment. To improve consistency,
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several studies use crash data to relate injury outcomes to collision characteristics for
pedestrians and vehicle-to-vehicle accidents [18-22].

Quantitative approaches aim to estimate Severity based on measurable parameters,
although this remains challenging due to interdependencies between influencing factors [2].
A common approach, also reflected in SAE ]J2980 [23], relates injury severity to the change
in velocity of the vehicle during a collision, which serves as a key indicator of crash severity.
This metric captures both vehicle dynamics and physical properties, is supported by
statistical analyses of crash data [19,20,24], and is adopted in HARA approaches for Severity
estimation [25]. Relative collision speed (closing speed) is widely applied as an indicator of
collision Severity [22,26,27], while some simulation-based approaches incorporate collision
impulse as a measure of momentum transfer [6,8]. In addition, absolute vehicle speed at
impact is considered in [3], and, in certain cases, collision direction is included to refine
Severity classification [7,21].

Controllability can be assessed using empirical data, simulation or vehicle tests, as
well as expert judgment, as suggested in SAE J2980 [23]; in practice, this is typically realized
through driving-simulator studies, real-world data, or reference examples provided in
ISO 26262. Quantitative approaches estimate Controllability based on measurable parame-
ters; however, the assessment remains challenging due to driver behavior variability and
differences across use cases. Time-to-Collision and driver reaction time are commonly
used as indicators to evaluate the available time for intervention [4,5,8,17,28]. In addi-
tion, vehicle dynamics parameters—including acceleration or deceleration and vehicle
speed—are commonly considered to assess the ability to avoid or mitigate hazardous
events [8,17]. Other approaches consider parameters such as distance to obstacles [17],
as well as lateral deviation and yaw rate for specific maneuvers [6]. Furthermore, the
Point-of-No-Return (PoNR) can be used as a criterion to define the boundary between
controllable and uncontrollable situations [29].

2.3. Exposure Estimation of Combined Operational Situations

For Exposure assessment, ISO 26262 and VDA 702 provide guidance and representa-
tive examples [30]; however, these are limited to single-factor operational situations and do
not address the evaluation of combined conditions. As a result, Exposure estimation for
combined operational situations largely depends on engineering judgment, with limited
guidance on handling dependencies between contributing factors.

Quantitative approaches based on probability estimation face significant challenges.
While VDA 702 and SAE J2980 suggest combining probabilities under assumptions of
independence, such assumptions are rarely valid in practice, as contributing factors are
often correlated. Moreover, the required probabilistic data are typically unavailable, and
simplistic combinations may lead to unrealistic or underestimated Exposure values [31,32].
Existing studies either rely on expert judgment for combined scenarios [33] or propose the-
oretical, data-intensive methods that are difficult to apply in practice [34,35]. Other works
highlight the combinatorial complexity of systematically combining multiple factors and the
associated data requirements, which limit applicability in real-world development [32,35].

3. Materials and Methods

This section presents the proposed simulation-based methodology for quantitative
HARA of BEVs. The methodology consists of three main steps. First, combined operational
situations are defined based on relevant contributing factors, such as initial vehicle speed,
road surface, initial vehicle gap, road inclination, and collision type. Second, Severity and
Controllability are evaluated using rule-based criteria, including a dedicated Controllability
rule set for longitudinal motion hazards. Third, a bisection-based threshold search is
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applied to derive quantitative erroneous acceleration and deceleration boundary values
associated with different ASILs. Together, these steps enable a structured and reproducible
assessment of longitudinal hazards across a broad range of operational situations.

3.1. Operational Situation Description

As stated in SAE J2980, an exhaustive analysis of all possible combinations of contribut-
ing factors is not required; instead, it is sufficient to consider representative operational
situations, including those that lead to the highest ASIL. However, the decision regarding
which operational situations are relevant for a particular hazard and which are likely to
result in the highest ASIL is inherently subjective, susceptible to personal bias, and strongly
dependent on the engineer’s experience.

In this work, the exhaustive combination of contributing situational factors is adopted.
To avoid the issues identified by Weitzel [31]—in particular the artificial limitation of the
ASIL caused by multiplying low-probability situational factors—this study applies a lowest
Exposure approach. For a set of contributing factors with individual Exposure ratings E;,
the Exposure of the combined operational situation is defined as the lowest Exposure rating
among these factors, as shown in Equation (1).

Eopsit. = min(E;) 1)

The use of the lowest Exposure approach is based on interpreting combined opera-
tional situations as logical AND combinations. Since all conditions must occur simultane-
ously, the combined situation cannot be more frequent than the least frequent contributing
factor. This approach is conservative with respect to a full probabilistic combination; for ex-
ample, a combination of two independent E2 factors will still be classified as E2. However,
it avoids the need to model complex statistical dependencies between situational parame-
ters. Furthermore, the only required inputs for estimating Exposure in this method are the
Exposure ratings of the contributing factors, which can be obtained from sources such as
ISO 26262-3 or the VDA 702 situation catalogue. This makes the approach practical for real
automotive applications where representative fleet data may not be available. Instead of
debating probabilities and potential correlations between contributing factors, engineers
can focus on assigning Exposure ratings, which is an inherently more manageable and
transparent process. More advanced aggregation techniques, such as probabilistic combina-
tion [32] or fuzzy logic [36], could also be applied if suitable data or justified assumptions
are available.

To enable simulation-based analysis, operational situations are represented quantita-
tively through parameters describing relevant contributing factors. Exposure classifications
and corresponding parameter values—such as initial vehicle speed, road surface condition
(dry, wet, snow) represented by friction coefficient, lighting conditions (daylight, dark-
ness) reflected in driver reaction time, and road inclination (flat, moderate, steep)—are
systematically derived in accordance with VDA 702. To account for collisions involving
different types of road users (e.g., vehicles or pedestrians), distinct Severity mappings are
applied. As no harmonized specification exists for quantifying inter-vehicle distance in
HARA, the vehicle gap for Exposure class E4 is assumed to be proportional to vehicle speed
and defined as the distance travelled within 2 s. Reduced gaps, representing tailgating as a
form of reasonable misuse, are defined relative to this reference as 40% (E3) and 20% (E2).

It should be noted that choosing appropriate categories for relevant contributing
factors is essential to avoid artificially lowering the Exposure. Splitting a contributing factor
into overly specific subcategories or single values could lead to an unjustified reduction in
Exposure, since a single value occurs less frequently than the broader category to which it
belongs. Thus, contributing factors should be defined at a suitable level of abstraction.
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3.2. Hazardous Event Analysis

Each operational situation, combined with a specific hazard (i.e., unintended accel-
eration or deceleration), defines a hazardous event that is simulated and evaluated with
respect to Severity and Controllability. Fault injection is implemented by modifying the
propulsion torque relative to the nominal operating point of the electric machine. The
powertrain characteristics are considered such that the maximum available drive torque
decreases with increasing vehicle speed. Vehicle resistances are accounted for, capturing
environmental influences on vehicle dynamics.

Following fault injection, vehicle dynamics are simulated. For Severity estimation, a
worst-case assumption is applied, neglecting driver reaction and thus leading to a collision
with a preceding vehicle or pedestrian. As shown in Figure 2, maximum torque injection
results in peak vehicle acceleration, which subsequently decreases with rising vehicle
speed due to reduced available tractive force. For small torque deviations, the resulting
acceleration is low, leading to a slow increase in vehicle speed and potentially long times to
collision.

Operating point
z ® Failure
¥ Collision

a1

i
&

Acceleration [m/s?]

v

(@)
o

25 50 75 100 125 150 175 200
Vehicle speed [km/h]

Figure 2. Unintended acceleration simulation for Severity estimation.

The collision speed is used to determine the Severity class of the hazardous event,
as illustrated in Figure 3. Depending on the collision scenario—either a collision with a
pedestrian or a rear-end collision with another vehicle—different Severity classification
rules are applied. The threshold values are derived from informative examples in ISO
26262 [1] and statistical accident and injury data [18,19,21]. They represent one possible set
of values and may be adapted or replaced based on alternative data sources.

Collision Collision with Collision with
occurred? A pedestrian another vehicle

Start <> J J
no J X

Severity SO 0 10 20 30 40 50 60
Collision speed [km/h]

»n
N W

yes

wn
—_

Severity [-]

W
(@)

Figure 3. Severity estimation rule set.

A separate simulation is performed to determine the Controllability class. In this case,
driver reaction is considered by assuming full braking after a defined delay following fault
injection. It is important to distinguish between driver reactions to unintended deceleration
and unintended acceleration, as they rely on different perception mechanisms. In the case of
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unintended deceleration, the driver of the malfunctioning vehicle is generally unable to ac-
tively mitigate the hazard; instead, the response is required from the following driver, who
reacts primarily based on visual perception of the preceding vehicle’s behaviour (e.g., brake
lights or decreasing distance) [37]. In contrast, for unintended acceleration, the response
must be provided by the driver of the affected vehicle, who does not perceive the hazard
visually but rather through vehicle motion, such as unexpected acceleration forces [38]. As
illustrated in Figure 4, following fault injection, the vehicle speed initially increases during
the driver’s reaction time and then decreases once full braking is applied. The road surface
condition, represented by the friction coefficient, determines the maximum braking force
that can be transmitted to the road. Consequently, depending on the operational situation,
the driver may or may not be able to avoid a collision.

< 80 =
£ o P
5 &
§ 40 ié
2 2 =
I
= 0 1 2 3 4 5 6 7

— Vehicle speed (W)  —— Vehicle gap (ptpgn) Time [s]

— — Vehicle speed (1) — — Vehicle gap (Wow)

; Collision

Figure 4. Unintended acceleration simulation for Controllability estimation.

ISO 26262 defines Controllability as the ability of the driver to regain sufficient control
of a hazardous event to avoid harm. In this work, Controllability is evaluated based on
whether a collision can be avoided by full braking while maintaining the intended driving
path. If collision avoidance can be achieved through braking alone, controllability class
C2 is assigned in accordance with ISO 26262-3, Annex B. If full braking is insufficient and
additional steering is required to avoid the collision, the event corresponds to Controllability
(3, as steering maneuvers represent a more demanding driver response. Figure 5 illustrates
the rule set used for Controllability classification.

Collision
avoidable by driver?

Start <> Controllability C2
Yes, by

Yes, by braking
steering
Controllability C3

Figure 5. Controllability estimation rule set.

Alternative driver interventions, such as shifting to Neutral, are not considered for
the Controllability estimation. While shifting to Neutral may be effective in vehicles with
an internal combustion engine, where it can mechanically interrupt the power flow to
the wheels, Neutral in BEVs is typically implemented as an electronic request within the
propulsion control system. Therefore, its effectiveness cannot be assumed if the propulsion
control path is already affected by the malfunction that caused the hazardous event.
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A limitation of the proposed approach lies in the analysis of very low erroneous
electric machine torques, which result in minor accelerations. The perception of such low-
intensity unintended vehicle motions is difficult to describe within this modeling approach,
as not all drivers may detect or correctly interpret these subtle deviations. Therefore,
these cases are excluded from further analysis, as they are likely to correspond to lower
Controllability classes.

3.3. Erroneous Acceleration Analysis

ASIL determination is commonly performed by assuming maximum fault magnitudes
to evaluate worst-case conditions. However, it is also relevant to assess whether lower levels
of erroneous torque result in comparable ASIL classifications. This enables a more detailed,
quantitative characterization of hazards and supports subsequent verification of safety
goals using measurable physical quantities, such as vehicle acceleration or deceleration.

For a given operational situation, the initial vehicle speed and initial vehicle gap are
fixed, while the preceding vehicle maintains the initial speed. The velocity of the affected
vehicle is calculated as follows:

Vego(t) = Vo+ derr * t. (2)
The preceding vehicle maintains the initial velocity:
Vtront () = o. 3)
The resulting relative velocity is therefore expressed as follows:
Urel (£) = Vego(t) — Vtront (t) = derr * £. (4)
The corresponding position of the affected vehicle is calculated:
Sego(t) = vo * t + % Sy (5)
For an initial vehicle gap dy, the preceding vehicle position is given by:
Stront(t) = do 4 vg * £. (6)

The remaining vehicle gap is obtained from the difference between the two positions:

1
d(t) = Sfront(t) - Sego(t) =do— ) * derr * 2. ()

A collision occurs when the remaining gap becomes zero:

2%d
feol = 0 . (8)

Aerr

Accordingly, the relative collision speed is obtained by evaluating the relative velocity

Vool = ferr * Feol = /2 * derr * d. 9)

An increase in erroneous acceleration therefore results in a higher relative collision

at the collision time:

speed. Thus, Severity can be expressed as a nondecreasing function of the erroneous
acceleration depr:

Aerr,1 < Aerr,2 = OUcolerr,1 < Ucol,err,2 = S(aerr,l) S S(aerr,Z)' (10)
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Similarly, the Controllability is nondecreasing with increasing erroneous acceleration.

In the simulation, the driver applies full braking after a fixed reaction time ¢,. Provided that

no collision occurs before the fixed reaction time t,, the relative velocity at the beginning of
braking is obtained:

Urely = ferr * ty. (11)

At the same time, the remaining vehicle gap is calculated:
1 2
d, =dy— 5 * derr * 15 (12)

Thus, increasing erroneous acceleration results in a higher relative velocity and a
smaller remaining gap when the driver begins braking. Since the same full-braking inter-
vention is applied for a fixed operational situation, these less favorable initial conditions
reduce the possibility of avoiding the collision:

Aerr,1 < Aerr,2 = C(aerr,l) < C(”err,Z)- (13)

With a constant Exposure level for a given operational situation, the resulting ASIL
classification is also nondecreasing with increasing erroneous acceleration.

Aerr1 < Aerr2 = ASIL(aerr,l) < ASIL(aerr,Z)- (14)

The monotonicity of S(aerr), C(derr), and ASIL(derr) allows the determination of
boundary values of erroneous acceleration at which the classification changes. For each
ASIL g, the corresponding boundary is defined as the minimum erroneous acceleration
that results in at least this ASIL:

all) = inf{aerr € [0, Aerrmax] | ASIL(derr) > q}. (15)
Since ASIL(aerr) is nondecreasing, the boundary values ag@ can be efficiently determined
using a bisection search. The search starts with an interval [alow,Orﬂhigh,O} =10, aerr’max},
where ay,,, ;. denotes the lower bound (not reaching ASIL q) and apjgp, x the upper bound
(reaching or exceeding ASIL q) at iteration k.
In each iteration k, the midpoint is computed as

Aow k + Ahigh,k
i = E T, (16)

If ASIL(amigx) > q, the upper bound is updated as fhighk+1 = Amid k; Otherwise, the

lower bound is updated as oy k+1 = Amid k- Lhis process is repeated until the interval
(9)

width falls below a predefined tolerance of 0.05 m/s?, yielding the boundary value ael;,
which approximates the erroneous acceleration at which the ASIL classification changes.

As an example, Figure 6 presents the resulting boundaries for Severity (a), Control-
lability (b), and ASIL (c) for unintended acceleration, considering operational situations
with varying initial vehicle speed, while all other parameters are fixed, namely a safe
vehicle gap (E4), wet road surface (E3), no road inclination (E4), and vehicle-to-vehicle
collision (E1-E4, depending on the initial vehicle speed). The boundary curves indicate the
erroneous acceleration values at which a transition to a higher Severity class, Controllability
class, or ASIL occurs.
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S1

S =P, N W ks O,

[

v

0 25 50 75 100 125 150 175 200
Initial vehicle speed [km/h]

(a)

Erroneous acceleration [m/s?]

c3 — C3

2

v

0 25 50 75 100 125 150 175 200
Initial vehicle speed [km/h]

(b)

Erroneous acceleration [m/s?]
O = N W = O

I'\ ASIL A

0 25 50 75 100 125 150 175 200
Initial vehicle speed [km/h]
(c)

Figure 6. Severity (a), Controllability (b), and ASIL (c) boundaries for unintended acceleration as a
function of initial vehicle speed, with fixed parameters (safe gap (E4), wet surface (E3), no slope (E4),

SO = N W bk O

v

Erroneous acceleration [m/s?]

vehicle-to-vehicle collision).

The decrease in Severity with increasing vehicle speed can be explained by the corre-
sponding increase in vehicle gap, which is defined as proportional to vehicle speed. As
a result, lower erroneous accelerations can lead to similar collision speeds. In contrast,
Controllability decreases at lower vehicle speeds, as the driver has less time to react and
avoid a collision through braking. The shaded region below an erroneous acceleration
of 1 m/s? indicates a range that is excluded from the analysis, as Controllability cannot
be reliably determined with the proposed approach. This limitation results from the un-
derlying Controllability assessment method, which evaluates whether a collision can be
avoided through full braking. However, such a driver reaction may not be appropriate
for low-intensity unintended vehicle motions, as not all drivers may perceive or correctly
interpret these subtle deviations. Consequently, a reliable assignment of Controllability
classes cannot be ensured for these scenarios. The ASIL boundaries reflect the combined
influence of the observed Severity and Controllability trends. In the considered operational
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situations, the maximum Exposure is limited to E3 due to the wet road surface. At very
high vehicle speeds, the resulting ASIL decreases as Exposure is further reduced (towards
E2 and E1), leading to lower overall risk classifications.

Stationary situations, as shown in Figure 6, are excluded from the present analysis
because they require different considerations regarding driver state and controllability.
At a standstill, the driver may be outside the vehicle or seated in the vehicle but not
attentive to the external environment, making the assessment of perception and reaction
capability highly scenario-dependent. Such events are typically addressed under the
separate hazard category of unintended propulsion from stationary [39] and are therefore
considered outside the scope of this approach.

It is demonstrated that the torque-speed curve, which is determined by the available
torque and power of the electric powertrain, is a decisive factor for the ASIL differences
between vehicles with different performance capabilities. A reduction in the torque-speed
curve leads to lower achievable acceleration values. As a result, the regions corresponding
to higher Severity and Controllability classes, such as S3 and C3, become smaller or
may no longer be reachable for a less powerful powertrain. This is also reflected in the
resulting ASIL classification. In particular, Figure 6c shows that even a moderate change in
powertrain performance can shift the resulting classification, for example, from ASIL C to
ASIL B for the unintended acceleration hazard.

The same analysis can be applied to unintended deceleration by considering negative
values of erroneous acceleration. In this case, a larger magnitude of deceleration results
in stronger unintended braking, which correspondingly influences the resulting collision
conditions and the derived Severity and Controllability classifications. In contrast to
the analysis of unintended acceleration, the driver of the malfunctioning vehicle is not
assumed to perform an additional reactive braking action, since the vehicle is already
decelerating. Instead, the relevant avoidance action is attributed to the driver of the
following vehicle, who may initiate braking once the abrupt deceleration of the preceding
vehicle becomes perceptible. Since this reaction depends on visual perception of the
preceding vehicle, visibility conditions may affect reaction time and thus the Controllability
of the hazardous event. Therefore, lighting conditions, such as driving in daylight (E4) or
at night without residual light (E3) according to VDA 702, can be considered contributing
factors in combined operational situations.

4. Results

This section presents the application of the proposed simulation-based HARA method-
ology. First, the obtained results are compared with a manual HARA to identify agreement,
as well as potential assessment biases and inconsistencies. Second, the simulation-based
HARA results of two BEVs with different performance characteristics are compared and
analysed. Finally, the methodology is applied to a Traffic Jam Assist function to demon-
strate how the approach can support the definition of target ASILs for torque-determining
vehicle functions. All simulation parameters and settings used in this study are provided
in Appendix A.

4.1. Comparison Between Manual and Simulation-Based HARA

The proposed simulation-based approach was applied to the Tesla Model 3 [40], which
features an electric powertrain with a single-speed transmission. A manually conducted
HARA for light motor vehicles [39] served as a reference. The unintended acceleration
hazard was selected to evaluate the approach.

Figure 7 shows the maximum Severity S, Controllability C, and ASIL for different
operational situations at fixed initial vehicle speeds for vehicle-to-vehicle collisions. The
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results show consistent trends in Severity and ASIL between both approaches, indicating
that the simulation adequately reflects risk escalation with increasing speed. In contrast,
Controllability differs: the manual HARA assigns C2 across all cases, whereas the sim-
ulation reveals speed-dependent variations, with Controllability decreasing toward C2
at higher speeds. This behavior can be explained by the characteristic torque map of
the electric machine, which exhibits reduced torque at higher rotational speeds, thereby
limiting unintended acceleration, as well as by typically smaller inter-vehicle distances at
lower speeds, which reduce the available reaction time and thus decrease Controllability.
Nevertheless, the results of the manual and simulation-based HARA are largely consistent.
Both approaches also identify the same operational conditions leading to the highest ASIL,
namely dry road conditions, medium to high initial vehicle speeds, and light traffic.

Max. Severity S [-]
o =~ N W

Simulation
— Manual
0 25 50 75 100 125 150 175 200
Initial vehicle speed [km/h]
(a)
=
@)
£3
=2 ——
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=
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]
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%
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oM >
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Initial vehicle speed [km/h]
(c)

Figure 7. Maximum Severity (a), Controllability (b), and ASIL (c) as a function of initial vehicle speed
(vehicle-to-vehicle collision).

To further deepen the analysis, a pairwise comparison of hazardous events was per-
formed. Each hazardous event from the manual HARA was matched with its counterpart
from the simulation-based HARA. The manual HARA contains fewer events due to aggre-
gation of conditions (e.g., initial speed ranges), whereas the simulation evaluates discrete
cases, resulting in multiple corresponding event pairs in such instances. For each pair, the
resulting Severity, Controllability, and ASIL classifications from the manual and simulation-
based HARA were compared. The results are presented in Figure 8. For each initial vehicle
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speed, the figure indicates whether hazardous events are overestimated or underestimated
by the manual HARA.
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Figure 8. Proportion of Severity (a), Controllability (b), and ASIL (c) values overestimated or
underestimated by the manually conducted HARA (vehicle-to-vehicle collisions).

Severity (a) is overestimated by the manual HARA at medium and higher speeds and
underestimated at lower speeds. The manual HARA assigns Severity S3 for all situations
above 40 km/h. However, in scenarios such as tailgating with short inter-vehicle distances,
this may lead to overestimation, as the vehicle has limited time to further increase speed
before impact. In addition, the characteristic torque map of the electric machine results
in reduced acceleration at higher speeds, limiting the achievable impact velocity. At
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lower speeds, the manual HARA assigns Severity S1, which may be appropriate for low-
performance BEVs but can underestimate the risk for higher-performance vehicles, as
reflected in the simulation results.

Regarding Controllability (b), the manual HARA assigns values between C1 and C2,
whereas the simulation indicates a tendency toward C3, particularly at lower speeds. This is
mainly due to smaller inter-vehicle distances, which reduce reaction time and may require
simultaneous braking and steering. Furthermore, the manual HARA does not consider
varying road conditions, assigning identical ratings regardless of surface friction, although
reduced friction can further impact Controllability.

ASIL (c) is affected by both Severity and Controllability and therefore follows similar
patterns. While maximum ASIL values are generally consistent between both approaches
(Figure 7), deviations occur for less critical events. This highlights a limitation of the
manual HARA, which captures worst-case classifications but provides less accuracy and
consistency for intermediate scenarios compared to the simulation-based approach.

Furthermore, the results for vehicle-to-pedestrian collisions during unintended ac-
celeration are shown in Figure 9. The analysis is limited by the low number of use cases.
Nevertheless, both the simulation-based and manual HARA indicate ASIL B at very low
speeds, mainly due to short distances to pedestrians, which prevent the vehicle from reach-
ing critical collision speeds. At higher vehicle speeds, the simulation results indicate a
higher ASIL, whereas the manual HARA shows no further increase in ASIL. This difference
can be explained by different assumptions regarding collision avoidance by the pedestrians.
In the automated approach, the ASIL classification is mainly driven by the higher impact ve-
locity and the driver’s ability to brake, while it is assumed that the pedestrian cannot avoid
the collision by their own actions. In the manual HARA, however, lower Controllability
classes are assigned, assuming that the pedestrian can evade the approaching vehicle.

—pt Simulation
; C — Manual
wn
< B
X
S A
QM >
0 10 20 30 40

Initial vehicle speed [km/h]

Figure 9. Maximum ASIL as a function of initial vehicle speed (vehicle-to-pedestrian collision).

4.2. Impact of Powertrain Performance on Simulation-Based HARA Results

The proposed approach is suitable for ASIL determination across powertrains with
different performance characteristics. To demonstrate this, the method was applied to two
BEVs: the previously analysed Tesla Model 3 and the Volkswagen ID.3 [41]. Both vehicles
employ electric powertrains with single-speed transmissions but differ in their maximum
power and torque capabilities.

The results are shown in Figure 10, which presents the maximum Severity (a), Con-
trollability (b), and ASIL (c) across all operational situations for each initial vehicle speed.
A significant overlap in severity values is observed, and at least one hazardous event is
classified with Controllability C3 for both vehicles. However, differences arise in ASIL:
for vehicle-to-vehicle collisions, the less powerful Volkswagen ID.3 yields only ASIL B,
whereas higher ASIL C is observed for the higher-performance Tesla Model 3. Exposure
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does not influence the ASIL difference, as the Exposure values for each operational situation
are similar for both powertrains.

3 — : . — -
2 ) ) \
Simulation: Tesla Model 3
1 — Simulation: VW ID.3
0 >
0 20 40 60 80 100 120 140 160
Initial vehicle speed [km/h]
(@)
3
2 Simulation: Tesla Model 3
1 — Simulation: VW 1ID.3
0 »
0 20 40 60 80 100 120 140 160
Initial vehicle speed [km/h]
(b)
y —— Simulation: Tesla Model 3
D — Simulation: VW ID.3
C — .
B
A
oM »
0 20 40 60 80 100 120 140 160

Initial vehicle speed [km/h]
(c)

Figure 10. Maximum Severity (a), Controllability (b), and ASIL (c) as a function of initial vehicle
speed (vehicle-to-vehicle collision) for simulative HARA of Tesla Model 3 and Volkswagen ID.3.

Figure 11 illustrates the reason for the different ASIL classifications of both pow-
ertrains, despite reaching the same maximum Severity and Controllability levels. For
each combination of Severity and Controllability, the maximum Exposure and resulting
ASIL across all corresponding hazardous events are shown. It can be observed that the
combination of Severity S3 and Controllability C3 for the less powerful Volkswagen ID.3
occurs only in less frequent operational situations, such as low-friction road surfaces and
negative inclines. In contrast, for the more powerful Tesla Model 3, higher Severity and
Controllability levels are reached even in more common operational situations, leading to
higher ASIL classifications.
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Figure 11. Maximum Exposure and ASIL as a function of Severity and Controllability combinations
for the Tesla Model 3 (a) and Volkswagen ID.3 (b).

Furthermore, results were obtained for vehicle-to-pedestrian collisions for both power-
trains. These yielded similar outcomes, with ASIL C identified for both analysed vehicles;
therefore, they are not discussed further.

In summary, this highlights the importance of considering vehicle-specific parameters
when conducting a HARA. While the maximum ASIL for a given hazard may be identified
by an experienced engineer with a strong understanding of the system, the interactions
between powertrain characteristics and environmental conditions are difficult to assess in a
structured manner. This may lead to inconsistencies in the analysis, which can be avoided
by a simulation-based approach.

5. Use-Case Analysis

The proposed approach is applicable not only to the longitudinal hazard analysis of
the overall powertrain, but also to individual torque-determining functions. In the vehicle,
multiple torque requests may originate from different sources, including driver-initiated
inputs (e.g., via the accelerator pedal), vehicle dynamics control functions (e.g., traction
and stability control), and driver assistance functions (e.g., Adaptive Cruise Control, One
Pedal Driving, Automatic Park Assist). These functions contribute differently to the overall
vehicle behavior and may operate under restricted operational design domains (ODDs).
Consequently, and with appropriate justification, certain functions can be developed to a
lower ASIL than the overall powertrain due to their limited exposure and associated risk.
A high-ASIL torque arbitration function is then required to safely coordinate, prioritize,
and resolve competing torque requests, ensuring overall system safety.

To demonstrate the systematic definition of the ODD and associated constraints
for achieving a target ASIL, a representative function is considered, namely Traffic Jam
Assist (TJA). This function is implemented in various production vehicles [42,43] and may,
depending on the use case, require a safety classification of up to ASIL D [44].

A conservative approach would assign the maximum ASIL derived at the powertrain
level. For the unintended acceleration hazard in the Tesla Model 3 use case, this corresponds
to ASIL C. However, due to the restricted ODD of TJA—typically limited to highway traffic
conditions up to a predefined speed and characterized by a low probability of pedestrian
presence—a lower ASIL classification may be justified. Furthermore, functional constraints,
such as limiting the allowable acceleration, can be applied to reduce the associated risk.

To support this analysis, the proposed methodology evaluates combinations of opera-
tional situations, with selected examples shown in Figure 12. In each diagram, contributing
factors—such as vehicle gap, road condition, and road inclination—are fixed, while the
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initial vehicle speed is varied. For each case, the admissible ODD region is identified, indi-
cating the conditions under which ASIL A can be achieved. Within this region, accelerations
up to approximately 2.4 m/s? are permissible across all scenarios; higher accelerations may
result in an ASIL B hazard in at least one case. Additionally, a speed limit of 50 km/h is
derived for TJA operation, based on the assumption of Exposure class E4 at higher speeds.
If a higher ASIL target (e.g., ASIL B) is acceptable, the ODD can be extended accordingly.
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Figure 12. ASIL boundaries for unintended acceleration as a function of initial vehicle speed for
vehicle-to-vehicle collision scenarios: (a) safe gap (E4), dry road (E4); (b) safe gap (E4), wet road (E3);
(c) short gap (E3), dry road (E4); (d) short gap (E3), wet road (E3); (e) safe gap (E4), icy road (E2); and
(f) short gap (E3), icy road (E2).
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For low-friction surfaces, the tire-road adhesion limit must also be considered. The
transferable longitudinal tire force is limited by the friction coefficient and the normal load;
therefore, even relatively small unintended propulsion torques may lead to wheel slip on
icy roads. This may subsequently affect lateral stability. In the present analysis, acceleration
values that exceed the adhesion limit and lead to vehicle instability are excluded, since
the focus is on longitudinal hazards. Stability-related hazards on low-friction surfaces are
often associated with safety goals up to ASIL D [39] and should therefore be assessed in a
dedicated analysis.

To address the unintended deceleration hazard of the TJA function, the same methodol-
ogy is applied to negative electric machine torque across all relevant operational situations,
including lighting conditions as an additional contributing factor. Selected examples are
shown in Figure 13. The results indicate that, to remain within ASIL A, decelerations
must be limited to approximately 1.7 m/s?. In addition, vehicle speed must not exceed
45 km/h, as higher speeds may result in higher ASIL even at these deceleration levels. If a
higher ASIL target is acceptable, the ODD can be extended to allow both higher speeds and
greater decelerations.

Initial vehicle speed [km/h] % Initial vehicle speed [km/h]

0 50 100 150 200 :‘ 0 50 100 150 200
0 > .9 O >
1]« = 1

b i g ASIL A
301 ! ASIL A g 3V,

| 0

P S 4 | i
: ¥ Safe gap (E4) S5l 1o Safe gap (E4)
5 bt Dry (E4) £ — Wet (E3)

v ASILA Daylight (E4) L Night (E3)
(a) (b)
Initial vehicle speed [km/h] (\% Initial vehicle speed [km/h]

0 50 100 150 200 ; 0 50 100 150 200
0 > 50 >
1 N 5 1 ~—
2| ASIL A \¢ < 2| . ASIL A \,

I | g3l
4 Ve 24 /
2 g 5[4
> H ASIL A Short gap (E3) § Il LS. A Short gap (E3)
v Dry (E4) = Wet (E3)
Night (E3) Night (E3)
ASIL C ASILB = ASIL A Operational Design Domain (ASIL A)
Excluded from analysis
(0) (d)

Figure 13. ASIL boundaries for unintended deceleration as a function of initial vehicle speed for
vehicle-to-vehicle collision scenarios: (a) safe gap (E4), dry road (E4), and daylight conditions (E4);
(b) safe gap (E4), wet road (E3), and nighttime conditions (E3); (c) short gap (E3), dry road (E4), and
nighttime conditions (E3); and (d) short gap (E3), wet road (E3), and nighttime conditions (E3).
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Overall, the methodology enables a systematic and transparent justification of ASIL
allocation for vehicle functions. By evaluating all relevant operational situations, it identifies
which conditions are admissible and which acceleration and deceleration limits ensure
compliance with the target ASIL.

6. Discussion

In current practice, HARA is predominantly conducted manually, which limits objec-
tivity and strongly depends on individual expertise. Furthermore, it is challenging for a
human assessor to consistently evaluate how vehicle capabilities and specific hardware
characteristics affect ASIL determination. This section presents the main biases and incon-
sistencies identified when comparing the manual HARA with the simulation-based HARA
obtained using the developed approach. In addition, the integration of the approach into
existing automotive safety workflows is discussed.

The first identified bias concerns notable variations in Controllability, which occur
mainly at lower vehicle speeds. An engineer may intuitively assume that low-speed
hazardous events are more controllable. However, at such speeds, vehicle gaps are
usually also shorter, for example, in city traffic situations, which gives the driver less
time to react. This represents a key finding of the rule-based simulation approach, as it
shows that low vehicle speed does not inherently imply better Controllability of the
hazardous event.

The second identified tendency concerns the underestimation of Severity by human
assessors at low vehicle speeds. This is understandable, since higher vehicle speeds are
intuitively associated with more severe collision outcomes, while lower speeds may be
perceived as less dangerous. However, for BEV powertrains, maximum torque is typically
available at low and medium vehicle speeds. As a result, unintended acceleration at low
speeds can lead to a rapid increase in vehicle speed and therefore to higher collision speeds
than may be expected intuitively. Conversely, the Severity of rear-end collisions at higher
vehicle speeds may be overestimated. Due to the torque—speed characteristic of electric
machines, less torque is typically available at higher speeds, which limits the achievable
unintended acceleration.

Both identified biases also affect the resulting ASIL determination. The analysis shows
that manual HARA for BEVs tends to underestimate ASIL at low vehicle speeds and
overestimate it at medium to higher speeds.

Similar tendencies can be expected for vehicles with comparable powertrain per-
formance and longitudinal dynamics, with the torque-speed curve being the main
factor influencing the achieved ASIL. Since it determines the achievable accelera-
tion, a less powerful powertrain may no longer reach acceleration levels associated
with higher Severity or Controllability. This highlights the importance of considering
vehicle-specific powertrain performance in HARA, rather than applying the same ASIL
to all vehicle variants.

The proposed methodology can be used in the concept phase of powertrain devel-
opment, as it requires only vehicle-level and operational-situation parameters that are
typically available at this stage. It does not depend on a detailed electrical or control
architecture of the vehicle. This also has a positive impact on computational effort, since
only a longitudinal vehicle model and a bisection-based threshold search are used, rather
than high-fidelity multidimensional vehicle or traffic simulations. Regarding accuracy, the
method improves consistency and reproducibility compared with purely manual HARA.
However, the results remain dependent on the selected assumptions, parameter values, and
rule sets and should therefore be reviewed by experts. Finally, for validation of critical high-
ASIL hazardous events or boundary cases, such as transitions between QM and ASIL-rated
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classifications, high-fidelity simulation approaches can be applied in later development
stages, when detailed system models are available.

Compared with previously published simulation-based HARA methods that mainly
address lateral hazards, automated driving functions, or insufficient deceleration [3-5],
the proposed approach systematically considers both unintended acceleration and unin-
tended deceleration and determines quantitative erroneous acceleration and deceleration
thresholds. In contrast to approaches restricted to highly exposed scenarios or conservative
worst-case assumptions [6,7], it evaluates combined operational situations and varying
fault magnitudes. Compared with methods requiring detailed vehicle models [8], the
proposed approach uses a longitudinal vehicle model with fewer required parameters and
is therefore more practical for application in early development stages.

This approach can be integrated into existing automotive safety workflows as a HARA
support tool. It can be applied either during the initial HARA or later in the safety
development process when additional hazardous events are identified. A relevant use
case is the assessment of lower-ASIL hazardous events, which must also be analysed in
HARA but usually receive less attention than highly critical cases. In this context, engineers
can use their experience and judgment to identify the maximum ASIL, while the tool can
support a more consistent assessment of lower-ASIL hazardous events. Furthermore, it
may support functional safety audits by helping to check the consistency of the analysis.
The typical engineering biases identified through the comparison with manual HARA
may further serve as a basis for internal training or company workshops on consistent
HARA creation.

However, the proposed methodology is intended to support HARA and improve
consistency and traceability; it is not intended to replace expert review or established ISO
26262 safety lifecycle activities. The final classification should remain subject to expert
judgment and appropriate safety justification.

7. Conclusions

This paper addressed the topic of HARA in functional safety for BEVs in accordance
with ISO 26262. To address the limitations of manual HARA, a unified simulation-based
approach was presented to support the analysis of longitudinal vehicle motion hazards.
The proposed method combines multiple operational-situation parameters, such as vehicle
speed, road surface, vehicle gap, road inclination, and collision type, to systematically eval-
uate their impact on Severity, Exposure, Controllability, and ASIL. This includes a dedicated
Controllability rule set for longitudinal motion hazards. In addition to ASIL determination,
the approach assesses different levels of unintended acceleration and deceleration and
derives quantitative boundary values for safety goal violations using a bisection-based
threshold search.

The results demonstrate that the proposed approach is a valuable complement to
manual HARA. While the maximum ASIL for a given hazard can typically be identified
based on engineering experience, the simulation-based approach improves consistency
and coverage for lower-ASIL hazardous events. The comparison with manual HARA also
revealed systematic assessment biases, showing at which initial vehicle speeds Severity,
Controllability, and ASIL may be underestimated or overestimated by human assessors.
Furthermore, the approach supports the evaluation of different powertrain variants by con-
sidering vehicle-specific performance characteristics, such as the torque-speed curve. The
derived quantitative acceleration and deceleration limits can also support the development
of torque-related vehicle functions by providing concrete targets for safety concept design,
calibration, and validation.
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In future work, the approach can be extended to additional longitudinal motion haz-
ards and other electrified powertrains to further support quantitative HARA. In addition,
the framework can be adapted to stationary use cases, such as unintended vehicle accel-
eration from standstill, which may require different assumptions regarding the driver’s
foot position and attention to the surrounding environment. Sensitivity analysis can be
conducted to assess the influence of parameter variations on the resulting ASIL boundary
values. Moreover, the methodology can be developed into a software-based framework
to enable efficient and scalable application in industrial HARA processes. Finally, driving
simulator studies, real-vehicle testing, or expert reviews should be conducted to validate
the simulated Severity and Controllability boundary values and enable comparison with
observed driver reactions and real vehicle behavior.
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The following abbreviations are used in this manuscript:

Al Artificial Intelligence

AIS Abbreviated Injury Scale

ASIL Automotive Safety Integrity Level
BEV Battery Electric Vehicle

HARA  Hazard Analysis and Risk Assessment
HAZOP Hazard and Operability Study

ISO International Organization for Standardization
ISS Injury Severity Score

MAIS Maximum Abbreviated Injury Scale

ODD Operational Design Domain

PoNR Point-of-No-Return

SAE Society of Automotive Engineers

TJA Traffic Jam Assist

oM Quality Management

Appendix A
Appendix A.1

Table Al summarizes the main simulation parameters used in the analysis.
The table includes vehicle-related parameters for the Tesla Model 3 and Volkswa-
gen ID.3, environmental parameters, and driver-related assumptions applied in the
simulation-based HARA, enabling comparison between two BEVs with different
performance characteristics.
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Table Al. Summary of simulation parameters used in this study.
Parameter Tesla Model 3 Volkswagen ID.3 Reference
Maximum torque [Nm] 420 350 [40,41]
Maximum power [kW] 239 150 [40,41]
Maximum engine speed [rpm] 16,000 16,000 [40,41]
Maximum vehicle speed [km/h] 225 160 [40,41]
Gear ratio [-] 9.04 11.53 [40,41]
Rotational inertia factor [-] 1.06 1.03 [40,41]
Vehicle mass [kg] 1825 1794 [40,41]
Driver + Passengers [kg] 150 150 [40,41]
Wheel radius [m] 0.3468 0.3468 [40,41]
Aerodynamic drag coefficient [-] 0.23 0.267 [45,46]
Frontal area [m?] 2.22 2.36 [45,47]
Friction coefficient (dry) [-] 0.8 [30,48,49]
Friction coefficient (wet) [-] 0.5 [30,48,49]
Friction coefficient (snow /ice) [-] 0.2 [30,48,49]
Steep downhill road inclination —0.10 [30]
Moderate downhill road inclination —0.05 [30]
Flat road inclination 0 [30]
Moderate uphill road inclination 0.05 [30]
Steep uphill road inclination 0.10 [30]
Driver reaction time !, daylight [s] 1.3 [37,50]
Driver reaction time !, nighttime [s] 2.2 [51]
Affected-driver reaction time 2 [s] 1.5 [38]

1 Considered only for the unintended deceleration hazard. 2 Considered only for the unintended
acceleration hazard.

Appendix A.2

Table A2 summarizes the software environment, numerical solver configuration, and
bisection stopping criterion used in the simulations.

Table A2. Simulation configuration of the proposed framework.

Parameter Value/Setting
MATLAB/Simulink release 2025b
Numerical solver Fixed-step discrete solver
Fixed-step size 0.025s
Bisection algorithm stopping tolerance 0.05 m/s?

Appendix A.3

Table A3 summarizes the operational-situation parameters and discrete states consid-
ered in this study. The operational-situation design space was generated by combining all
applicable factor states. The selected states are specific to the present analysis and can be
adapted for other applications.

Based on all applicable combinations of the contributing factors, 900 operational
situations were simulated for the unintended acceleration hazard with the Tesla Model 3
and 720 with the Volkswagen ID.3. For the unintended deceleration hazard, including both
visibility conditions, 1800 operational situations were simulated for the Tesla Model 3 and
1440 for the Volkswagen ID.3.
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Table A3. Contributing factors used to define the operational-situation design space in this study.

Operational-Situation Parameter States Number of States
Road-surface condition Low-, medium-, high-friction surfaces 3
Road inclination Steep/moderate downhlu, flat, 5

moderate/steep uphill

Initial vehicle gap 20%, 40%, 100% of the safe distance ! 3
Initial vehicle speed (Tesla Model 3) 10-200 km/h 2 20
Initial vehicle speed (VW ID.3) 10-160 km/ h 2 16
Visibility condition Daytime, nighttime 2

I Defined as the distance travelled within 2 s. 2 In increments of 10 km/h. 3 Considered only for the unintended
deceleration hazard.
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