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ABSTRACT

Collision avoidance is one of the important safety systems for automated vehicle to avoid potential collision due
to frontal collision or rear-end collision. One of the main systems used in automated vehicles are the autonomous
emergency braking (AEB) system to halt the vehicle from rear end collision. However, during high-speed driving and
low time-to-collision (TTC) conditions, capability of AEB for halting vehicle from motion is affected. This increases
the probability for the rear end collisions with other traffic vehicle which leads to road accidents. Therefore, an active
safety system namely autonomous emergency steering (AES) control using estimated lateral force feedback
(EsLaF) system was developed and implemented in this study along with AEB for collision avoidance application.
The proposed estimated lateral force feedback (EsLaF) system is designed based on the imaginary lateral skyhook
damper mounted at both longitudinal position of vehicle. The fictitious lateral skyhook generates the lateral forces
for the vehicle to perform lane changing profile once the TTC is low and the vehicle is at high-speed driving
condition. The automated vehicle equipped with AES with EsLaF is tested at maximum speed of 60 km/h. The ego-vehicle
results such as yaw rate, lateral acceleration and lateral displacement is analysed in this study. The performance of AES
with EsLAF is evaluated where the proposed system is only activated during high speed conditions and low TTC
with minimum lateral distance between CoG of traffic object and ego-vehicle is less than 2 meter and during high
TTC, the ego-vehicle used AEB to halt the vehicle without steering intervention with longitudinal distance of less
than 2 meter. Thus, it can be noted that the AES with EsLaF is able to overtake the traffic objects in longitudinal
direction using steering input at critical driving conditions and maintain the usage of AEB for less critical driving
condition to avoid instability condition for the ego-vehicle.

Keywords: Autonomous emergency braking; time-to-collision; lateral skyhook damper; collision avoidance;
IPG carmaker

INTRODUCTION sector. In recent years, considerable emphasis has been
placed on the development and implementation of both
passive safety systems—such as airbags and seatbelts—and
active safety systems, including advanced driver assistance
systems (ADAS), to enhance safety, efficiency, and ride
comfort (Konstantinidis et al. 2010; Schnelle et al. 2016).
ADAS technologies have increasingly been integrated into
vehicle production and include systems such as Adaptive
Cruise Control (ACC), Active Front Steering (AFS), Lane
Keeping Assist (LKA), and Forward Collision Warning
(FCW) (Cheng et al. 2016; Glebal et al. 2020).To further
reduce the incidence of rear-end collisions—often caused

Reffering to report produced by National Highway Traffic
Safety Administration (NHTSA), collisions due to rear-end
are among quite common causes of road fatalities (Fahmi
etal. 2017). In developing countries such as Malaysia, this
type of accident records the third-highest mortality rate in
Asia, following Thailand and Vietnam. A significant
contributing factor to most road accidents is driver behavior
or actions while driving (Rolison, 2020; Bella & Russo,
2011). As aresult, road safety has become a major concern
for the global community, particularly in the automotive
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by a driver’s delayed response to unexpected situations,
such as sudden braking by a lead vehicle—collision
avoidance technologies have been developed. These
include Automatic Emergency Braking (AEB) and
Automatic Emergency Steering (AES), which can
autonomously perform avoidance maneuvers through
sudden braking or steering actions (Chen et al. 2016; Yasak
et al. 2025).

Driver-related factors, such as experiencing panic
during emergency situations, often lead to traffic accidents
due to insufficient braking or steering inputs (Comolli et
al. 2020). For example, inadequate steering can result in
unwanted yaw motion, causing the vehicle to understeer
or collide with an obstacle. Active safety systems like
Autonomous Emergency Braking (AEB) and Autonomous
Emergency Steering (AES) have proven effective in
preventing rear-end collisions. While braking can help
avoid such crashes, its effectiveness is limited to scenarios
where relevant to relative speed is low between lead traffic
vehicle and ego vehocle (Choi & Kang 2017). Braking is
generally effective at lower speeds and under high tire-road
friction conditions. In contrast, steering maneuvers provide
better collision avoidance performance at higher speeds
(Singh et al. 2016). Although most drivers instinctively
choose braking over steering in emergencies, the optimal
response in many high-speed situations is steering alone
(Verstraete & Muhammad 2024).

Based on the time-to-steer (TTS) and time-to-collision
(TTC) indicators, the activation of a collision avoidance
system can be identified whether through steering or
braking. Due to the limitations of Autonomous Emergency
Braking (AEB), which functions efficiently only at vehicle
speeds below 60 km/h and may disrupt traffic flow, an
Autonomous Emergency Steering (AES) system is more
suitable for higher-speed scenarios (Tan et al. 2020; Sieber
et al. 2015). Moreover, evaluating the AES system at
various speeds within a virtual testing platform allows for
performance assessment without posing risks to road users.

Thus, in this study, the directional stability in lateral
direction during emergency scenario for autonomous
vehicle is focused by developing collision avoidance
system called as autonomous emergency steering (AES)
that utilizes steering input. The performance of AES is
evaluated using virtual simulation testing platform.

It is known that collision avoidance system (CAS) is
designed as one of the safety features for vehicles to avoid
collisions by engaging through autonomous braking or
steering based on the driving profile. One of a few examples
are Continental’s Emergency Steering Assist, Daimler
R&D’s active pedestrian safety system, and Bosch’s
Evasive Steering Support (Soudbakhsh and Eskandarian,
2015). In Bosch’s system, steering torque is limited to
ensure the driver maintains control at all times (Dang et
al. 2012). Continental’s ESA system combines

environmental sensing with adaptive control of electrically
actuated chassis components, such as electronic stability
control, electric power steering, and, optionally, rear-wheel
steering (Dang et al. 2012). The initial approach focused
on developing collision-free paths and a trajectory tracking
controller based on model predictive control (MPC) (Liu
et al. 2020). Further research has explored using MPC to
predict the vehicle’s future state in order to generate an
optimal trajectory while considering constraints (Cao et
al. 2016).

A collision avoidance system (CAS) involves three
key components: object detection, decision-making, and
actuation (Llorca et al. 2011; Yasak et al. 2025). The CAS
functions by regularly scanning the road for vehicles or
pedestrians using sensors mounted at the front of the
vehicle (Bella and Russo, 2011). When an obstacle is
detected, the system determines whether there is an
imminent risk of collision. If such a threat exists, the system
either activates an alert or initiates a crash avoidance
maneuver (Bella and Russo 2011). The first component—
obstacle detection—relies on technologies commonly used
across a wide range of vehicles, including computer vision,
radar, and laser scanners (Jiménez et al. 2015). The second
component involves decision-making, which focuses on
whether to brake or steer. This decision is based on the
computation of time intervals such as time-to-collision
(TTC) and time-to-steer (TTS) between the ego vehicle
and the detected obstacle (Llorca et al. 2011). TTC refers
to the time it would take for the ego vehicle to collide with
a lead vehicle if both maintain their current speed and
trajectory, while TTS denotes the time required to perform
a steering maneuver to avoid a collision (Sultan and
McDonald 2003). The final component is actuation, where
the system executes braking or steering actions to prevent
the collision.

The development of collision avoidance systems,
particularly Automatic Emergency Steering (AES), has
proven to be an optimal solution for preventing collisions
at higher vehicle speeds. These systems rely on inputs such
as vehicle and obstacle information (Soudbakhsh and
Eskandarian 2015). Activation of the AES depends on the
steering input—specifically, if the steering rate exceeds a
certain threshold and the available time is greater than the
calculated time required to avoid a collision, the system is
activated (Soudbakhsh and Eskandarian 2015). To prevent
insufficient or excessive steering under panic driving
conditions, the AES controller generates assisting steering
torque based on the deviation between the driver’s actual
input and the desired value, in addition to tracking the
desired yaw rate (Thamarai and Karthik 2014).

Studies on the dynamic lateral motion of ego vehicles
are essential for developing automatic evasive steering
(AES) control systems. Lateral motion refers to movement
that occurs perpendicular to the vehicle’s direction of travel



(Thamarai and Karthik, 2014). To address this, a novel
method called Lateral Skyhook-based Estimated Lateral
Force Feedback (EsLaF) is proposed. This method forms
part of the AES control design and generates steering inputs
based on obstacle positions, predicted obstacle trajectories,
and the ego vehicle’s speed. Traditionally, imaginary
skyhook dampers are employed in suspension systems to
reduce vertical disturbances caused by road irregularities
(Diaz-Choque et al. 2021; Papaioannou et al. 2021). Recent
studies have focused on the configuration for mitigating
lateral disturbances acting on vehicles (Aparow et al. 2021;
Aparow et al. 2023). In the current study, however, skyhook
dampers are reconfigured to generate external forces that
actively steer the vehicle to avoid obstacles. These forces
create a temporary travel path, taking into account the
lateral distance between the ego vehicle’s center of gravity
(CoQG) and surrounding traffic objects. The proposed EsLaF
serves as an additional feature for AES in ego vehicle’s
existing collision avoidance system. Previously, no EsLaF
has been implemented for collision avoidance system. It
is only activated under specific conditions—namely, high-
speed travel and low time-to-collision (TTC)—to ensure
safety without incurring high computational costs. Unlike
conventional AES algorithms that may run continuously,
EsLaF activates only when needed, resulting in more
efficient resource use. EsLaF is specifically designed to
perform evasive maneuvers through steering, while
continuously monitoring both the desired and undesired
yaw rates to prevent potential rollover incidents. Another
key contribution of this research includes the integration
of the algorithm into a virtual testing platform (IPG
CarMaker) and the evaluation of its performance for
autonomous vehicle safety assessment (Kleolee et al.
2025).

The remaining of the paper is organized as follows:
Section 2 describes the calibration of the vehicle model in
IPG CarMaker. Section 3 discusses the model validation
of the IMIiEV vehicle model using ISO Standards. Then,
Section 4 addresses on the lateral skyhook based estimated
lateral feedback force for autonomous emergency steering
system. Section 5 focuses on the test scenario classification
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based on Malaysian driving scenarios. The following
section discusses on the results based on tested scenario
and last section focuses on the conclusion of this paper.

VEHICLE MODEL CALIBRATION IN IPG
CARMAKER

It is crucial to make sure that the vehicle model being used
is accurate enough to reflect the actual behavior during the
development phase of autonomous vehicle(AV). An
unreliable vehicle model will generate false result on
simulation and cause issues after integrating it into the
actual system. Therefore, the parameter needs to be
carefully tuned and the validation must be carried out to
proof the reliability of the model. This section provides a
detailed explanation of the vehicle model development
process.

SYSTEM CONFIGURATION OF VEHICLE
MODEL

For simulation test cases in a 3D virtual environment, the
Mitsubishi i-MiEV vehicle model is used, as illustrated in
Figures 1(a) and 1(b). The 3D design of the vehicle can be
obtained from open-source platforms or purchased online.
Once acquired, modification is carried out by changing
elements such as colors, logos, and lighting effects. In
addition, the tire in the 3D model is not needed and must
be taken out before importation to the IPG CarMaker as
shown in Figure 2. This is important because tires are
essential components that convert electrical power into
rotational motion, enabling the vehicle to move both
laterally and longitudinally on the road. After separating
the tire model, the updated 3D vehicle model is imported
into IPG CarMaker and calibrated based on the actual
dimensions and detailed chassis configuration. The 3D
model after importing to the CarMaker is displayed in
Figure 2.

FIGURE 1(a). Actual Vehicle FIGURE 1(b) 3D Model
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Then, configuration primarily focuses on aligning the
imported model that is now within the IPG CarMaker
virtual environment through the reference coordinates of
the CETRAN test track model. Additionally, the 3D vehicle
model is designed to include logos representing “CETRAN,”
“ERI@N,” and “NTU,” as shown in Figure 2.

)### BEGIN IPG-MOVIE-INFO

#H

# CullFace

##NumPlate name X y z ry rz wi he

# Numplate NumPlate Cetran.png 3.485 @ 0.45 © 180 .53 0.1

# NumPlate NumPlate Cetran.png ©.10 0.0 0.825 0@ 0.53 0.1

# NumPlate NumPlate NTU Logo.png 2.0 -0.75 0.66 590 0.70 .25

# NumPlate NumPlate NTU Logo.png 2.6 0.75 0.66 5 270 0.70 0.25

##

# Translate -6.3 -0.90 0.01

# Scale 0.395 0.4 0.4

# Rotate 9 001

# Include Mitsubishi_i MiEV_2010 New.kmz

#

##

# Light <type> <x> <y <7> x> Lryy <
# Light Brake 0.27 -0.57 1.3 0 20
# Light Brake 0.27 0.57 1.3 [} 20
##

##
### END IPG-MOVIE-INFO

FIGURE 2. Configuration of 3D vehicle model in IPG
CarMaker

Next, the elements within the imported model such as
the electric motor, steering system, braking system,
suspension configuration are adjusted based on parameters
provided by third-party manufacturers and validation
analyses. Since the vehicle is designed to operate with a
single electric motor, a basic hydraulic braking system,
and a rack-and-pinion steering system, the virtual 3D model
is configured accordingly. The configuration of the
powertrain model, which utilizes an electric power source,
is illustrated in Figure 3. Detailed configurations of the
braking and steering systems can be found in Aparow et
al. (2021).

Drive Wheel - Renr
Electic (1
Lngine B Molor)
kW 19
Max Power hp &7
rpm 3000 - 8000
. 180
Marx Torque o - 2000

B Drivsline: Universal dio

FIGURE 3. The power source configuration of IMiEV vehicle
model in IPG

As shown in Figure 4, the IMIiEV model is able to
establish in the virtual environment in IPG CarMaker.

However, to ensure the accuracy of the model’s behavior
in both lateral and longitudinal directions, validation
against the actual IMiEV vehicle is required.

FIGURE 4. IMIEV vehicle model in IPG CarMaker

To perform this validation, an actual IMIiEV vehicle
was instrumented and its’ longitudinal and lateral dynamics
are tested according to the SAE standards such as DLC
test. Once the simulation model is validated against the
real-world data, it is then used for virtual test scenarios
involving an autonomous driving system configuration.
The validation process is explained in detail in the
following section.

SENSOR MODULE CONFIGURATION

The sensor module is a crucial component included in the
vehicle dataset configuration. It comprises 16 different
types of sensors, as listed in Table 3.1. This table
categorizes the available sensor models into three main
classes: ideal sensors, high-fidelity (HiFi) sensors, and raw
signal interfaces (RSI).

Typically, slip angle and inertial sensors are utilized
to measure vehicle behavior and conduct vehicle dynamics
analysis. The remaining sensors are primarily used for the
development of advanced driver assistance systems
(ADAS). Each sensor provides unique information about
the test environment, based on distinct physical models:

1. Ideal Sensors — used for rapid prototyping and
proof of concept

2. High-Fidelity (HiFi) Sensors —used for function
development and testing

3. Raw Signal Interfaces (RSI) —used for component
and signal processing development and testing

TABLE 1. Sensor classification in IPG CarMaker

No. Ideal sensors  High fidelity =~ Raw signal
sensors interfaces
1 Object sensor Radar sensor ~ Camera RSI
2 Free Space Global Radar RSI
sensor Navigation
sensor

continue ...



.. cont.

3 Traffic Sign
sensor

Free space LiDAR RSI

Plus sensor

Camera Ultrasonic
sensor RSI

4 Line sensor

Road sensor

Collision
sensor

7 Slip angle
sensor

8 Inertial
sensor

Ideal sensors provide ground truth information
essential for environment identification and object tracking.
In contrast, High Fidelity (HiF1) sensors are primarily used
for development and testing purposes. The object list
generated can vary depending on the detection technology
used, such as radar sensors. Meanwhile, the Raw Signal
interfaces offer unprocessed signals—such as camera
input—which can serve as input for signal processing and
object tracking algorithms, taking into account various
physical effects related to the choice of modules and lens
types. However, for the purpose of this simulation analysis,
only a subset of sensors has been utilized for testing. The
selected sensor models are as follows:

1. Slip angle sensor - The ratio of forward to lateral
velocities, typically represented by the symbol B,
is expressed in the form of an angle.

2. Inertial sensor - measurement of the vehicle
behavior in terms of position, velocity, rotational
velocity, linear and rotational acceleration

3. Object sensor - detects objects defined as Traffic
Objects in the TestRun which is based on ground
truth (represents for Radar).

4. Traffic sign and line sensors - detects all or a few
pre-selected traffic signs and lines that fall within
its defined range and horizontal/vertical span

5. Camera sensor - It generates a camera specific
object list based on objects defined in the TestRun.
The occlusion calculation is based on the
bounding boxes of the objects

6. Free Space Plus sensor - An extended object
sensor module with a sensor beam subdivided
into equiangular segments in both horizontal and
vertical directions. Each segment detects the
nearest point of surrounding traffic objects, along
with the corresponding bearing angles and
approach velocity.

Based on the sensor models in IPG CarMaker, sensor
models as mentioned above have been selected in this study
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and configured for the iMiEV vehicle model. The detail of

the sensors visualization in simulation are shown in Figure
5.

S Object Sensor

Free Space Road and Line

Plus Sensor

Inertial and
slip angle

—-Radar Sensor

FIGURE 5. Sensor Placement for IMIiEV in IPG CarMaker

Meanwhile, Figure 6 illustrates the complete
implementation of iMiEV vehicle model in CETRAN test
track model using sensor configuration as mentioned in
this section. This configuration used during the scenario-
based testing and fidelity testing based on the test scenario
developed in this study.

FIGURE 6. IMIEV hicle model in senso configuration in
IPG CarMaker
MODEL VALIDATION USING
INSTRUMENTED VEHICLE

The behavior of the Mitsubishi i-MiEV vehicle model in
IPG CarMaker needs to be validated against the behavior
of an actual Mitsubishi i-MiEV vehicle using the same
steering input, in accordance with ISO testing standards
for passenger vehicles, such as ISO 21994, ISO 7401, and
ISO 3888. These standards are adopted in this study to
conduct a fidelity analysis between the simulated and actual
vehicle for both steady-state and transient vehicle
behaviors. The objective of the model validation is to
ensure the Mitsubishi i-MiEV vehicle model accurately
replicates the lateral and longitudinal response behaviors.
To perform the SAE standard testing, it is essential to
properly set up the instrumented vehicle.

In this study, a real vehicle namely i-MiEV is used in
this testing procedure. Additionally, a similar vehicle model
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is developed in IPG CarMaker for virtual safety testing
under autonomous driving conditions. Consequently, the
behavior of the actual i-MiEV vehicle, configured with an
electric-based powertrain system instead of an internal
combustion engine, is evaluated. An OXTS RT 3003 IMU

o -
Instrumented Vehicle i-MiEY

is used to measure the orientation of the vehicle during
testing, as shown in Figure 7. The OXTS is rigidly mounted
at the vehicle’s center of gravity to measure the translational
and rotational responses of the vehicle in the x, y, and z
directions.

XLAM antenna

OXT5 RT range
Installatien inside
i-MiEV

Host Laptop for Data
Collection using OXTS

FIGURE 7. Instrumented Vehicle of IMIiEV using OXTS IMU

Then, two GNSS antennas are mounted at front and
rear of the vehicle. The antenna’s primary function is to
capture the signals and deliver them to the GNSS receiver
at the base station for data processing. The GNSS antenna
is responsible for accurately capturing signals from
satellites, even in challenging environments with
obstructions like buildings, trees, or terrain. All the sensors
and DAQ are connected to the Host PC for sensor
calibration process before the testing procedure and overall
configuration is shown in Figure 7. Then, the base station
has been configured at the CETRAN test track as static
position to capture the signals from the external dummies
(this is mainly used for the scenario-based testing
procedure), as shown in the Figure 8.

GPS satellite
signal tracking

- Antenna for
signal recerver

Satellite
monitoring
device

FIGURE 8. GPS signal tracking and receiver

Once OXTS RT installation is completed inside the
vehicle, software configuration using NAVconfig (installed
in OXTS laptop) is required before conducting the testing
procedure as shown in Figure 9. The software is mainly
used to connect between the Host PC and the sensors for

the calibration in terms of sensor positions and orientation,
IP address for the Host PC, data capturing from the sensors
such as yaw acceleration, lateral acceleration, longitudinal
acceleration, roll acceleration and heading angles, Once
the setting is completed in the NAVconfig, appropriate
device based on IP address is selected to finalize the
changes. This is to ensure the RT Range device is connected
to the OXTS IMU during the testing process. Once the
setting is completed, NAVdisplay is launch and RT Range
unit is selected based on IP address that has been setup
previously and the data can be observed as shown in Figure
10. The data can capture using the Host PC using .csv file
which will be used for the validation process.

VALIDATION OF IMIEV VEHICLE MODEL

While conducting the experiment procedure, the driver
initiated field testing in accordance with the SAE vehicle
safety testing standards to validate the virtual vehicle in
IPG CarMaker. Three tests are carried out to compare the
virtual vehicle with the data recorded from the instrumented
vehicle. This includes the emergency braking test, step
steer test and DLC test. All tests took place at the CETRAN
Test Track, as shown in Figure 9. The test track is
constructed based on the ISO 3888-2 SAE standard for the
double lane change test, the ISO 4138 standard for the step
steer lateral test, and the ISO 3833 SAE standard for the
acceleration and brake longitudinal test. The tests began
ata speed of 20 km/h, with the speed increased by 10 km/h



in each interval a maximum of 40 km/h. To ensure
consistency of the test result, this set of testing configuration
is carried out twice to make sure no significant difference
between result from these two tests.

Travelup to
constant speed

Braking point
from
acceleration

FIGURE 9. CETRAN Test Track for fidelity assessment

DOUBLE LANE CHANGE TEST CRITERIA
USING ISO 3888-2

In the double lane change test, the vehicle accelerates until
it reaches the desired speed. Once the target speed is
achieved, the experienced test driver maneuvers the vehicle
through the route defined by traffic pylons by applying
steering input. The test track was set up according to the
ISO 3888-2 standard for double lane changes, as shown in
Figure 10. Meanwhile, a instrumented vehicle performing
the double lane change test is shown in Figure 11(i). All
sensor data collected during the test were stored for analysis
using Matlab Simulink for validation. On the other hand,
Figure 11(ii) depicts the simulation testing procedure for
the virtual vehicle conducted in IPG CarMaker. The
configuration outlined in the ISO standard was followed
when conducting the simulation using the iMiEV vehicle
model.

start peint ,_,-,7}.;._H

(i1) Physical Testing

e

(1) Simulation Testing

FIGURE 11(i) and 11(ii). Double lane change test
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STEP STEER TEST CRITERIA USING ISO
7401

In the step-steer test, once the vehicle reached the targeted
speed a constant steering angle is applied to turn the vehicle
in a circular path defined by traffic pylons. The steering
angle is release once the vehicle reached the end point,
allowing the vehicle to move in a straight line. The test
track was set up according to the ISO 7401 standard for
lateral tests, as shown in Figure 12. This standard primarily
describes the starting and ending points in a rotational
motion, with a 7.5-meter radius, as depicted in Figure 13(i).
All sensor data collected during the test was recorded for
later analysis. The steering, throttle, and brake profiles were
used in IPG CarMaker to simulate the same test using the
iMiEV vehicle model. The step-steer test simulation in IPG
CarMaker is shown in Figure 13(ii).

End E

(1) Simulation Testing (i) Physical Testing

FIGURE 13(i) and 13(ii). Step steer test

SUDDEN BRAKING TEST USING ISO
21994

The third test focuses on the longitudinal dynamics of the
vehicle, which involves both throttle and braking. It is
conducted according to the ISO 21994 longitudinal vehicle
test, as shown in Figure 14. The test begins with the ego-
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vehicle in a stationary position at the starting point. The
driver then provides a sudden acceleration input by
applying full throttle to the vehicle.

Start Braking End
point point point

Accelerate to V, Decelerate till stop
- —_—

FIGURE 14. ISO 21994 test

Once the vehicle reached the desired speed, the test
driver will step the brake pedal fully to bring the vehicle
to a stop. The longitudinal acceleration and pitching angle
of the vehicle is recorded through the gyroscope and
accelerometer inside the OXTS during this test for
validation purposes. The instrumented vehicle performing
the emergency braking action is shown in Figure 15(ii).
The experimental data is then extracted from the DAQ for
the processing stage. Vehicle input data, including throttle
and braking inputs, are used in the IPG CarMaker
simulation for a similar testing process. The longitudinal
testing for the ego-vehicle model is depicted in Figure
15(i).

(i) Simulation Testing

FIGURE 15(i) and 15(ii). Sudden braking test

VALIDATION BETWEEN ACTUAL IMIEV
AND VIRTUAL IMIEV

Next, the three case are replicated in the virtual environment
within IPG CarMaker. The driving input recorded from the
instrumented vehicle is applied onto the vehicle model
during simulation. The vehicle states obtained from the
virtual vehicle models are then compared with sensor data
from the instrumented vehicle, IMIiEV, during the three
tests mentioned above. In the validation process, it is crucial
to pre-define the vehicle parameters, especially those
related to non-linear characteristics, to ensure that both the
trend and magnitude of the model responses align with the
experimental data. This section describes the fidelity
assessment between the simulation and experimental
results for all three testing procedures.

The results for the double lane change test at a constant
speed of 20 km/h are shown in Figure 16 (i) and Figure 16
(i1), while the results for the double lane change test at 40
km/h are presented in Figure 17 (i) to Figure 17 (ii). The
vehicle responses investigated in these tests include lateral
acceleration, local position, and yaw rate. From the plots,
it can be observed that the vehicle responses from the
virtual vehicle in IPG CarMaker exhibit similar
characteristics to the vehicle state data obtained from the
instrumented vehicle. For the vehicle moving at 20 km/h,
the lateral acceleration and yaw rate show RMS error
percentage differences of about 7.23% and 5.46%,

respectively. For the vehicle moving at 40 km/h, the lateral
acceleration, yaw rate, and displacement show RMS error
percentage differences of about 7.49% and 5.34%,
respectively.
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FIGURES 16(i) and 16(ii). Double lane change at 20 km/h
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FIGURES 17 (i) and 17(ii). Double lane change at 40 km/h

The results of the step steer test at a constant speed of
20 km/h are shown in Figure 18 (i) to Figure 18 (ii), while
the results for the step steer test at 40 km/h are presented
in Figure 19 (i) to Figure 19 (ii). The responses of the
vehicle model being investigated include lateral
acceleration, longitudinal acceleration, yaw rate, and
vehicle displacement. From the plots, it can be observed
that the vehicle’s response obtained from the real vehicle
closely matches that of the virtual vehicle modeled in IPG
CarMaker. For the vehicle moving at 20 km/h, the lateral
acceleration and yaw rate show RMS error percentage
differences of approximately 3.617% and 7.156%,
respectively. At 40 km/h, the lateral acceleration and yaw
rate display RMS error percentage differences of around
4.163% and 7.394%.
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Figures 18 (i) and 18(ii). Step steer at 20 km/h
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FIGURES 19(i) and 19(ii). Step steer at 20 km/h

For the third test, the vehicle traveled at a constant
speed before applying sudden braking to bring it to a
complete stop. This test is designed to evaluate the vehicle’s
deceleration response. The longitudinal speed and pitch
angle will be compared to assess the similarity between
the two models. The results for the constant speed of 20
km/h are presented in Figures 20(i) and 20(ii), while the
braking test results at 40 km/h are shown in Figures 21(i)
and 21(ii).
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FIGURES 20(i) and 20(ii). Sudden braking at 20km/h
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FIGURES 21(i) and 21(ii). Sudden braking at 20km/h

The response from the plot indicates that during the
vehicle’s acceleration phase, both models exhibited similar
characteristics. This similarity supports the reliability of
both the electrical powertrain model and the power-torque

mapping graph. Table 4 presents the RMS percentage errors
for the longitudinal velocity and the distance traveled by
the vehicle at speeds of 20 km/h and 40 km/h and the errors
are approximately 6.9%, 12.2%, 9.02%, and 10.4%,
respectively

LATERAL SKYHOOK BASED ESTIMATED
LATERAL FORCE FEEDBACK

During the development phase of the control design,
existing Advanced Driver Assistance Systems (ADAS)
technologies were integrated, including Adaptive Cruise
Control (ACC), Lane Keeping Assist System (LKAS),
Autonomous Emergency Braking (AEB), and an additional
feature, Autonomous Emergency Steering (AES). For the
ACC control module, object sensors were utilized to
provide feedback inputs necessary to control the vehicle’s
throttle. In the case of AEB, a camera sensor mounted near
the rear-view mirror on the dashboard was used to detect
obstacles. Meanwhile, LKAS relied on lane and road
sensors implemented within the vehicle model to ensure
that the IMiEV vehicle remained within its designated lane
throughout the testing period. However, during AES
activation—particularly at higher vehicle speeds and when
the Time-to-Collision (TTC) is too short for the AEB
system to safely stop the vehicle—the object sensor module
plays a critical role in providing real-time feedback. All
four controllers—ACC, LKAS, AEB, and AES—were
developed in Simulink, utilizing sensor data as input. After
processing this input, the controllers generate control
signals, which are communicated to IPG CarMaker’s
graphical user interface (GUI) through a co-simulation
process. The developed control system was interfaced
under the “VehicleControl” mode, enabling it to actuate
the ego-vehicle in terms of throttle, brake, and steering
commands. The decision-making control logic for
autonomous emergency braking and steering is based on
key distance and time-based metrics. In this study, Time-
to-Collision (TTC) is used as a primary safety indicator,
along with braking time (7, ) and steering time (7 ), to
assess collision risk. A higher TTC generally corresponds
to a lower risk of collision. Decision rules for selecting
braking or steering actions are defined based on comparisons
between these time intervals.

A flowchart outlining the decision-making strategy
incorporating all four control algorithms is shown in
Figure 22. This decision-making process operates
continuously while the vehicle is in motion. First, the
sensor suite provides real-time distance and velocity
measurements. The system then determines whether the
braking time threshold has been reached and compares

(7,,,) with (T, ). If the braking time has not been

steer



reached or if (7, ) is greater than (7, ) then braking is
still a viable and effective option for collision avoidance.
If braking is no longer effective due to limited time, the
system opts for emergency steering as a last-resort
collision avoidance maneuver. In the simulation tests, a
combination of all four algorithms is used to assess the
autonomous driving performance of the IMiEV under
three different test scenarios. These algorithms function
as high-level controllers designed to optimize the
behavioral response of the vehicle during critical
situations. The outputs from these high-level controllers—

Start
simulation
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such as vehicle acceleration/deceleration profiles and
steering angles—are then passed to a low-level control
system. This low-level system, implemented using a
linear PID controller, generates three control outputs:
throttle, brake, and steering commands. These are used to
operate the vehicle autonomously during simulation tests.
The inputs to the high-level controllers include desired
velocity, target vehicle data (e.g., position and velocity),
the intended travel path, and the current vehicle position
with respect to global coordinates, as depicted in Figure
23.

Activation of
ACC and LKAS

ACC drives with LKAS monitors the

desired speed or vehicle lateral
follow frontal vehicle direction Lo maintain
speed ith constant the direction path in
longitudinal distance intended lane

Sensors suddenly detect static
object/ abject moving in lateral
direction

Deactivation of ACC
and activation of AEB
to halt vehicle to
avoid collision

Deactivation of LKAS
and activation of
AES to overtake the
static object/ object
in lateral direction

FIGURE 22. A flow chart on the decision-making strategy using ADAS

Autonomous Driving System (using ADAS Algorithms)
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Target vehicle velocity g controller
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Ego global position - Lateral Controller design E
(LKAS for Lane following and AES for 5 (PID Controller) .
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| Current Position |—’ I
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FIGURE 23. Overall configuration of the autonomous driving system using IPG CarMaker

AUTONOMOUS EMERGENCY STEERING USING
ESTIMATED LATERAL FORCE (ESLAF)

The working principle of autonomous emergency steering
(AES) system is much more similar with the difference
being steering action instead of braking. AES is particularly
useful while travelling at high speed in the interurban area
such as highway. Steering evasion allows the vehicle to
have a shorter TTC buffer compared to braking. However,
the dynamic of vehicle is relatively more sensitive towards
lateral movement and tend to lose control which required
a much more complex control system. Therefore, for the
boundary level of the vehicle speed is set not more than
60 km/h while testing at CETRAN test track. The AES is
normally activated at speed more than 40 km/h, once the
TTC is low where AEB unable to halt the vehicle before
the collision. Figure 24 shows the comparison between

autonomous emergency steering and non-autonomous
emergency steering system.
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FIGURE 24. Working concept of autonomous emergency
steering (AES) system

As for the AES system, EsLaF is designed using
imaginary skyhook damper as shown in Figure 25 based
previous study. The main function of the imaginary
skyhook dampers is to generate additional forces during
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the activation of the autonomous emergency steering
system through the EsLaF algorithm.
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FIGURE 25. Imaginary skyhook dampers configuration for the
vehicle — Front view
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FIGURE 26. Imaginary skyhook dampers configuration for the
vehicle — Top view

The imaginary skyhook dampers generate the forces
based on the obstacle identified in the travelling path of
vehicle. The activation generally referring on travelling
path and speed of the obstacle (either static or dynamic
situation). The EsYLaR embodiment functions by

suppressing unwanted lateral forces acting on rear and front
of the vehicle. These forces are regulated using a skyhook
damper force Cty sront and Coy rear implemented as rear and

front of the vehicle as shown in Figure 26. The estimated
lateral force, Fy can be calculated as follows:

estimated

Yestimated Fsky front + FSkYrear (1)
where,
FSk}’front Csky_front x v)’front 2
FSkYrear Csky_rear X vJ’rear 3)
and,
v)’front fay_dyn - (lf X fdyn) 4)
v)’rear fay_dyn + (lr X rdyn) (5)

The term Fypon and Fy,,, are expressed for vehicle
lateral velocities at front and rear referring to lateral
acceleration at CoG vehicle. The generate forces from the
imaginary skyhook dampers are designed to provide forces
gradually based on the detected obstacles relative to the
sensor’s position mounted on the vehicle. Based on the
equation above, the simulation model is designed and
developed in Matlab Simulink as shown in Figure 27. Then,
the simulated control design is integrated with ego-vehicle
in IPG CarMaker using co-simulation between these
simulation tools.

Desired + Inner Loop Model Ego-vehicle model
iDPUt from . PID 2 Wh 9 .
eel anglef—»| Wheel Vehicle
ACC/AEB - angle Speed
model - -
Obstacle path »| External Yaw Rate
and speed disturbance Lateral
‘ \_ acceleratioy
Estimated Lateral Force (EsLaF)
( Lateral acceleration
Estimated Lateral force
L Yaw Rate

FIGURE 27. Control Structure design using Estimated Lateral Force (EsLaF)

In order to evaluate the response from the overtaking
test case, the vehicle model used in the simulation need to
be validated with the actual vehicle using simulation and
instrumented vehicle model. Once the model is validated,

the actual driving scenario using various human driving
inputs are conducted at CETRAN Test Track to obtain the
optimum benchmark data for overtaking scenarios. Based
on benchmark data, the AES using EsLaF is used for
testing.



TEST SCENARIO CLASSIFICATION
BASED ON DRIVING SCENARIOS

There are two types of test scenarios that have been
considered in this study. For the first test scenario, focusing
on test scenario related to pedestrian jaywalking in front
of the ego-vehicle to cross the road from bus bay area as
shown in Figure 28. In order to replicate the actual scenario,
the test scenario is proposed to conduct at in front of the
bus bay area as shown in the Figure 28. A minibus
(NAVYA) has stopped at the bus bay area and a pedestrian
starts to jaywalk to cross the road while the ego-vehicle is
approaching in the lateral direction of the pedestrian.

p Legend
& [ : Starting point of test
: ‘—( [ : Assessment starting point
. EEEE .: | :End pointof test
__-_. [ : Location of Observers
/' ‘I I |’ M - T] L

FIGURE 28. Location for 1* test scenario

The ego-vehicle should slow down and stopped the
vehicle (if possible) to let the pedestrian cross the road and
then resume the driving profile. In this test case, the
behaviour of the ego-vehicle is analysed to observe whether
the vehicle performs overtaking manuever or halt the
vehicle with longitudinal distance to avoid for any potential
collusion. In this test case, the response of the ego-vehicle
in terms of the vehicle speed, ACC and AEB profile and
braking profile is analyzed to observe whether braking or
steering is triggered for this case. The simulation profile
using IPG CarMaker is shown in Figure 29.

=
i go Vehicle Pathjlifl\ |
Pedestrian Path ¢

\
\ Maximum Speed, 30km/ h|

FIGURE 29. Simulated 1% Test Scenario

For the second scenario, the overtaking condition is
emphasized in this situation whereby a traffic vehicle is
parked at the side of the road and a pedestrian is jaywalking
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in front of the parked vehicle with longitudinal distance of
100 meter. This scenario has been tested using the
CETRAN test track at in front of the bus bay area, nearby
to the container office as shown in Figure 30.

FIGURE 30. Location for 2™ test scenario

In this test scenario, the ego-vehicle is expected to
perform overtaking without halting the vehicle, as
mentioned in the previous test scenario because the traffic
vehicle is in static position. Meanwhile, after overtaking,
the ego-vehicle expected to halt the vehicle in front of
jaywalking pedestrian with minimum distance of 1 meter
as shown in Figure 31. Each test scenario is tested several
times to measure the potential collision that could occur
with variation of the ego-vehicle’s speed, position of static
vehicle, pedestrian lateral speed and cyclist trajectory.
Based on the variation, the results are analyzed in the next
section.

i i i b o

Pedestrian Pedestrian Path after Ego-

~———" Vehicle Overtake|

%&w Vehicle Path

FIGURE 31. Simulated 2" Test Scenario

RESULTS AND DISCUSSION

In this section, several test scenarios have been selected
for the simulation-based testing analysis of the ego-vehicle.
The first test scenario has been selected for the analysis of
the ego-vehicle’s behaviour during the testing process. The
analysis mainly focusing on the brake inputs and the
distance with target as shown in Figure 32, time to collision
as shown in Figure 33 while Figure 34 shows the
combination of ACC and AEB and Figure 35 shows the
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vehicle speed profile during the process using the iMiEV
vehicle model to avoid collision with the pedestrian.

0.2004 30

\
|
0.175- [

0.150+ \ \

26

F20
0.1259 \ \

Brake

0.1004 \ 1y =15

0.075-

Distance to travel (mm)

0.050] \ | Y

0.025-

0.000: T T T T T T | T
0.0 25 5.0 75 10.0 125 15.0 175 2

Time

oo

FIGURE 32. TS1 - Brake Input and Dist. with target

TTC(s)

N
\»

-1 T T T T

0.0 25 50 75 10.0 135 15.0
Time

FIGURE 33. TS1 - Time-to-Collision

Y475 20

Based on the results of the test scenario, the ego-
vehicle starts applying brake inputs at 11th second once
the sensor is start detecting the traffic objects which is the
minibus and pedestrian. Since the minibus is not in the
travelling path of the ego-vehicle, the sensors are reacting
towards the pedestrian who is crossing the road in lateral
direction, moving towards the ego-vehicle direction as can
be observed in the TTC results. It can be noted that ACC
has been decelerating from constant speed and the AEB
has been activated to decelerate ego-vehicle from 40km/h,
reaching towards the collision point as shown in Figure
33. However, the TTC drops to zero once the pedestrian
moves out from the sensor field of view (FOV) after 15.5
seconds, where the ego-vehicle speed increases back. The
simulation has been conducted using various combination
of ego-vehicle speed, pedestrian speed and pedestrian
collision point to understand the vehicle behaviour during
the scenario.
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In the second test scenario, the interaction of the ego
vehicle with traffic vehicle which is in static position and
pedestrian jaywalking conditions. This scenario is
considered as one of the edge test scenarios based on
Singapore driving scenario. In this scenario, the ego-
vehicle has performed overtaking response to overtake the
parked traffic vehicle. After the overtaking scenario, a
pedestrian jaywalked in front of the ego-vehicle while the
vehicle cruising the speed. The ego-vehicle has managed
to reduce the speed and halt the vehicle from collision.
From Figure 36, it can be observed that the brake input
using AEB is not applied fully and TTC is reduced from
2.5 second. Meanwhile, steering angle is applied to avoid
the stopped vehicle while maintaining the vehicle speed
between 35km/h to 40 km/h, as shown in Figure 37. Since
ego-vehicle is travelling at low speed, large steering angle
between -2 radian and 3 radian is applied in this simulation,
as shown in Figure 38. The simulation has been conducted
using various combination of ego-vehicle speed, pedestrian
speed, traffic vehicle position and collision point for ego-
vehicle, pedestrian and traffic vehicle to understand the
vehicle speed behaviour during the scenario, as shown in
Figure 37 and Figure 39.
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CONCLUSION

In conclusion, it can be noted that the validated ego-vehicle,
iMiEV model equipped with ADAS technology able to be
tested using IPG CarMaker. Controller algorithm such as
ACC, AEB, LKAS and Autonomous Emergency Steering
(for overtaking purpose only) has been implemented in the
simulation tool for the scenario-based testing process.
Various type of scenarios from Singapore environment has
been studied in this study in this to understand the traffic
rules and driving scenarios occurred in Singapore
environment. Based on the driving scenario, several
scenarios have been captured in this study as the test
scenario. The test scenarios are identified to ensure the
crucially of this type driving scenario has potential hazard
for autonomous vehicle. Based on the ISO 3450x series
standards, the test scenarios are classify based on the
Operational Design Domain (ODD) and developed in the
IPG CarMaker simulation platform. Two test scenarios are
evaluated in the IPG CarMaker and each test scenarios are
designed certain variation based on ego vehicle speed,
traffic object speeds and trajectory to evaluate the possible
collision that could occur for each test scenarios. For the
1% scenario, it can be noted that the validated ego — vehicle
able to reduce the speed and maintain the distance up to
1.07 meter to avoid the accident without any steering angle.
Meanwhile, for the 2™ scenario, the ego-vehicle able to
overtake the stopped vehicle with minimum lateral distance
of 1.8 meter and halt the vehicle in front of pedestrian with
minimum distance of 0.85 meter from the pedestrian. It
can concluded that the EsLaF is activated only at higher
speed and short detection range only where in other
situation the AEB is activated to halt the vehicle without
steering intervention.
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