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Driver subjective feedback study during crosswind gusts on driving simulator for high
speed straight line driving
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SAI KISHAN SAWANTH
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

The passenger vehicle industry develops aerodynamic designs that have low drag to
improve vehicle efficiency at high speeds. The low drag aerodynamic design affects
crosswind stability during straight line driving, this is crucial for passengers and other
road user safety.
The thesis work subjectively evaluates vehicle high-speed stability under crosswind
gusts on VI grade DIM 250 moving platform 6 DOF driving simulator. The simulator
allowed testing the high speed response of a high-fidelity vehicle model with groups of
drivers in a controlled virtual environment. Initial CAE work focuses on the complexity
of SUV vehicle models and the implementation of crosswind gusts in the desktop CAE
simulation and driving simulator, coupling between aerodynamics and vehicle dynamics.
Stochastic crosswind gust tests were designed on Matlab & Simulink and implemented
on CarRealTime vehicle dynamics model on the driving simulator that simulated the
change in aerodynamic flow conditions and resulting vehicle aerodynamic forces and
moments.
Driving clinic is conducted to find the correlation between driver subjective feedback
and vehicle’s objective metric response. The vehicle crosswind sensitivity is evaluated
using a developed proxy measure. Finally, through statistical tests the study found
that the subjective instability feeling is triggered by the vehicle change in lateral and
centripetal accelerations response amongst the experienced driver and steering torque
demand for common drivers during straight line driving at high speeds under aerody-
namic crosswind gusts. The implementation of crosswind gusts on driving simulator is
evaluated subjectively.

Keywords: aerodynamics, crosswinds, high Speed, driver-in-loop, correlation, objective
metrics, subjective assessment, driver sensitivity.
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Nomenclature

Abbrevations

CAE Computer-Aided Engineering
CEVT China-Euro Vehicle Technology
CFD Computational Fluid Dynamics
CRT Car Real Time
CWG Cross Wind Gusts
DIL Driver-in-the-Loop
DIM Driver in Motion
DOF Degrees of Freedom
ISO International Organization for Standardization
OM Objective Metrices
SA Subjective Assessment
ST Subjective Triggers
SUV Sport Utility Vehicle
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Parameters and variables

Af Frontal cross-sectional area [m2]
Cd Coefficient of drag force
Cl Coefficient of lift force
Cpm Coefficient of pitch moment
Crm Coefficient of roll moment
Cs Coefficient of side force
Cym Coefficient of yaw moment
Fd Aerodynamic drag force [N ]
Fflz Front left normal tyre force [N ]
Ffrz Front right normal tyre force [N ]
Ffyw Front axle lateral tyre force [N ]
Fl Aerodynamic lift force [N ]
Frlz Rear left normal tyre force [N ]
Frrz Rear right normal tyre force [N ]
Fryw Rear axle lateral tyre force [N ]
Fs Aerodynamic side force [N ]
Js Vehicle sprung mass moment of roll inertia [kgm2]
Jz Vehicle mass moment of yaw inertia [kgm2]
KfRC Front axle roll stiffness [N/deg]
KrRC Rear axle roll stiffness [N/deg]
Mx Aerodynamic roll moment [Nm]
My Aerodynamic pitch moment [Nm]
Mz Aerodynamic yaw moment [Nm]
proxy Proxy signal measure
Vmag Relative flow magnitude [m/s]
Vmagf Relative flow magnitude at front axle [m/s]
Vmagr Relative flow magnitude at rear axle [m/s]
a⃗ Vehicle body acceleration vector [m/s2]
dfRC Front axle roll damping [Nm/deg/s]
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drRC Rear axle roll damping [Nm/deg/s]
hfRC Front axle roll centre height [m]
hrRC Rear axle roll centre height [m]
lf Distance between COG and front axle [m]
lr Distance between COG and rear axle [m]
swa Steering wheel angle [deg]
storq Steering wheel torque [Nm]
t0 Gust start time [s]
tb Gust build up time [s]
td Gust drop time [s]
tp Gust pause time [s]
vx Vehicle longitudinal velocity [m/s]
wx Longitudinal wind component [m/s]
wy Crosswind component [m/s]
wend

y Gust end amplitude [m/s]
wmax

y Gust maximum amplitude [m/s]
wmin

y Gust minimum amplitude [m/s]
wstart

y Gust end amplitude [m/s]
δf Front axle steer angle [rad]
δr Rear axle steer angle [rad]
δsw Steering wheel angle [rad]
ω⃗ Vehicle body anular velocity vector [deg/s]
ωx Roll velocity [deg/s]
ωz Yaw velocity [deg/s]
ωxm Platform roll velocity [deg/s]
ωzm Platform yaw velocity [deg/s]
ac Centripetal acceleration [m/s2]
ay Lateral acceleration [m/s2]
aym Platform lateral acceleration [m/s2]
dy Lateral displacement [m/]
h Centre of gravity height [m]
L Wheel base [m]

x



m Vehicle mass [kg]
t Time [s]
ρ Density of air [kg/m3]
v̇y Derivative of lateral velocity [m/s2]
ψ Relative flow angle [deg]
∆ Change
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1
Introduction

Automotive companies mainly focus on developing safe and reliable vehicles with good
handling performance that inspire confidence in real world driving environment. A
vehicle with good aerodynamic stability has low sensitivity to crosswinds at all operating
speeds, and it is crucial at high speeds for a driver to feel confident driving in straight
highway lanes. Even in developing a high-level autonomous driving vehicle platform,
the safe and stable motion of the vehicle will incline positively towards occupant safety,
comfort, and efficiency.

Vehicle aerodynamics is an important response to environmental changes in high-speed
driving scenarios. The aerodynamic characteristics are evaluated on test tracks and on
roads, the change in geography and roadside structures around the highways creates
wind disturbances which are known as crosswinds. High-speed aerodynamic stability
tests are conducted later in development processes using development mules or proto-
types. A change in the design requirement at the end of the development process will
affect the limited design alternatives. The budget in terms of time and resource to allow
late design changes is too expensive.

Current vehicle platforms are capable of being driven at high speeds in most highways,
and thus aerodynamic behaviour and design are crucial. To improve these analysis it
is essential to understand the aerodynamic behaviour of the vehicle to crosswinds that
affect handling and driving comfort. Computer aided engineering (CAE) tools allow
engineers to simulate real world crosswinds on cluster or on super computers dedicated
to computational fluid dynamics (CFD) [1].

The passenger vehicle aerodynamics is primarily focused on reducing air drag coeffi-
cients, optimising lift forces and aerodynamic pressure balance between the axles. In
real world, the wind direction cannot be predicted and these conditions change when
travelling at high speeds. Crosswinds are present everywhere and therefore it is a pri-
ority to design vehicle aerodynamic properties around all types of wind conditions.
Traditionally, the wind tunnel tests are done to find aerodynamic responses in con-
stant flow conditions. Vehicle crosswind stability is tested with ISO standard tests,
while these test crosswind parameters are limited to extreme conditions of crosswinds
[2]. Accurate road wind conditions were studied and suggested a large deviation in the
crosswind flow condition between the real world and ISO test flow conditions [1] [3].
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1. Introduction

Thus, offline simulation to study crosswind response of the vehicle is important for the
overall development of the vehicle high speed characteristics. The offline simulations
benefits the vehicle development immensely, but its time consuming and the subjective
evaluation of the vehicle is not possible in offline simulation.

A driving simulator supports vehicle development at early stages as the CAE tools are to
subjectively understand the vehicle’s performance in a supervised virtual environment
called driver-in-loop (DIL) simulation. It allows a driver to provide subjective assess-
ment of the vehicle’s behavior and its performance in test case scenarios before building
a prototype vehicle. Driving simulators have excellent accuracy and repeatability, which
enables engineers to run multiple scenarios and a large number of design configurations
at the early stages of the development in a short duration at lower costs compared to
the traditional prototyping approach at the end of the development process. The driv-
ing simulator works with sensory inputs namely haptic, visual and auditory feedback
with good synchronisation and low latency between these feed backs sensory feedback
delay between motion cueing benefit DIL simulation at the development [5].

A case study of DIL simulation of driving stability during crosswinds on Cruden 6 DOF
driving simulator was conducted at Chalmers University of Technology. The driving
clinic provided insight into the importance of latency between driver input and motion
cueing in their subjective assessment. The visual quality of the virtual environment
help the driver to feel immersed in the simulation. Additionally, the complexity of the
model used for the simulation showed a large deviation in the objective measures in the
DIL simulation [4].

At CEVT AB, the state-of-the-art VI-grade DIM250 driving simulator provides the
best platform to bridge the knowledge gap required to test aerodynamics in the vehicle
dynamics driving simulator for high-speed crosswind scenarios. This promotes the
evaluation of the concept of safe and reliable aerodynamic vehicles in the early stages
[6].
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1. Introduction

1.1 Aim

The primary focus of this thesis work is to implement crosswind gusts in high-speed
driving scenarios in a driver-in-loop simulation. Secondly, investigate the correlation
between vehicle response objective metrics and driver subjective feedback, also to define
the region of instability and drivers subjective sensitivity in terms of vehicle objective
measure.

1.2 Limitations and scope

• The project will not include any on-road testing, and testings are done on desktop
simulation or on a driving simulator.

• The project uses cross-wind gust data observed at high-speed cross-wind testing
done Hällered Proving Ground[7].

• The project will not perform any CFD simulations, the aerodynamic loads and
models will be provided to the students by the company.

• A prototype Lynk&Co 01 vehicle dynamics model is used for the desktop CAE
simulation and the same vehicle dynamics model is used in the driving simulator
for the DIL simulation.

• Common and experienced drivers in the driving clinic are CEVT employees.

• The driver feedback from the DIL simulation is based solely on the driver expe-
rience.

• The motion cueing algorithm used for the study is tuned for a good subjective
lateral dynamic feel by the company.

• The steering feedback torque and the model used in the vehicle model is provided
by the company.

• The statistical analysis and its results are completely based on the recorded data.

3



1. Introduction

1.3 Specification of issue under investigation

The objective of this thesis work is to understand the usefulness of the driver in loop
simulation. The initial task was to implement the vehicle model in the driving simulator
with dynamic and aerodynamic coupling of the vehicle. Secondly, to find the correlation
between subjective assessment and vehicle objective measures.

The following research questions were constructed to guide this study:

• What level of complexity is needed for the coupled vehicle dynamic and aerody-
namic models to evaluate crosswind sensitivity in the driving simulator?

• How realistic is the vehicle response to high-speed crosswind gust implementation?

• How does the subjective assessment of the vehicle changes with increasing test
speed?

• What objective vehicle response to crosswind gust disturbance correlates with
driver subjective feedback?

• What vehicle response amplitudes can drivers detect, and at what levels do they
classify as stability issues?

4



2
Background

This chapter provides insight into the crosswind gusts and its profiles in Section 2.1.1.
The aerodynamic model for accurate flow conditions & loads on the vehicle during
high-speeds are discussed in 2.1.2. The vehicle model complexity and coupling method
used in the simulations are shown in 2.2. To understand the change in vehicle response,
the objective metrics of the vehicle 2.3 are briefly discussed. The driving simulator
tools and the driving feedback system used in the study are discussed along with the
psychophysiology of the driver and the duration of the test, which are briefly discussed
in 2.4 and 2.5.

2.1 Crosswind gusts

Crosswind gusts are change in wind amplitudes that flow perpendicular to the direction
of travel. The unstable wind flow condition occurs due to turbulent flow in the natural
wind and disturbances caused by other road vehicles, which also involve obstacles on the
roadside. From the above three mentioned components affecting wind flow, the roadside
obstacles have the largest consequences that causes highly unsteady crosswind gusts. At
high speeds, the vehicle often crosses obstacles on the road, and small to large crosswind
disturbances occur. In Wojciak [3] study, the crosswind gusts are classified into three
types such as large turbulence scales with quasi-steady effect, medium turbulence scales
with relevant effect and small turbulence scale with irrelevant scale. In the Wojciak
study [3], it is observed that the wind flow angles between 5 and 9 degrees at a vehicle
speed of 140 km/h are more sensitive and cause driving instability. The crosswind
gust flow conditions directly affect the aerodynamic loads on the vehicle, and vehicle
dynamics is effected indirectly at the same magnitude.

5



2. Background

2.1.1 Crosswind gust parameters

The wind data from the Hällared proving ground provides an idea of the magnitude
and direction of flow of the wind gusts while driving at high speeds. Crosswinds have
different magnitudes, and their intensity is explained as a Beaufort wind scale [10]. The
crosswind gusts are never similar as a result of the unstable nature of the natural wind.
When visually examined, the crosswind gusts are classified on the basis of the patterns,
which are called profiles in the study. These patterns are mathematically defined as
the function shown in 2.1. In this function, the crosswind gust profile is based on the
amplitude and time duration of the gust. The amplitude of the gust is controlled by
four parameters ie wstart

y , wend
y , wmax

y , wmin
y and the duration of the gust of the crosswind

is based on four parameters t0, tb, tp ,td. The wind parameters are shown below in the
table 2.1

Parameters Symbols
Time t
Gust start time t0

Gust build up time tb

Gust pause time tp

Gust drop time td

Crosswind component wy

Gust start amplitude wstart
y

Gust end amplitude wend
y

Gust maximum amplitude wmax
y

Gust minimum amplitude wmin
y

Table 2.1: Crosswind parameters

6



2. Background

Figure 2.1: Mathematical gust function
[8]

2.1.2 Crosswind aerodynamic flow conditions and loads

The crosswind gusts are applied on the vehicle based on the flow angle of the crosswind,
the relative vehicle and wind velocities, this is called the relative flow condition. The
aerodynamic coefficients of the vehicle vary when the relative wind flow angle changes,
and the aerodynamic coefficients obtained from unsteady CFD simulation at various
wind yaw angles, provided by CEVT, change with flow conditions. The flow condition
of the wind and the aerodynamic coefficients with parameters such as L wheelbase,
Af frontal cross-sectional area of the vehicle and ρ the density of the air with relative
magnitude of velocity of the vehicle Vmag used to model the aerodynamic forces and
moments are as shown in the below equations 2.1,2.2,2.3,2.4,2.5 2.6.
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2. Background

Figure 2.2: Crosswind flow angle and velocity components with vehicle velocity
component forming flow condition of the crosswind

.

Fd = 1
2 ∗ ρ ∗ Af (Cd ∗ V 2

mag) (2.1)

Fs = 1
2 ∗ ρ ∗ Af (Cs ∗ V 2

mag) (2.2)

Fl = 1
2 ∗ ρ ∗ Af (Cl ∗ V 2

mag) (2.3)

Mx = 1
2 ∗ ρ ∗ Af ∗ L(Crm ∗ V 2

mag) (2.4)

My = 1
4 ∗ ρ ∗ Af ∗ L(Cpm ∗ V 2

mag) (2.5)

Mz = 1
4 ∗ ρ ∗ Af ∗ L(Cym ∗ V 2

mag) (2.6)

Forces and moments are implemented on the vehicle considering the axle delay, and
loads are applied at the point exactly between the axles at the center of the wheel
base line, the same reference point as the coefficients obtained from the unsteady CFD
simulation at various wind angles. The directions of the forces and moments are in the
aerodynamic reference system and later changed into the vehicle dynamics coordinate
system, as shown in figure 3.3.
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2. Background

2.2 Complexity and coupling

The complexity and coupling are most important part in developing the vehicle model
and evaluating the fitness of the CAE or DIL simulation with the real world scenarios.

2.2.1 Mid-fidelity model

The vehicles dynamic models are responsible for reproducing the response of the real
vehicle in a virtual environment with good accuracy. The dynamics of the vehicle chas-
sis, suspension and steering all together increases the complexity in vehicle dynamics,
further complicated with powertrain models. Thus, the use of high complexity model
requires high computational time and accurate vehicle design parameter to give real
world correlating vehicle response. Low-fidelity models are not detailed enough for
good accuracy for this study because the low degree of freedom in the vehicle model
dampens vehicle responses compared to medium or high complexity models. The mid-
fidelity is balanced with enough complexities to emulate the real vehicle response with
good accuracy, and further complexities can be added to improve the vehicle model.
The mid fidelity model is used to compare the vehicle response from the CAE tool and
is explained in the next chapter 3.5.

Figure 2.3: Mid-fidelity model

9



2. Background

2.2.2 Coupling

The coupling between aerodynamics and vehicle dynamics is implemented in three
methods, as shown in Figs. 2.4, 2.5, and 2.6. In one-way coupling, the response to
vehicle motion is influenced by the aerodynamics and vehicle dynamics of the vehicle
model, but the aerodynamics model does not consider changing the dynamic motion
of the vehicle caused by itself. In two-way coupling, the aerodynamic model flow con-
ditions are based on vehicle dynamic responses using vehicle longitudinal and lateral
velocities as body slip. Here, the crosswinds are perpendicular to the vehicle.

In an improved two-way coupling, the flow condition uses the relative change in the
yaw angle of the vehicle with respect to the road in the x-axis or longitudinal direction.
Body slip and yaw angle control flow conditions when there is a large change in yaw
response of the vehicle due to crosswind gust or the driver steering excitation. This can
be visualized as the crosswind gusts defined perpendicular to the road and not to the
vehicle.

Figure 2.4: One way coupling to simulate flow conditions of crosswinds defined on
the vehicle reference point without considering vehicle dynamic responses

Figure 2.5: Two way coupling to simulate flow conditions of crosswinds defined
perpendicular to the vehicle in the road plane

10



2. Background

Figure 2.6: Improved two-way coupling to simulate the flow conditions of the
crosswinds perpendicular to the road for large yaw angle change

2.3 Vehicle objective metrics

The vehicle performance is evaluated by understanding change in vehicle response for a
change in vehicle design parameters or test parameters. The objective metrics provide
insight into the change in performance and give direction to the development process
of a prototype vehicle or to improve a vehicle model to a certain benchmark. ISO
standards [2] recommend objective metrics for the study of crosswind sensitivity. Their
standardized test analyzes the vehicle yaw angle, lateral acceleration and yaw velocity
response, the path deviation is also measured using dye-trail method or other com-
putational method. The crosswind sensitivity study often deviates because the wind
tunnel test flow parameters are different from the real-world wind conditions. Mean-
while, the ISO tests are conducted in real world where the wind conditions keep varying
through time and distance, thus proving difficult to engineers to understand the vehicle
aerodynamic and vehicle dynamic response in crosswind study. Although this study is
primarily focused on high-speed straight line driving under crosswind gusts and in a
virtual environment, vehicle signals are recorded to study the vehicle performance and
understand driver perception of stability. Few of the most important benefits of CAE
simulations are accuracy and repeatability which directly improves reliability of objec-
tive metrics. In a study by Huemer.J on the influence of unsteady aerodynamics [14] it
is clearly shown that vehicle responses such as lateral acceleration, yaw velocity and roll
velocity are sensitive to crosswind disturbances. Also, in a study related aerodynamic
excitation [15] shows that the drivers are sensitive to yaw disturbances more than the
roll disturbances during crosswind gusts.

11



2. Background

2.4 Driving simulator

The thesis work is carried out on the CEVT AB’s VI-grade DIM250 driving simulator.
Currently, driving simulators provide great support in developing and improving vehicle
design and evaluating performance at an early stage. The benefit of using a driving
simulator in the development process is the feedback from a driver through subjective
assessment of the vehicle design iteration while it provides a safe testing environment,
where extreme and different conditions can be tested virtually and provide vehicle
response with great accuracy and repeatability. Additionally, a driving simulator allows
the study of driver behavior and driving input that affect vehicle response.

2.4.1 Driver in loop Simulation

Driver in loop (DIL) simulations, also known as online simulations involves a real driver
in the simulation process. While desktop or off-line simulations use a virtual driver
model, a driving simulator uses a real driver and considers their input in the virtual
simulation. The DIL simulation is used to measure vehicle performance and understand
subjective feeling to examine and understand the vehicle development process in the
very early stages of the development process [4].

2.4.2 Virtual test track

A virtual test track from VI grade is used for the crosswind gust event simulation.
The test track is an infinitely straight highway road and this helps the study to run
the driving simulation for any required amount of time. These test tracks include
environmental graphics such as trees, hills, bridges and road signs. This makes the
driver more involved and provide realistic driving experience. The road profile noises
are controllable, which is in sync with the cockpit shakers.

2.4.3 Motion cueing

Motion cueing moves the driving cockpit to replicate real driving disturbances on the
driver to evaluate the vehicle model on the driving simulator. Motion cueing algorithm
controls the actuators, and the vibrators (shakers) on a moving base platform creates
road and engine noise vibration into the cockpit. The limited 6 degrees of freedom
hexapod moves with the platform to create forces and moments on drivers. Motion
cueing plays an important role, working in conjunction with other cues such as hap-
tic, visual, and audio feedbacks to immerse the driver and achieve a realistic driving

12



2. Background

experience. The limitation of the space and force of acutators of the motion platform
makes it difficult to obtain the exact motion of the vehicle model on the driving simu-
lator. Therefore, the motion cueing algorithm allows giving near-realistic feedback and
is indeed a best way to simulate disturbances to the driver [11] and [5].

2.4.4 Audio, visual and haptic feedback

Audio feedback is provided by the speakers in the driving cockpit. Since the driving
simulator has a closed cockpit, external noises from the moving platform and the actu-
ators are completely unnoticeable. The visual feedback provides sensory input to the
driver on a conical screen and it plays a major role in immersing the driver to reduce
motion sickness. The simulator has a fixed 8-9m conical screen with best visual immer-
sion quality that results in better visual input to the driver. Conical screens provide the
effect of stereoscopic vision that improves the quality of visual feedback. The immer-
sive display graphics projected on the screen and the cockpit motion with low latency
improves the quality of DIL simulation. Motion cues with audio and visual feedback
provide complete sensory input to the driver, while haptic feedback allow driver to un-
derstand the vehicle response through steering feedback. Based on the cockpit steering
angle, the steering wheel feedback torque is generated and road noise vibrations are
fed through the steering wheel torque and cockpit simulator. The VI-grade DIM 250
simulator provides the best DIL simulation with the lowest latency between all the
above-mentioned feedback.

2.5 Driver safety and test duration

In a DIL simulation, the subjective assessment of the driver should be accurate and
reliable for testing the handling and behavior of a vehicle. Motion cueing affects dif-
ferently for each driver based on his or her experience in the driving simulator and
the psychophysiology of the driver. A driver sensitive to motion sickness is affected
by deterioration of mental alertness due to fatigue and awareness [16]. The driving
experience is improved by inducing road noise in the cockpit [18] and the audio, visual,
steering feedback with good motion cueing setup with low latency interaction.

The psychological and physiological behavior of the driver when undisturbed while driv-
ing; The driver cannot accurately perform the subjective evaluation due to monotonous
straight-line driving [17]. A similar study for straight-line high-speed driving [15] sug-
gests less than 20 minutes for a driving session. The driving clinic considers all drivers’
safety to obtain reliable subjective assessment.
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Methodology

This chapter overviews the implementation of crosswind gusts into the driver in loop
simulation. Firstly, the virtual vehicle model used in the study is discussed in section3.1
and also insight into the different crosswinds profiles are provided in the Section 3.2.
The platform where crosswind gusts are implemented into CarRealTime is presented in
the Section 3.3. To evaluate vehicle complexity, vehicle responses for single crosswind
gusts and vehicle model validation of CRT and mid-fidelity vehicles are discussed in
Sections 3.4 and 3.5, respectively.

The DIL simulations are improved by the development of randomised crosswind gusts
implementation is described in the Section 3.6.The necessary objective metrics and sub-
jective assessment tools with procedure to conduct successful driving clinic are elabo-
rated in Sections 3.7 to 3.10. The statistical method used to correlate and study the
subjective feedback of the driver is presented in Section 3.11.

3.1 Virtual vehicle model

The virtual vehicle model or the CRT vehicle model shows the vehicle response of
the prototype SUV, the vehicle dynamic and aerodynamic parameters are provided by
CEVT AB for the study.

First, a mid-fidelity model (mathematical model) is set with real-world parameters,
and vehicle responses are compared [1]. The response to crosswind gusts of the vehicle
is entirely based on the vehicle parameters. The parameters of mid-fidelity model are
discussed in the table 3.5 below and tested for close fitness with the CRT vehicle model.

The CRT vehicle model is a complex model consisting of various vehicle dynamics
models such as propulsion system models, tyre models, chassis model, steering model
and suspension model. From the aerodynamics unsteady CFD data provided by CEVT
AB and the aerodynamics model is coupled to vehicle dynamics model as discussed in
Section 2.2.2.
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3. Methodology

Figure 3.1: Vehicle used in the study

Parameter Data
Vehicle Lynk&Co 01 (SUV)
Transmission Front wheel driven (Automatic)
Length 4.51m
Height 1.86m
Wheel base 2.73m
Kerb weight 1856kg
Tire 235/50 R19
Front suspension MacPherson
Rear suspension 4-link trailing arm

Table 3.1: Vehicle parameters
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3.2 Crosswind profiles

In the nature, crosswind gusts are turbulent and have unsteadiness behavior. The
variation in these crosswinds can be broken down into varying amplitude and time
duration. As mentioned in the previous Section 2.1.1, from the patterns or profiles
of crosswind gusts observed at the Hällared proving ground, the gusts obtained are
grouped into three types of profiles.

• Profile 1: The crosswind gust amplitude is initially at zero wstart
y , the amplitude

is built to the maximum wmax
y crosswind in the build time tb and then at the same

duration, it changes the direction of the amplitude toward the minimum wmin
y .

This profile then drops to zero wend
y at a drop duration td.

• Profile 2: This profile is similar to profile1 and is identified as slow build-up and
rapid drop crosswind. But one major difference in this type of profile is that the
build-up time is much less than in profile 1. This rapid drop in the time causes
significant issues in the vehicle.

• Profile 3: In contrast to the two profiles above, this profile has a considerably
longer pause duration without any zero crossing. The quick ramp up and ramp
down in time duration with higher amplitudes makes it unrealistic with the nat-
ural crosswind conditions.

Figure 3.2: Crosswind gust profiles
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Profile 1 Profile 2 Profile 3
wstart

y [m/s] 0 0 0
wmax

y [m/s] 5 5 5
wmin

y [m/s] -5 -5 5
wend

y [m/s] 0 0 0
tb[S] 0.5 0.7 0.3
tp[S] 0 0 0.5
td[s] 0.6 0.2 0

tgust = 2tb + 2tp + td[S] 1.6 1.6 1.6

Table 3.2: Standard crosswind gusts profile parameters
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3.3 Simulink CRT interface

The crosswind gust velocities are mathematically generated on simulink with the gust
parameters. The flow condition is dictated by the relative velocity between the cross-
wind and the vehicle. Flow condition and the yaw angle relative aerodynamic coeffien-
cents of the vehicle model from unsteady CFD simulation gives aerodynamic loads [7].
The aerodynamic loads changes with crosswind gust velocity, vehicle velocity and yaw
angle on simulink interface, these input aerodynamic load signals as shown in table
3.4 are fed into vehicle dynamics block of the CRT vehicle model on simulink follow-
ing the relation shown in table 3.3. The varying aerodynamic loads on straight-line
driving gives a transient vehicle dynamic response on CRT simulation with a standard
driver model to follow a straight lane. The vehicle- aerodynamic coupling signals shown
in table 3.4 are feedback from CRT vehicle dynamics to the flow condition block on
simulink.

Figure 3.3: Aerodynamics and vehicle dynamics coordinate system
[13]

Forces and moments Aerodynamics Vehicle dynamics Relation
Drag force Fd Fx Fd = −Fx

Side force Fs Fy Fs = −Fy

Lift force Fl Fz Fl = Fz

Roll moment Mx Mx Mx

Pitch moment My My −My

Yaw moment Mz Mz −Mz

Table 3.3: Sign convention for aerodynamics and vehicle dynamics system
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Figure 3.4: Simulink and CRT Interfaces

The vehicle dynamic block is setup by parameters of vehicle models, maneuver defini-
tion, driver model and environment or road scenario .

Sl.no Input signals Output signals
1 Aerodynamic drag force at center Lateral velocity
2 Aerodynamic side force at center Longitudinal velocity
3 Aerodynamic lift force at center Yaw angle
4 Aerodynamic roll moment
5 Aerodynamic pitch moment
6 Aerodynamic yaw moment

Table 3.4: CRT and Simulink interface signals for aerodynamic flow conditions
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3.4 Single gust simulation

The aerodynamic loads for single crosswind gusts are calculated for the flow conditions
that are induced perpendicular to the straight road. The wind flow condition signals i.e.
vmag and ψ are split into front and rear axle. The unsteady CFD data for coefficients
of forces and moments are relative to the ψ angle (wind yaw angle). The coefficients
of drag, side, lift forces, and roll, pitch & yaw moments are calculated and fed into the
vehicle dynamic model. Thus, aerodynamic loads that vary according to changing wind
flow conditions with axle delay improves the driving experience and vehicle response to
the crosswind gust.

The following graphs are the responses of the CRT simulation vehicle of a single event of
crosswind gusts for different profiles while driving at a speed of 160kph at zero steering
angle. The vehicle lateral acceleration, yaw & roll velocities, steering wheel torque are
shown in the figures 3.5, 3.6, 3.7, 3.8.

Figure 3.5: Vehicle lateral acceleration re-
sponse during single crosswind event for dif-
ferent profiles

Figure 3.6: Vehicle yaw velocity response
during single crosswind event for different
profiles
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Figure 3.7: Vehicle roll velocity response
during single crosswind event for different
profiles

Figure 3.8: Vehicle steering wheel torque
response during single crosswind event for
different profiles

3.5 Vehicle and aerodynamics model validation

The study [7] involved testing the real-world vehicle at high speeds testing crosswind
gust response. Vehicle response and wind gust data obtained as explained in his re-
search was transferred to virtual simulation to study vehicle aerodynamic instability. In
addition, the real-world vehicle response was compared with low-fidelity, mid-fidelity,
and high-fidelity models, which are in the order of complexities and degrees of freedom
of the vehicle model. A comparison was established between these models and the
mid fidelity model response had close fit with the real-world vehicle response. Thus, a
mid-fidelity model has a good vehicle dynamic physics to replicate a real-world vehicle.

The vehicle model used in CRT simulation is obtained from CEVT AB and which is
updated to have good fitness with the real-world vehicle. The CRT vehicle parameters
when used in mid-fidelity model, the response of the mid-fidelity model for the cross-
wind gust should provide the same response from the CRT vehicle model for the same
crosswind gust. This is to check the fitness of the CRT vehicle dynamic response for the
same aerodynamic loads that the mid-fidelity model provides and this is because the
mid-fidelity model has a well-established aerodynamic implementation in the vehicle
dynamic model [7].

The vehicle responses such as lateral acceleration, yaw velocity and tire normal loads are
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the most important vehicle signals to compare the vehicle dynamics and the crosswind
gusts effect on vehicle dynamics. The parameters were initialized into a mid-fidelity
model by testing the CRT vehicle in virtual simulation for mass, center of gravity
position, and center of roll height in addition to the vehicle data provided from CEVT
AB.

The CRT vehicle model and the mid-fidelity model response to a single crosswind gust
of profile 1 are shown below in figures 3.9, 3.10 and 3.11 are compared. The CRT
vehicle shows a close vehicle dynamic response to the mid-fidelity model, and thus it
establishes correlation with the real-world vehicle. To get good fitness in response, the
vehicle model parameters must be equal and accurate to real world vehicle. The 2-way
coupling method implemented the crosswind gusts accurately on CRT simulation.

The vehicle responses between the CRT and the mid-fidelity vehicle model for crosswind
gust profile 3 are compared and are shown in Appendix 1 A.

Figure 3.9: Lateral acceleration compari-
son between mid fidelity and CRT model

Figure 3.10: Yaw velocity comparison be-
tween mid fidelity and CRT model
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Figure 3.11: Tire normal loads comparison between mid fidelity and CRT model

3.6 Realistic crosswind implementation

The target of the DIL simulation is to obtain good driving data by implementing real-
istic crosswind disturbances for accurate subjective feedback. Initially, the implemen-
tation of the crosswind gust evaluates three different profiles, as shown in Figure 3.2 of
the standard time duration, as explained in Section 2.1.1. These crosswind gusts were
tested to find noticeable differences in the DIL simulation. The drivers subjectively
reported that there was no noticeable difference in between the responses of the vehicle
with gust profile 1 and 2. The crosswind profile type 1 and 3, i.e. crosswind with and
without zero crossing parameters have very different vehicle responses and subjective
feeling in the DIL simulation. In a similar study of crosswind gust implementation [4]
the drivers felt the cockpit was floating in high speed straight line driving in crosswind
DIL simulation.

Meanwhile, the drivers recognized the periodic nature and type of gusts after a single
DIL simulation test. Randomization of the crosswind gust parameters allowed for close
proximity to real-world crosswind gusts, which represents the stochastic nature. Thus,
randomisation immensely benefited the crosswind gust scenario to immerse the driver
in DIL simulation.

In the real world, straight-line driving at high speed is effected by crosswinds of small
amplitudes at high frequency i.e. aerodynamic disturbances. The disturbances imple-
mented in the crosswind gusts are stochastic and mathematically added to the crosswind
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gust signals. The aerodynamic disturbance amplitudes and frequencies are tuned by
the driver’s intuition and feedback and are modeled similarly to crosswind gusts with
axle delay. The axle delay is a function of vehicle velocity and wheelbase, and this
evidently improved driver feedback.

Figure 3.12: A single crosswind gust and small disturbances spliced over time

Figure 3.13: Crosswind gust event with randomised parameters with crosswind
disturbances

A study on driver subjective perception during ride disturbance [18] shows that road
noise plays important role in providing driver a good driving feedback and in this study
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the wind noise are added on aerodynamic reference point with the aerodynamic loads on
the vehicle during crosswind gust. Meanwhile, road, engine, chassis, and environment
noise is controllable and can be adjusted to realistic road driving noise feedback. The
DIM 250 cockpit is equipped with shakers that provide vibrations similar to real road
driving noise.

The vehicle and driver response signals of DIL simulation for crosswind gust event with
randomised series wind parameter and disturbances are shown in the Appendix C.
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3.7 Subjective assessment

The subjective rating scale shown in the figure below 3.14 is used to correlate the SA
of the driver and the performance of the vehicle by varying the wind gust parameters.
The crosswind gusts affect the vehicle in lateral direction, vehicle behaviour addressing
lateral crosswind stability and vehicle control responses are studied in 4.1.

Figure 3.14: Subjective Rating Scale
[12]

DIL simulation allows engineers to understand vehicle handling behavior and character-
istics using SA questionnaires. The questionnaires are focused to develop understanding
of the vehicle responses in lateral control that a driver can perceive and are listed below.

• How is the vehicle straight path tracking?

• How is the vehicle yaw stability to the crosswind gusts?

• How is the vehicle roll stability to the crosswind gusts?

• How is the vehicle controllability during the crosswind gusts?

• How realistic is the crosswind gust event implementation?
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3.8 Subjective trigger

To quantify the subjective feedback of the driver to disturbances of the wind gusts in
terms of the vehicle response measure, the study develops a method to use numbers 0,
1,2 and 3, each number subjectively defines the vehicle response to a gust to the driver.
These numbers are called subjective triggers (ST) and are reported verbally from the
cockpit mic for every crosswind gust implemented in DIL simulation tests. Drivers
report the ST number based on the amplitude of vehicle response they subjectively
feel. The subjective feeling of the disturbance due to the wind in a high-speed vehicle
driving in a straight lane is predefined by the ST numbers shown below.

• ST0- The driver did not feel the crosswind gust. (Obtained while post processing
the driving data)

• ST1- The driver felt the crosswind gust, but it did not affect the vehicle straight
path following.

• ST2-The driver felt the crosswind gust mildly, the vehicle straight path following
is affected but the vehicle is controllable.

• ST3-The driver felt the crosswind gust severely, the vehicle did not follow the
intended path and is difficult to controllable.

The ST method allows a detailed study of regions of driver sensitivity to crosswind
gust disturbance in terms of vehicle objective metric response The ST statistics from
the study is explained in Section 4.2 . The vehicle crosswind gust response signals
are grouped based on the test speed and ST reported by the driver for testing the
hypothesis as explained in Section 3.11.
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3.9 Objective metrics

The OMs are vehicle response amplitudes that are tested to find correlation with the
driver subjective assessment and trigger. The OM investigates the change in vehicle
signals and driver input response; the peak-to-peak-amplitude vehicle response to cross-
winds at different gust amplitudes are different. The magnitude of the change in vehicle
response for a crosswind depends on the magnitude of change in aerodynamic loads on
the vehicle. Therefore, to measure the effect of crosswind gust during high-speed driv-
ing at 120, 160 and 200 kph on straight roads, the vehicle signal amplitudes in table
3.5 are recorded.

The objective metrics lists the proxy signal measure 3.1 [1] that shows the vehicle
sensitivity to crosswinds based on the lateral acceleration and the yaw velocity. In the
equation 3.1, ay is in [m/s2] and ωz is in [deg/s]. The derivative of the lateral velocity
3.3 or the pure lateral acceleration and the centripetal acceleration 3.2 of the vehicle is
analyzed to find the effect of the vehicle response on the subjective trigger of the driver.

Objective Metrics
Change in lateral acceleration ∆ay

Change in yaw velocity ∆ωz

Change in roll velocity ∆ωx

Change in steering wheel angle ∆swa
Change in steering wheel torque ∆storq
Change in proxy signal measure ∆proxy
Change in derivative of lateral velocity ∆v̇y

Change in centripetal acceleration ∆ac

Change in lateral displacement ∆dy
Change in platform lateral acceleration ∆aym

Change in platform yaw velocity ∆ωzm

Change in platform roll velocity ∆ωxm

Table 3.5: Objective metrics of vehicle response
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proxy =
√

2a2
y + ω2

z (3.1)

ac = ωz ∗ vx (3.2)

v̇y = ay − ac (3.3)

Figure 3.15 shows the OM ∆ay, which is the response to amplitude or the change from
peak to peak in the response of vehicle lateral acceleration to a gust of wind. The
maximum and minimum peaks are located using the ST time stamp and categorized
according to the type of ST to study the driver sensitivity in terms of OM. That is,
the response ∆ay that is reported to give a subjective feeling of ST2 is grouped but
separated according to the test speed.

Figure 3.15: Change in vehicle lateral acceleration response

The OM vehicle responses for a common DIL simulation at 120, 160 and 200 kph are
classified based on ST, they are presented in Appendix D.
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3.10 Driving clinic and blind test

A driving clinic is organised to obtain driving data from two different group of drivers,
i.e. experienced and common drivers. All 38 drivers are employees of CEVT AB, in
that a group of 14 experienced drivers and amongst them 8 have experience with driving
simulators. A group of 24 common drivers who are fairly new to driving and amongst
them 4 have worked with driving simulator. Each driver receives an experience session
before the test sessions to check if the driver is prone to motion sickness and to get used
to subjective trigger reporting as explained in Section 3.8. After a driving session, the
driver provides subjective feedback as shown in Section 3.7. The duration of a driving
session is limited to 6 minutes and a total driving time of less than 25 minutes with
breaks between is structured to provide good subjective feedback.

The driving clinic evaluates the vehicle and driver response at 120, 160 and 200 kph,
the 3 driving sessions. Each session has 3 identical gusts of 5m/s amplitude out of
19 gusts dedicated to blind test. The purpose of this test is to filter out driving test
data where the subjective trigger is not reliable and is affected by inexperience with
subjective triggers. The STs of the blind test given to 1st & 9th, 9th & 19th gust are
compared to evaluate the change in ST for identical 5m/s crosswind gusts of profile 1
are shown in Section 4.3 to show the effect of speed on ST.

Figure 3.16: Driving clinic
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3.11 Hypothesis test

The driving clinic data is used to find the correlation between the driver subjective trig-
ger feedback and the objective metrics response of the vehicle. First hypothesis states
that the ST monotonically increases with change in vehicle OM. Second hypothesis
states that STs can be defined in terms of vehicle OM and the STs sensitivities do not
change with vehicle speeds.

Figure 3.17: Graphical representation of the Hypotheses

The OM vehicle responses are classified based on the subjective triggers reported by
driver, as shown in Figure 3.15. The first correlation hypothesis is evaluated visually
on OM box plots as presented in 4.4.2 and 4.5, the first hypothesis is agreed when the
increased vehicle OMs increases the severity of the driver ST.

Figure 3.18: OMs classified in terms of STs to find the relation of ST with speed

The driver ST sensitivities are defined in terms of vehicle OMs and assuming that the
ST sensitivities does not change with speed, the second hypothesis test is carried to
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find the relation statistically. Using One-Way ANOVA analysis to find the variation
between the ∆OM at different test speeds causing the same subjective trigger as shown
in Figure 3.18, the anova1 returns a p-value for the F -statistics for the compared data
samples. When the p-value greater than the 5% level of significance, the anova-1 fails
to rejects the hypothesis. This means that the compared group (120, 160 200 kph
data) means are equal for a subjective trigger.

Hypothesis statement: The vehicle responses (∆ OM) to crosswind gusts causing a
subjective trigger (ST) has the equal means at different test speeds.

Reject hypothesis: When the sample data rejects the hypothesis, the ST sensitivities in
terms of OMs vary with speed and shows no statistical relationship between the tested
OMs at different speeds. µ1 ̸= µ2 ̸= µ3

Fail to reject hypothesis: When the sample data fail to rejects the hypothesis, the ST
sensitivities in terms of OMs does not vary with speed and shows statistical relationship
between the tested OMs at different speeds.

µ1 = µ2 = µ3

When the anova-1 hypothesis test fail to reject the hypothesis for an OM for all the
STs, then it is a good measure to define all the ST sensitivities independent of varying
test speed. When the test rejects the hypothesis it means that the OM cannot define
ST sensitivity completely and is inconsistent due to varying test speed.
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Results & Discussion

This chapter presents the vehicle and driver response to high-speed crosswind gusts at
120, 160 and 200 kph test speeds from the driving clinic. The subjective assessment
(SA) of vehicle response and crosswind implementation is rated and is shown in Section
4.1, and the different subjective triggers (ST) at different test speeds are presented in
Section 4.2. The blind test study of the driving clinic assesses the changes of drivers
in subjective triggers based on test speeds, and is tabulated in Section 4.3. The null
hypothesis test yields vehicle response signals that correlate with subjective triggers
are presented as box plots, and the subjective trigger sensitivity in terms of objective
metrics are explained in Section 4.4. Finally, the vehicle crosswind stability performance
in terms of proxy signal are shown and the vehicle responses are classified based on
subjective trigger in Section 4.6.

The blind test eliminated driving data that are not reliable because of a driver’s varied
subjective trigger sensitivity in a DIL simulation. The driving data used in the study
have strictly passed the blind test, that is, a driver subjectively triggers the same
response for the three identical crosswind gusts of 5 m/s amplitude and a duration of
1.6 seconds. The driver group percentage passing the blind test are shown below in the
table 4.1.

Blind test passed 120 kph 160 kph 200 kph

Experienced driver % 28.5 57.1 57.1
Common driver % 16.6 45.83 45.83

Table 4.1: Percentage of drivers passing the bind test out of 14 experienced and 24
common drivers
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4.1 Subjective assessment

SAs are recorded after each driving test and the tables 4.2 and 4.3 below tabulate the
subjective assessment of the experienced and common driver groups at different test
speeds. The SA questionnaires and the rating sheet used in the driving clinic are shown
in Appendix B.1.

Subjective assessment
Experienced drivers 120kph 160kph 200kph

Path tracking 7 6.7 5.9
Controllability 7 6.7 6
Yaw stability 6.8 6.5 5.9
Roll stability 7.3 7.1 6.3

Realistic crosswinds 7.5 7.5 7.5

Table 4.2: Subjective assessment of crosswind driving stability from experienced
drivers

The SA of the experienced driver shows good and desirable implementation of crosswind
gusts with a rating of 7.5, the response behavior and controllability of the vehicle shows
a downward trend when the test speed increases to 200 kph. The trend is drastically
reduces between 160 and 200 kph. The path tracking, controllability, yaw and roll
stability SA(s) at high speed straight line driving shifts from acceptable to marginal
range subjectively. The vehicle yaw stability and path tracking SA at 200 kph reports
vehicle response below marginal and acceptable range.

Subjective assessment
Common drivers 120kph 160kph 200kph

Path tracking 8 7.6 7.4
Controllability 7 7.4 7
Yaw stability 7.3 7.3 7.4
Roll stability 9 8.5 8.8

Realistic crosswinds 7.3 7 7

Table 4.3: Subjective assessment of crosswind driving stability from common drivers
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The common driver SA shows varying feedback, the trend downward when test speed is
increased. The crosswind gust implemented is rated an overall average of 7.1 which is a
acceptable feedback. Common drivers felt that vehicle path tracking and controllability
were in a good and acceptable range. The yaw and roll stability subjective feedback has
not varied and also they do not show negative trend when the test speed is increased
to 200 kph

4.2 Subjective trigger statistics

The table 4.4 shows the ST statistics for both groups of drivers. The percentage of STs
occurrence vary as the test speed increases.

Experience drivers Common drivers
120 kph 160 kph 200 kph 120 kph 160 kph 200 kph

ST0 % 12.65 9.21 10.89 11.90 16.90 12.92
ST1% 56.96 54.60 43.58 52.38 40.84 38.40
ST2% 25.31 28.28 28.84 22.61 34.27 37.26
ST3% 5.06 7.89 16.66 13.09 7.98 11.40

Table 4.4: Subjective triggers statistics at different speed for two group of drivers

The ST1 occurrence percentage has reduced and the percentage of ST2 has increased
when the test speed is increased in both driver groups. The experienced drivers reported
an increase in ST3 and the overall trend is positively increasing along with test speed,
where as common driver ST3 occurrence does not show an trend.

The ST0 percentage does not show a trend for both groups of drivers, and it is seen that
the common driver average ST0 percentage is slightly higher than experienced drivers.
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4.3 Blind test statistics

The tables below illustrate the relationship between vehicle speed and ST feedback for
5 m/s crosswind gust of profile 1. The driving data with identical STs as diagonal
elements i.e (0,0),(1,1),(2,2) and (3,3) in the tables 4.5 to 4.10 passes the driving data
through blind test filter to increase the reliability of data used to study correlation and
to define ST sensitivity.

The drivers reported 39.4% ST1 and 5.26% ST2 at 120 kph speeds as shown in Tables
4.6 and 4.5, respectively, and 15.8 % ST0, that is, the drivers did not feel the gust. The
table 4.8 shows an increase in both ST1 at 52.7% and ST2 at 7.9% by increasing the
test speed to 160 kph. At the 200 kph test, the driver reported an increase in ST2 at
21% and a decrease in ST1 at 42.1% compared to 52.7% ST1 at 160 kph, as shown in
Tables 4.9 and 4.8, respectively, and 5.26% ST0 were reported at 200 kph.

C
ro

ss
wi

nd
gu

st
1 ST 0 1 2 3

0 2.6 15.78 0 0
1 26.31 34.21 0 0
2 2.6 13.15 5.26 0
3 0 0 0 0

Crosswind gust 9

Table 4.5: Blind test between
gust 1 and gust 9 at 120kph

C
ro

ss
wi

nd
gu

st
9 ST 0 1 2 3

0 15.8 15.8 0 0
1 18.42 39.4 5.26 0
2 2.6 0 2.6 0
3 0 0 0 0

Crosswind gust 19

Table 4.6: Blind test between gust 9
and gust 19 at 120kph

C
ro

ss
wi

nd
gu

st
1 ST 0 1 2 3

0 2.6 2.6 0 0
1 0 15.8 23.7 0
2 2.6 44.7 7.9 0
3 0 2.6 0 0

Crosswind gust 9

Table 4.7: Blind test between
gust 1 and gust 9 at 160kph

C
ro

ss
wi

nd
gu

st
9 ST 0 1 2 3

0 0 0 5.26 0
1 7.9 52.7 5.26 0
2 7.9 13.15 7.9 0
3 0 0 0 0

Crosswind gust 19

Table 4.8: Blind test between gust 9
and gust 19 at 160kph
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C
ro

ss
wi

nd
gu

st
1 ST 0 1 2 3

0 7.9 0 0 0
1 0 34.2 34.2 0
2 2.6 13.2 7.9 0
3 0 0 0 0

Crosswind gust 9

Table 4.9: Blind test between
gust 1 and gust 9 at 200kph

C
ro

ss
wi

nd
gu

st
9 ST 0 1 2 3

0 5.26 2.6 2.6 0
1 0 42.1 5.26 0
2 2.6 15.8 21 0
3 0 0 0 0

Crosswind gust 19

Table 4.10: Blind test between gust 9
and gust 19 at 200 kph

In Tables 4.11 and 4.12, statistics show that with increasing vehicle velocity the occur-
rence of ST2 increases between 2.64% and 5.30% comparing 120 and 160 kph ST of the
blind gust response, similarly for 160 and 200 kph an increase of 13.1% ST2 response.
The occurrence of ST1 increases between 10.49% and 13.3% comparing 120 and 160
kph ST of blind gust response. But the occurrence of ST1 decreases between 10.5%
and 10.6% when comparing the test data of 160 and 200 kph.

Blind test 120kph 160kph 200kph
(0,0) 2.6 2.6 7.9
(1,1) 34.21 44.7 34.2
(2,2) 5.26 7.9 7.9
(3,3) 0 0 0

Table 4.11: Percentage of ST passing the blind test comparing gusts 1 and 9 for all
speeds

Blind test 120kph 160kph 200kph
(0,0) 15.8 0 5.26
(1,1) 39.4 52.7 42.1
(2,2) 2.6 7.9 21
(3,3) 0 0 0

Table 4.12: Percentage of ST passing blind test comparing gust 9 and 19 for all speeds
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4.4 Hypothesis test outcome

The hypothesis test results are tabulated as shown in table 4.13, this hypothesis test is
conducted on the raw data with out blind test elimination. The table 4.14 considers ST
blind test elimination, the OM signal that fail to reject the hypothesis and statistically
concludes the means are equal. Thus OM signals that can define ST at all speeds
is a good measure to define the ST sensitivities in terms of OM. The signal passing
hypothesis test is shown "1" and coloured green in the table 4.14.

OM signals that reject the hypothesis show that the OM sensitivity for an ST varies
with speed and is shown as "0" in the hypothesis result table 4.13 and 4.14.

4.4.1 Null hypothesis test with all driver data

Experienced drivers Common drivers
OM signals ST0 ST1 ST2 ST3 ST0 ST1 ST2 ST3

∆ay 0 0 0 0 0 0 0 0
∆ωz 1 0 0 0 0 0 0 0
∆ωx 1 0 0 0 0 0 0 0

∆swa 1 0 0 0 0 0 0 0
∆storq 1 0 0 0 0 0 0 0
∆proxy 0 0 0 0 0 0 0 0

∆v̇y 0 0 0 0 0 0 0 0
∆ac 0 0 0 0 0 0 0 0
∆dy 0 0 0 0 0 0 0 0
∆aym 0 0 0 0 0 0 0 0
∆ωzm 1 0 0 0 0 0 0 0
∆ωxm 1 0 0 0 0 0 0 0

Table 4.13: Null hypothesis test outcome without blind test filter i.e considering all
driver data from the driving clinic for all OMs and STs

In the table 4.13, for both the driver group most of the vehicle OM signals fail the
hypothesis test. In the next section the usefulness of blind test is presented on the
hypothesis test.
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4. Results & Discussion

4.4.2 Null hypothesis test with driving data after blind test
filter

Experienced drivers Common drivers
OM signals ST0 ST1 ST2 ST3 ST0 ST1 ST2 ST3

∆ay 0 0 0 0 0 0 0 0
∆ωz 0 0 0 1 1 0 0 0
∆ωx 0 0 0 1 1 0 0 0

∆swa 1 0 0 1 1 0 0 0
∆storq 0 0 0 1 0 0 0 0
∆proxy 0 0 0 0 0 0 0 0

∆v̇y 0 0 0 0 0 0 0 0
∆ac 0 0 0 0 0 0 0 0
∆dy 1 0 1 1 0 0 0 0
∆aym 0 0 0 0 0 0 0 0
∆ωzm 0 0 0 1 1 0 0 0
∆ωxm 0 0 0 1 1 0 0 0

Table 4.14: Null hypothesis test result from data filtered by blind test at 1 % level
of significance for all OM and ST

The hypothesis results in table 4.14 is based on the data that passed blind test and it
is tested at 5% level of significance.

The change in lateral displacement objective metrics defines experienced driver subjec-
tive trigger at all speeds based on the hypothesis test from anova1 for ST0, ST2 and
ST3.

In the box plot shown in Figure 4.1, the smallest box plot represents the data from the
120 kph test, the widest box plot represents the data from the 200 kph test, and the
middle box represents data from 160 kph.

In the box plot shown in Figure 4.2, the different speed data are combined together
because they show statistical significance with each other for the same ST.
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4. Results & Discussion

Figure 4.1: Experienced driver box plots of ∆dy OM based on STs at different test
speeds

The statistical distribution of data is shown as 25% lower quarterlies (LQ) and 75%
upper quarterlies (UQ), the range is defined by the lower extreme (LE) and upper
extreme (UE). The medians of vehicle OM correlating STs are shown in the Table 4.15
based on the box plot 4.2.

From the hypothesis test for change in lateral displacement for experienced ST1 is
rejected. Thus, the sensitivity for ST1 are defined using the ST0 and ST2 as they have
passed the hypothesis test statistically.
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4. Results & Discussion

Figure 4.2: Box plot of ∆dy OM correlating experienced driver STs based on
hypothesis test

OM ∆dy
(LE,UE) (LQ,UQ) Median

ST0 (0.08,0.84) (0.29,0.52) 0.38
ST1 (0.09,1.03) (0.25,0.56) 0.39
ST2 (0.14,1.87) (0.49,1.08) 0.68
ST3 (0.30,2.49) (0.89,1.72) 1.20

Table 4.15: Driver ST sensitivity based on ∆dy range, quartiles and median based on
hypothesis test

4.5 Objective metrics rejecting hypothesis

The OM that reject hypothesis shows correlation with the both the driver ST but they
vary with speed and thus cannot be used to define overall high speed straight line
driving subjective trigger sensitivities.
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4. Results & Discussion

The box plots for ∆ay of vehicle model and simulator platform are shown in figures 4.3
- 4.6.

Figure 4.3: Experienced driver box plots
of ∆ay OM based on STs at different test
speeds

Figure 4.4: Common driver box plots of
∆ay OM based on STs at different test
speeds

Figure 4.5: Experienced driver box plots
of ∆aym OM based on STs at different test
speeds

Figure 4.6: Common driver box plots of
∆aym OM based on STs at different test
speeds
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4. Results & Discussion

The box plots for ∆ωz of vehicle model and simulator platform are shown in figures 4.7
- 4.10.

Figure 4.7: Experienced driver box plots
of ∆ωz OM based on STs at different test
speeds

Figure 4.8: Common driver box plots of
∆ωz OM based on STs at different test
speeds

Figure 4.9: Experienced driver box plots
of ∆ωzm OM based on STs at different test
speeds

Figure 4.10: Common driver box plots of
∆ωzm OM based on STs at different test
speeds
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4. Results & Discussion

The box plots for ∆ωx of vehicle model and simulator platform are shown in figures
4.11 - 4.14.

Figure 4.11: Experienced driver box plots
of ∆ωx OM based on STs at different test
speeds

Figure 4.12: Common driver box plots
of ∆ωx OM based on STs at different test
speeds

Figure 4.13: Experienced driver box plots
of ∆ωxm OM based on STs at different test
speeds

Figure 4.14: Common driver box plots of
∆ωxm OM based on STs at different test
speeds
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4. Results & Discussion

The box plots for ∆ac both the drivers are shown in figures 4.15 and 4.16.

Figure 4.15: Experienced driver box plots
of ∆ac OM based on STs at different test
speeds

Figure 4.16: Common driver box plots
of ∆ac OM based on STs at different test
speeds

The box plots for ∆swa by driver are shown in figures 4.17 and 4.18.

Figure 4.17: Experienced driver box plots
of ∆swa OM based on STs at different test
speeds

Figure 4.18: Common driver box plots of
∆swa OM based on STs at different test
speeds
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4. Results & Discussion

The box plots for ∆storq by driver are shown in figures 4.19 and 4.20.

Figure 4.19: Experienced driver box plots
of ∆storq OM based on STs at different test
speeds

Figure 4.20: Common driver box plots of
∆storq OM based on STs at different test
speeds

The box plots for ∆proxy by driver are shown in figures 4.21 and 4.22.

Figure 4.21: Experienced driver box plots
of ∆proxy OM based on STs at different
test speeds

Figure 4.22: Common driver box plots of
∆proxy OM based on STs at different test
speeds
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4. Results & Discussion

The box plots for ∆v̇y by driver are shown in figures 4.23 and 4.24.

Figure 4.23: Experienced driver box plots
of ∆v̇y OM based on STs at different test
speeds

Figure 4.24: Common driver box plots
of ∆v̇y OM based on STs at different test
speeds
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4.6 Proxy signal amplitude to evaluate overall ve-
hicle crosswind sensitivity

The figures 4.25 and 4.26 shows experienced driver data in terms of ∆ay and ∆ωZ vehicle
response on scatter plot. The contour lines on these scatter plots are the magnitude of
the change in proxy signal based on equation 3.1.

In the scatter plot, markers close to the origin show ST0 and ST1, which means that
vehicle straight-path tracking was not affected and no stability issue is found. When
vehicle stability in straight line tracking is affected by crosswinds, vehicle response
markers move away from the origin, i.e. ST2 and ST3. Thus, the proxy measure is
used evaluate the vehicle aerodynamic design performance based on the vehicle dynamic
responses for the crosswind gust. Thus the increase in change in proxy moves vehicle
response marker away from the origin towards instability region.

Figure 4.25: ∆ay vs ∆ωZ scatter plot for experienced driver ST0 and ST1, ∆proxy
are shown as contour lines.
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Figure 4.26: ∆ay vs ∆ωZ scatter plot for experienced driver ST2 and ST3, ∆proxy
are shown as contour lines.
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5
Conclusion

The initial focus of the study was to evaluate the complexity of the vehicle model and the
coupling method. The study has configured the high-fidelity CRT vehicle model in the
driving simulator to match the real-world response, and using the high-fidelity model on
the CRT and the driving simulator is not affected by feedback latency. The improved
two-way coupling method was essential to produce aerodynamic flow conditions that
considered all types of scenario the drivers steering input caused. During the crosswind
implementation the steering inputs to high-amplitude crosswinds had violent vehicle
responses, and the improved two-way coupling method considers these large changes in
yaw angle and body slip to give correct wind flow conditions in driver in loop simulation.

The study implemented crosswind gust in a DIL simulation of high speed driving,
realistic and stochastic crosswind gusts produced the aerodynamic loads on the vehicle
model that were tested in CAE simulation and in DIL simulation to setup the motion
cueing. The haptic feedback of the driving simulator, the cockpit road vibration, the
audio level of the vehicle environment, and the crosswind disturbances were subjectively
tuned to create a DIL simulation immersive, total driving time less than 20 minutes
per driver. The driving clinic study recorded 14 experienced drivers and 24 common
drivers vehicle responses and subjective trigger data to find the correlation between
vehicle response objective metrics and subjective feedback.

The subjective assessment shows that the implementation of crosswind gusts is good
and acceptable with a rating of 7.5 to further evaluate vehicle performance based on
the SA scale. The SA of vehicle performance in both driver groups points out that
vehicle stability performance decreases when the test speed is increased, especially the
effect of speed is seen in vehicle yaw stability and path tracking below marginal level
of 5.9 rating.

The driving clinic data recorded for both group of drivers were filtered by blind test
method that made the data reliable for correlating OM and driver ST. The blind test
ST statistics 4.3 shows that the ST2 occurrence for crosswind gust amplitudes of 5m/s
and profile 1 increases. The increase in subjective ST2 feedback points to the increased
crosswind stability problem when the vehicle speed is increased.
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5. Conclusion

The hypothesis test found vehicle lateral displacement statistically correlating with
driver STs and can define ST in terms of change in lateral displacement during the
tested speeds as explained in Section 3.11. When the vehicle response is stable during
high speed crosswinds below 0.56 m, i.e. ST0 and ST1 subjectively means the vehicle
is stable. The subjective feeling of instability is found when change in vehicle lateral
displacement is above 0.49 m and experienced drivers found high discomfort to control
above 0.89 m.

A proxy measure is an amplitude measure of a function based on the response of
vehicle ∆ay and ∆ωz. The scatter plot in Section 4.6 shows that when aerodynamic
loads increase, the vehicle response in the plot changes away from stable driving under
the crosswind gust region. Thus, the proxy measure can be used to evaluate the vehicle
response to crosswind. ∆proxy correlates with the ST of the experienced driver and
can be used to define the ST sensitivity of the subjective feedback of the driver.

In the real world, the occurrence of high-amplitude crosswind gusts is rare, but severely
affects vehicle straight-path tracking. The degree of freedom to implement crosswind
gust with high amplitudes in a DIL simulation is possible. The crosswind gusts of am-
plitudes between 6 to 13.5 m/s causes ST3 for experienced driver group and crosswind
gust of amplitudes between 5.5 m/s to 13.5 m/s. For common driver groups, ST3 that
is defined as vehicle response is violent and vehicle control causes extreme discomfort
to the driver and the ∆ay and ∆ac above 3.86 m/s2 and 5.44 m/s2 respectively induce
subjective ST3 feeling in the experienced driver. For the common driver group, an
excessive effort above 4.45 Nm to control the response of the vehicle and its trajectory
in a lane demands a large ∆storq and is perceived as an uncontrolled driving scenario
in high-speed driving during a gust of crosswind, giving a subjective ST3 feeling.

The box plots of vehicle OM and ST for experienced and common driver shows that
common driver data has more outliers compared to experienced driver data. A general
observation from subjective driving clinic evaluation shows that experienced drivers
perceive roll disturbance and are more sensitive than common drivers.

5.1 Future scope

The current work is focused on implementation of crosswind gust scenario in driver-
in-loop simulations for high speed straight line driving on an infinite test track with
bridges and not highly detailed road side objects. Improving the virtual world with
trees, building, road signs and highway exit lanes will improve the visual feedback to
the driver.

The crosswind gusts implemented in this thesis are time based inputs. These crosswind
gusts can be made more realistic by implementing based on distance that goes in hand
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5. Conclusion

with good virtual scenario involving road side object design such as buildings, bridges,
trees and other man made structures that generate crosswind gust or turbulence in
the natural wind. These elements can be designed with road environment wind data
to improve the driver immersion in the virtual environment and create a very close to
realistic crosswinds.

The DIL simulation did not include any other road user and that caused the drivers
to swerve in the lanes. The driver subjective feedback can be affected when other road
vehicles are on the highway. Adding other road users will improve the DIL simulation
environment and will benefit the test with subjective feedback that is similar to real
world road testing but in a safe environment.

In future it will be interesting to study high-speed crosswind response on a road with
large curvature or non straight line roads to study the affect in non steady state driving
conditions on the driving simulator.
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A
Appendix 1

A.1 Vehicle response to standard crosswind gust of
profile 3

The CRT vehicle and mid fidelity model lateral acceleration and yaw velocity amplitude
response to crosswind gust without zero crossing with amplitude of 5m/s and gust
duration of 1.6 seconds i.e profile 3 at 160 kph on CRT simulation are shown in the
figures A.1 and A.2. The tyre normal forces are compared for close fit in figure A.3.

Figure A.1: Lateral acceleration ampli-
tude response comparison between mid fi-
delity and CRT model

Figure A.2: Yaw velocity amplitude re-
sponse comparison between mid fidelity and
CRT model
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A. Appendix 1

Figure A.3: Comparison of the response of normal forces of the tire between the
mid-fidelity and the CRT model
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B. Appendix 2

B
Appendix 2

B.1 Subjective assessment and questionnaire form

Figure B.1: Driving clinic subjective assessment form
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C
Appendix 3

C.1 Driving clinic objective vehicle signals and sub-
jective triggers

The vehicle response signals such as lateral acceleration C.1, yaw velocity C.2, roll
velocity C.3, lateral displacement C.9,proxy signal measure C.6, derivative of lateral
velocity C.7, centripetal acceleration C.8 and also the driving simulator platform signal
such as lateral acceleration C.10, yaw and roll velocities in figures C.11 and C.12 along
with driver control response signals such as steering wheel angle C.4 and steering wheel
torque demand C.5 signals are plotted with subjective triggers for each gust from an
experienced driver in DIL simulation test at 160 kph.

Figure C.1: ay vehicle signal with driver ST
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Figure C.2: ωz vehicle signal with driver ST

Figure C.3: ωx vehicle signal with driver ST
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Figure C.4: swa vehicle signal with driver ST

Figure C.5: storq vehicle signal with driver ST
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Figure C.6: proxy vehicle signal with driver ST

Figure C.7: v̇y vehicle signal with driver ST
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Figure C.8: ac vehicle signal with driver ST

Figure C.9: dy vehicle signal with driver ST
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Figure C.10: aym vehicle signal with driver ST

Figure C.11: ωzm vehicle signal with driver ST
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Figure C.12: ωxm vehicle signal with driver ST

XI



D
Appendix 4

D.1 Vehicle OM signal response classified by driver
subjective trigger

The amplitude of vehicle OM response for crosswind gust of different amplitude are
plotted and the markers or responses are classified based on the type of subjective
trigger. The sections D.1.1 to D.1.3below presents the OM and ST data from a common
driver at 120, 160 and 200 kph test data.
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D.1.1 OM and ST at 120 kph test

Figure D.1: ∆ay response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120 kph

Figure D.2: ∆aym response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120kph

Figure D.3: ∆ωz response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120 kph

Figure D.4: ∆ωzm response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120kph
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Figure D.5: ∆ωx response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120 kph

Figure D.6: ∆ωxm response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120kph

Figure D.7: ∆swa response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120 kph

Figure D.8: ∆storq response for cross-
wind amplitudes grouped based on driver
subjective trigger at 120kph
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Figure D.9: ∆proxy response for cross-
wind amplitudes grouped based on driver
subjective trigger at 120 kph

Figure D.10: ∆ac response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120kph

Figure D.11: ∆v̇y response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120 kph

Figure D.12: ∆dy response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 120kph
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D.1.2 OM and ST at 160 kph test

Figure D.13: ∆ay response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160 kph

Figure D.14: ∆aym response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160kph

Figure D.15: ∆ωz response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160 kph

Figure D.16: ∆ωzm response for cross-
wind amplitudes grouped based on driver
subjective trigger at 160kph
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Figure D.17: ∆ωx response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160 kph

Figure D.18: ∆ωxm response for cross-
wind amplitudes grouped based on driver
subjective trigger at 160kph

Figure D.19: ∆swa response for cross-
wind amplitudes grouped based on driver
subjective trigger at 160 kph

Figure D.20: ∆storq response for cross-
wind amplitudes grouped based on driver
subjective trigger at 160kph
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D. Appendix 4

Figure D.21: ∆proxy response for cross-
wind amplitudes grouped based on driver
subjective trigger at 160 kph

Figure D.22: ∆ac response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160kph

Figure D.23: ∆v̇y response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160 kph

Figure D.24: ∆dy response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 160kph
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D.1.3 OM and ST at 200 kph test

Figure D.25: ∆ay response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200 kph

Figure D.26: ∆aym response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200kph

Figure D.27: ∆ωz response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200 kph

Figure D.28: ∆ωzm response for cross-
wind amplitudes grouped based on driver
subjective trigger at 200kph
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Figure D.29: ∆ωx response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200 kph

Figure D.30: ∆ωxm response for cross-
wind amplitudes grouped based on driver
subjective trigger at 200kph

Figure D.31: ∆swa response for cross-
wind amplitudes grouped based on driver
subjective trigger at 200 kph

Figure D.32: ∆storq response for cross-
wind amplitudes grouped based on driver
subjective trigger at 200kph
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Figure D.33: ∆proxy response for cross-
wind amplitudes grouped based on driver
subjective trigger at 200 kph

Figure D.34: ∆ac response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200kph

Figure D.35: ∆v̇y response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200 kph

Figure D.36: ∆dy response for crosswind
amplitudes grouped based on driver subjec-
tive trigger at 200kph
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