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Analysis of Vehicle Rollover Dynamics Using a High Fidelity Model

Recent data shows that 35% of fatal crashes in SUVs included vehicle rollover.
At the same time experimental testing to improve safety is expensive and
dangerous. Therefore multi-body simulation is used in this research to improve
understanding of rollover dynamics. The majority of previous work uses low
fidelity models. Here a complex and highly nonlinear multibody model with 165
degrees of freedom is correlated to vehicle kinematic and compliance
measurements. The Magic Formula tyre model is employed. Design of
experiment methodology is used to identify tyre properties affecting vehicle
rollover. A novel, statistical approach is used to link suspension kinematic and
compliance characteristics with rollover propensity. Research so far reveals that
the tyre properties that have the greatest influence on vehicle rollover are friction
coefficient, friction variation with load, camber stiffness, and tyre vertical
stiffness. Key kinematic and compliance characteristics affecting rollover
propensity are front and rear suspension rate, front roll stiffness, front camber

gain, front and rear camber compliance and rear jacking force.

Keywords: vehicle rollover, stability, design of experiment, multi-body

simulation, tyre

1. Introduction

Although vehicle rollover is not a common type of accident, it is one of the most
dangerous ones. National Highway Traffic Safety Administration (NHTSA) data [1]
shows that 35.4% of recorded fatal crashes in SUVs included vehicle rollover. The
effect of roll-over on an SUV vehicle tends to be more severe than for other types of
passenger vehicles [2]. Due to the popularity of SUVs, their number on the roads is
rising. Therefore, a thorough understanding of factors affecting the rollover resistance
of SUVs is needed. As experimental testing to improve safety is expensive and

dangerous, multi-body simulation is used in this work to improve understanding of
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rollover dynamics.

The majority of previous research work has been based on low fidelity models
[3 - 7]. However, vehicle rollover is a highly non-linear event due to the large angles
seen in vehicle body motion, extreme suspension travel, tyre non-linearities and large
forces acting on the wheel, resulting in suspension spring-aids, rebound stops and
bushings operating in the non-linear region. Lozia [7] compared the rollover threshold
acceleration obtained from models with different levels of detail ranging from simple
static equilibrium of a single body to a 14DoF model with step input steering wheel
excitation. He concluded that the more sophisticated the model, the lower the rollover
threshold, with the differences in the results reaching up to 38%. The results presented
by Shim et al. [8, 9] indicate that when compared to a complex multi-body model, the
simple 14DoF model lacked some accuracy at extreme roll angles and after wheel lift-
off because it didn’t account for the changes in the suspension geometries and therefore
the changes in roll centre height. Hac [10] suggests that reducing the roll centre heights
and suspension nonlinearities, such as nonlinear springs, reduced jacking forces during
cornering. Hac [11] also found that as the jacking forces tend to increase the vehicle’s
CoG during hard cornering, they also increase the tendency to rollover. Cole [12] noted
that compliance in the suspension reduces the rollover threshold by increasing the
lateral shift of the centre of mass towards the outer wheels. Hussain et al. [13] identified
that rollover resistance can be improved by roll steer effects. Moreover suspension
compliance effects such as compliance steer can also play a significant role as they
affect understeer gradients. Taking into account the above findings, one can conclude
that a high fidelity, nonlinear model is necessary to accurately simulate vehicle rollover.

The work presented in the following sections investigates vehicle rollover using

such a high fidelity model in conjunction with a DoE approach and statistical methods,
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aiming to systematically identify the sensitivity of rollover to various tyre and
suspension related parameters. In this process, various rollover metrics are examined in
conjunction with stability considerations and an appropriate rollover metric is devised.
When developing the dynamic properties of a vehicle, the suspension kinematic
and compliance characteristics are investigated very thoroughly. Based on these
characteristics, experienced development engineers are able to draw conclusions about
the dynamics of a vehicle’s steering and handling. The same could be done for vehicle
rollover properties; however, current knowledge is somewhat limited, as the link
between K&C characteristics and rollover are not routinely established by testing, due
to the danger involved. Therefore, establishing a link between K&C suspension
properties and vehicle rollover resistance is beneficial, as it will hopefully allow
engineers to estimate how changes made to K&C suspension properties influence

rollover resistance.

2. Modelling

In order to generate a high fidelity vehicle model able to capture complex,
elastokinematic suspension characteristics, a multi-body simulation approach is often
necessary. There exist a number of commercial MBS tools, which employ different
approaches for the formulation of the equations of motion. Lagrange equations with
holonomic constraints are routinely used [14]. This approach results in 6 DoF per rigid
body with the associated ODEs for the corresponding states, whereas constraint
reactions are represented by Lagrange multipliers. The constraints offer a number of
algebraic equations which, together with the differential equations provide a
differential/algebraic system to be solved iteratively for the DoFs and reaction forces.
Whereas the process is robust, it is also computationally inefficient, as all bodies

maintain their six DoFs in space, irrespective of the existence of constraints. In the
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context of carrying out a DoE study, a more efficient approach is beneficial. For this
reason, a Newton-Euler approach is preferred, in conjunction with a relative kinematics
formulation for the inclusion of the effects of constraints. The basic Newton-Euler
equations describing the dynamics of a rigid body subjected to loads referenced at its

centre of mass are presented below in matrix notation [15]:

m 0] |v'| | xmo
T b |~ F, (1)
0 Il ® o’ xlo
where m —mass, I — inertia tensor, v” — translational velocity in body coordinate

frame, ®” — angular velocity in body coordinate frame, F” — external forces and
torques applied at centre of mass.
The number of 1% order ODEs necessary to describe the motion of a system

without any kinematic constraints is equal to:
nODEzzinDoF:2'6'ka (2)

where n,,, — total number of degrees of freedom, k& — number of bodies in the system

The key challenge in formulating equations of motion is the consideration of
joints which constrain the relative motion of bodies [16]. The use of relative kinematics
to describe the equations of motion, allows inclusion of constraints in the ODEs. Such
an open loop kinematic system results in a reduced number of ODEs. All additional,
closed loop constraints can then be included using algebraic equations. The total

number of equations becomes:

k

nODEzz'nDaFZZ’Z”i’ (3)

i=1

where n, . — total number of degrees of freedom, », — number of degrees of freedom
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for body i in relative kinematics formulation.

Such a formulation is handled efficiently by SIMPACK which has in recent
years become an industry standard in the field of multi-body simulation and is used by
leading automotive companies. The details of formulation and solution method adopted
by SIMPACK are described in [17].

The vehicle model set up for this research contains 165 degrees of freedom.
Most of the suspension members have 6 degrees of freedom in order to accurately
replicate suspension compliances. In addition, 2 rotational degrees of freedom are given

to each hub, to account for the conical stiffness of the wheel bearing.

Figure 1. Source of suspension compliances in front axle model; 1 — bush, 2 — ball joint,
3 — hub compliance, 4 — spring, 5 — spring aid, 6 — rebound spring, 7 — anti-roll bar, 8 —

torsion bar.
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24 Figure 2. Source of suspension compliances in rear axle model; 1 — bush, 2 — ball joint,
26 3 — hub compliance, 4 — spring, 5 — spring aid, 6 — rebound spring, 7 — anti-roll bar.

The number of degrees of freedom for model subsystems is given in Table 1,

31 while the main sources of compliance are shown in Figure 1 and Figure 2. Importantly,
33 the model contains nonlinear elements for spring aids, rebound springs and dampers.

35 The vehicle uses TNO’s Magic Formula tyre model version 6.1. [18]. This model
contains 15 internal states used to predict the dynamics of the tyre including relaxation
40 lengths, to capture low bandwidth transient tyre response. The aim behind creating such
42 a complex vehicle model is to replicate real vehicle behaviour in as much detail as

44 possible and then treat that model as the subject of experiments.

48 Subsystem | No. Degrees of Freedom

50 Vehicle body 6
52 Front axle suspension 78
54 Rear axle suspension 76

Steering system 1
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Wheels

Total 165

Table 1. Degrees of freedom in each subsystem.

2.1. Model correlation

Model parameterisation was based on two main sources of parameters. Some of the
parameters involved direct measurement, or prior knowledge. Other parameters were
derived from the correlation of a K&C test performed on the real vehicle. The vehicle
model has been correlated to kinematic and compliance measurements of a real vehicle

for the following tests:

e Test 1 (kinematics) — vehicle motion in pure vertical direction

e Test 2 (lateral compliance — opposite direction). Lateral forces applied at the
contact patch, acting in the opposite direction at left and right-hand sides

e Test 3 (lateral compliance — same direction). Lateral forces applied at the contact
patch, acting in the same direction for all wheels

e Test 4 (roll test). Vehicle roll motion

For all the above tests, the measured signals include contact patch forces, position and
orientation of the wheel centre and position of wheel pad with respect to the body.

For correlation purposes a kinematic and compliance test rig was set up in
SIMPACK, illustrated in Figure 3. The vehicle body and wheel pads were driven during
the simulation by the signals acquired from physical measurements. Measurement
signals were exported from the model and compared to the corresponding data from the
physical test. The discrepancies between the model and physical results were corrected
by methodically adjusting suspension parameters. The process consisted of the

following comparisons between data from the model and the physical test:

URL: http://mc.manuscriptcentral.com/nvsd



Page 9 of 51 Vehicle System Dynamics

e compare results from test 1 and if necessary make small changes to the
suspension geometry as well as spring, spring aid and rebound stop

characteristics

©CoO~NOUTA,WNPE

10 e compare results from test 2 and adjust suspension bush compliances
12 e compare results from test 3 and adjust steering system compliance and rear
14 subframe compliances

17 e compare results from test 4 and adjust anti-roll bar stiffnesses

20 To achieve good correlation several cycles were required. Examples of the resulting
22 model correlation are show in Figures 4-15. For the purpose of concealing sensitive

24 information the figures present normalised data.

49 Figure 3. Vehicle model on kinematic and compliance test rig in SIMPACK.
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Figure 4. Example of model correlation — front wheel rate.
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Figure 5. Example of model correlation — rear wheel rate.
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Figure 6. Example of model correlation — front toe kinematics.
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Figure 8. Example of model correlation — front camber compliance.
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Figure 9. Example of model correlation — front toe compliance.
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26 Figure 10. Example of model correlation — rear camber compliance.
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51 Figure 11. Example of model correlation — rear toe compliance.
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Figure 12. Example of model correlation — front roll stiffness.
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Figure 13. Example of model correlation — rear roll stiffness.
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26 Figure 14. Example of model correlation — front roll steer.
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Figure 15. Example of model correlation — rear roll steer.

54 As can be seen, the vehicle model matches real life measurements well. This was
56 achieved by making relatively small changes to the initial suspension geometry and

58 bush compliances.
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3. Design of Experiment

Having set up a representative simulation model, design of experiment techniques
[19,20] were employed to study rollover propensity. A correctly designed experiment
produces a set of results which can be analysed using statistical methods. Therefore,
valid conclusions about the examined system can be drawn. Design of experiment also
allows for simultaneous study of a large number of factors and their interactions [19].
The technique enables the user to reduce the number of experiments needed to draw
conclusions, compared to trial and error studies or a “one factor at a time” approach.
Another advantage of DoE is that once the experiments have been performed and results
have been analysed, a response surface can be created to represent the relation between
the inputs of the experiment and the response of the system [19]. This simplified model
can be used to find an optimum set of parameters for the operation of the system. As the
parameters used to mitigate vehicle rollover also influence other areas such as vehicle
handling or ride comfort, these response surfaces can be used for multi-objective
optimisation. DoE was implemented into SIMPACK using Qt script. The script can
generate full factorial and fractional factorial designs, run the simulations, and generate

the corresponding matrix of responses.

3.1. Rollover metric

When assessing rollover performance by simulation it is important to be able to detect
the condition accurately. Especially in DoE studies where a large number of simulations
are run, it is crucial to implement an efficient, yet dependable metric. A number of
metrics can be used to assess the vehicle rollover resistance. Simple ones are derived
from static analysis of a rigid vehicle as presented by Gillespie [21]. Based on such a

model one can determine that rollover will occur if lateral accelerations exceed the
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rollover threshold:

- j )
H

where T —track, H — height of CoG, a . _ — lateral acceleration rollover threshold,

ylim
R, — rate of roll angle change with lateral acceleration, H, — roll centre height

A more sophisticated variation of the rollover threshold was presented by Jin et
al. [4]. The authors proposed a Dynamic Stability Factor ( DSF') in order to derive the

lateral acceleration threshold:

DSF = T _
2H

Um, -h*-6 , (5

LoH -G —m gy [V e o b | UTmohe(e me)
¢ s 8 LZ 2kr 2k/ .CcoSO L(k¢ —m, gh)

so that the rollover threshold is:

aylim =g DSF H (6)

The DSF' takes into account such properties as roll stiffness (k, ), height of

CoG measured from the road ( H ), height of the CG measured from the roll centre (4 ),

forward speed of the vehicle (U), tyre cornering stiffness (k,, k,), steering
coefficients induced by roll (¢,, ¢, ), sprung mass (m, ), total mass (m ), steering angle

of front wheels (9 ), wheelbase of the vehicle ( L ), longitudinal position of the CoG

(a,b).
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Other authors developed rollover stability based on the momentum conservation
method, e.g. Eger et al. [22]. The stability boundary derived from phase plane analysis

takes the form:

o, < 2-m-g-r-2[1—'0(2)s(1c—gox)] 7
0. +m-r’-sin*(x —p,)
P |sK (8)

where @, —roll velocity, m —mass, r — distance from pivot point to CoG, ¢_ —roll
angle, x = atan(%) —tip angle, €, —roll inertia, z — vehicle half-track width

The above mentioned rollover metrics are useful in estimating the vehicle’s
rollover resistance or predicting impending rollover, by performing static/quasi-static
analysis to the non-linear vehicle model developed herein. However they are not a
direct measure of rollover. Rollover metrics used for testing physical vehicles often
involve sudden steering wheel inputs at constant vehicle velocity such as the double
lane change test performed by Teknikens Vérld [23] or the ISO 3888 Part 2 standard.
Other types of manoeuvres used for assessing rollover propensity are the J-turn or
fishhook. The evaluation of various open and closed loop manoeuvres in the context of
assessing vehicle rollover propensity has been summarised in the NHTSA report DOT
HS 809 513 [24]. Two manoeuvres were regarded as most suited for this task; Roll Rate
Feedback Fishhook and J-turn. During the evaluation, rollover propensity was
characterised by monitoring the vehicle’s entry velocity at which two wheel lift off
occurred.

In an effort to gain additional insight into rollover dynamics and evaluate the use

of two wheel lift off as an indicator of imminent rollover, a brief study of stability was

URL: http://mc.manuscriptcentral.com/nvsd



Page 19 of 51

©CoO~NOUTA,WNPE

Vehicle System Dynamics

carried out. From a purely qualitative point of view, the phase plane trajectory (PPT) of
the roll velocity versus roll displacement was employed. The J-turn manoeuvre
provided a suitable starting point. The upper half of Figure 16 illustrates the roll
velocity plotted against roll displacement for one of the manoeuvres that did result in
rollover. In the lower part of the same figure, the vertical tyre forces are presented as a
function of time. The resulting PPT diagram resembles closely that of a pendulum [25].
Starting from the origin of the reference frame, both the roll angle and roll velocity
increase as a result of the steering excitation. The roll velocity reaches a peak after
which it reduces to almost generate a critical saddle point at approximately 6.3° of roll
angle. For an appropriately smaller forward velocity, a mathematically perfect saddle
point would have been achieved whereby the roll speed would have reached zero and at
that point the PPT diagram would have been non differentiable. This point would have
been a point of unstable equilibrium, directly equivalent to the case of a pendulum
resting in the inverted position. By establishing the point in time when the approximate
saddle point is reached, it becomes evident that this is also the point when both inside
tyres lose their contact with the ground. This point is clearly depicted in the lower part
of Figure 16.

Further understanding of stability can be gained by observing the eigeinvalues of
the linearised system as it progresses slowly through an approximately steady-state
manoeuvre, where the lateral acceleration increases gradually. The steady-state
condition is required so that it is possible to isolate a number of trim points, about which
the system can be linearised and its eigenvalues obtained to establish stability, based on
Liapunov’s indirect method [26]. In this context, the previously used transient test case
is inappropriate. Instead, the case of a vehicle travelling forward with a constant

velocity and a steering controller tracking the required roll angle is used. To avoid
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traction problems and the need for a locked or active differential, a PID controller
calculates the necessary thrust which is applied in the form of a force at the centre of
mass of the vehicle. Thus the forward speed is maintained constant without altering the
behaviour of the tyres and with minimal influence on the overall dynamics of the
vehicle. The PID steering controller is used to find equilibrium conditions for a range of
discrete roll angles. Once the equilibrium is achieved, the steering controller is de-
activated and eigenvalues are calculated. For this test the forward speed was set to 30
m/s. As mentioned already, it is much more difficult to induce rollover by a quasi-
steady state manoeuvre, therefore for the purpose of this simulation the coefficient of
friction was set equal to 1.6.

The migration of eigenvalues as a result of increasing the roll-angle is shown in
Figure 17. As the vehicle contains 165 degrees of freedom and an additional 15 internal
states for each tyre, the total number of eigenvalues is substantial. Therefore only real
values of roll mode are shown in Figure 17. The eigenvalue results were compared with
the number of tyres in contact with the road.

It is evident that the transition to unstable behaviour coincides with the lift off of

both inside tyres.
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Rollover Sensitivity to CoG Height
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Figure 17. Number of tyres in contact with road and roll mode stability during steady

state manoeuvre.

Therefore, it can be concluded that tyre loss of contact represents a reliable metric of
rollover. In theory, it would be expected that if the point of loss of contact is reached
and if there is the slightest roll velocity residue at that point, the manoeuvre would
definitely result in a rollover situation.

However, simulations show that loss of contact in combination with a roll
velocity residue do not necessarily lead to rollover, even without corrective intervention
from the driver. Non-linearities in tyre forces and suspension and further loss of forward
speed in case of a coast-down test-case mean that the vehicle might return to a stable
state, even if the loss of contact is reached with a roll velocity residue.

Therefore a more reliable indicator of whether vehicle rollover actually took

place is necessary. Based on a large number of simulations, it was concluded that a
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rollover can be assumed if the roll angle exceeds 57.3°. It is important to note that this
angle is specific to the nominal vehicle under investigation. For the purpose of this

study the rollover propensity characterisation tests were carried out by launching the

©CoO~NOUTA,WNPE

10 vehicle at a given velocity and after a short initial period of time when the vehicle is

12 rolling freely, applying fixed steering input in the form of a step (steep ramp) steer (see
14 Figure 9). Vehicle rollover or its absence is detected and a new launch velocity is
chosen. The process is repeated until critical rollover velocity V..., is found.

20 Steering Wheel Input
21 T T T

Steering Wheel Angle [rad]

37 05k ]

0 1 1 1
42 5 6 7 8 9

Time [s]

46 Figure 18. Steering wheel input used for DoE study.

50 3.2. Area of high rollover sensitivity

52 Having selected the above metric and in order to achieve a good spread of critical
rollover velocity during the DoE, a range of friction scaling factors resulting in high

57 critical velocity sensitivity had to be found. This was necessary as vehicle rollover is
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very sensitive to the level of available friction. Hence for high values of the friction
scaling factor the spread of critical velocities would be very low, whereas for low
values, vehicle rollover is likely not to occur at all. In order to further amplify roll-over
sensitivity, an additional mass of 180 kg was placed above the vehicle’s roof line.

In line with the above considerations, a relationship between vehicle critical
rollover velocity and friction scaling factor was found. Firstly the friction scaling factor
was varied from 1.1 to 1.9 in steps of 0.025. For each factor a critical rollover velocity
was found from values between 15 m/s and 55 m/s with a tolerance of 0.078125 m/s
resulting from the iterative nature of the search algorithm used to find the critical
rollover velocity. In the second step the friction factor was varied between 1.35 to 1.45
in steps of 0.005 in order to improve the resolution of the results. The relationship
between critical velocity and friction scaling factor is shown in fig. 5. A friction scaling
factor of 1.375 was chosen for further investigation as it offered good critical rollover

velocity sensitivity.
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Figure 19. Relation between critical rollover velocity and friction scaling factor.
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3.3. DoE results

A DoE investigation was first performed to study the influence of tyre properties on

vehicle rollover. Due to its empirical nature MF tyre 6.1 offers a good way of modifying

©CoO~NOUTA,WNPE

10 tyre properties by changing tyre factors. From the list of all factors used to define tyre

12 properties the following seven were of particular interest:

e A

16 ke - Scale factor of cornering stiffness

18 e J,. - Scale factor of overturning moment

21 e A, - Scale factor of longitudinal peak friction coefficient

o4 e 1,  -Scale factor of lateral peak friction coefficient

26 . ZW - Scale factor of camber stiffness

29 e K - Tyre vertical stiffness

z

31 ® pp, - Variation of lateral friction with load

35 In order to keep the responses linear it was decided to set the upper and lower limits of
37 factors at only +/-1% from their nominal values. This applies to all factors apart from

39 A, and A which were varied by +/-0.2% due to the high sensitivity of the vehicle to

42 tyre friction. In order to reduce the number of runs, fractional factorial design was
44 chosen with design generators E=ABC, F=BCD and G=ACD. The design matrix

46 obtained is given in Table 2.

48 Factorial Effect
49 Treatment

52 »l-1r -1 -1 -1 -1 -1 -1
54 aeg | 1 = B B | 1 -1 1

56 bef[ -1 1 -1 -1 1 1 -l
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abfg | 1 1 -1 -1 -1 1 1
cefg | -1 -1 1 -1 1 1 1
acf | 1 -1 1 -1 -1 1 -1
beg | -1 1 1 -1 -1 -1 1
abce | 1 1 1 -1 1 -1 -1
dfg| -1 -1 -1 1 -1 1 1
adef | 1 -1 -1 1 1 1 -1
bdeg | -1 1 -1 1 1 -1 1
abd | 1 1 -1 1 -1 -1 -1
cde | -1 -1 1 1 1 -1 -1
acdg | 1 -1 1 1 -1 -1 1
bedf | -1 1 1 1 -1 1 -1

abcdefg | 1 1 1 1 1 1 1

Table 2. Design matrix — geometric notation.

This design ensures that no main factor is aliased to any two-factor interaction and only

factors E, F and G are aliased with three-factor interactions. The following two-factor

interactions are aliased with each other:

AB=CE =FG

AC =BE =DG

AD =CG =EF

AE = BC = DF

AF =BG =DE

AG=BF =CD

BD =CF =EG
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1
2
3 BE = AC = DG
4
5
6 The results of all the runs are given in Table 3.
2
8 Critical Rollover
9
10 Treatment velocity
11
12 [m/s]
13
14 (O | 36.953125
15
16 aeg 38.28125
17
18 bef 42.34375
19
20 abfg | 26.796875
2 cefg 36.40625
23 acf | 34.453125
24
25 beg 27.578125
26
27 abce 43.28125
28
29 dfg 25.9375
30
31 adef 35.625
gg bdeg 28.59375
34
bd 27.265625
35 ‘
36 cde 37.8125
37
38 acdg 26.015625
39
40 bedf 26.796875
41
42 abcdefg 27.1875
43
44 . .
45 Table 3. Vehicle model response to all studied treatments.
46
47
48 . . . .
49 Based on these results statistical analysis was used to determine the influence of each
50
51 factor. Firstly, contrasts (i.e. the total effects) for each factor were calculated using the
52
53 geometric notation from Table 2. The contrasts were found by using the plus and minus
54
gg signs in the factorial effects column and placing them in front of the response for each
g; treatment they refer to. For example a contrast for the factor A equals:
59
60
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Contrast , = (—(1) + aeg — bef + abcfg — cefg + acf — bcg + abce — dfg

(10)

+ adef — bdeg + abd — cde + acdg — bedf + abedefg)

Therefore the total effect of factor A which is “Scale factor of cornering stiffness”

equals -3.515625 for all runs. In order to determine the effect of factor A, the value of

total effect of factor A needs to be divided by n2"” where n — number of repetitions, k

— number of investigated factors, p — size of fraction, which is equal to the number of

runs performed in this experiment. The values of effects for each factor are given in

Table 4.

Factor code Factor name Effect

Variation +/-

Comment

A

B

Akya -0.4395
A -2.7051
Ao -0.2832
Ay -6.3574
A, 7.2168
K, -1.2793
Py -5.9668

1.0%

1.0%

0.2%

0.2%

1.0%

1.0%

1.0%

Scale factor of cornering stiffness

Scale factor of overturning moment

Scale factor of long. peak friction coefficient
Scale factor of lat. peak friction coefficient
Scale factor of camber stiffness

Tyre vertical stiffness

Variation of lat. friction £, with load

Table 4. Effect of tyre properties on critical vehicle rollover velocity.

The study shows that the most influential tyre properties on vehicle rollover are:

(1
2)
()
4)
)

peak friction coeff. (D) — N.B. this factor was varied by +/- 0.2%

camber stiffness (E)

friction variation with load (G)

overturning moment (B)

tyre vertical stiffness (F)
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The influence of tyre cornering stiffness and friction coefficient in the longitudinal

direction was found to be relatively small. The influence of most factor interactions was

also relatively weak compared to the influence of the main factors themselves. However

an aliased interaction of AF = BG = DE 1is significant and should be investigated in

further studies. This interaction reveals synergy between independent tyre parameters in

the way in which they affect rollover.

Based on values of effects a response surface model was created. The

comparison of responses generated using the response surface model and multi-body

model are shown in Table 5. It can be seen that this simplified model fits the results

from the multibody model very well.

Critical rollover velocity V.

ritical

Actual value  Predicted value  Residual

Treatment

[m/s] [m/s] [m/s]

1) 36.953 37.490 -0.537
aeg 38.281 38.301 -0.020
bef 42.344 40.723 1.621
abfg 26.797 27.100 -0.303
cefg 36.406 37.178 -0.771
acf 34.453 35.488 -1.035
beg 27.578 28.535 -0.957
abce 43.281 41.279 2.002
dfg 25.938 23.887 2.051
adef 35.625 36.631 -1.006
bdeg 28.594 29.678 -1.084
abd 27.266 27.988 -0.723
cde 37.813 38.066 -0.254
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acdg 26.016 24.443 1.572
bedf 26.797 26.865 -0.068
abcdefg 27.188 27.676 -0.488

Table 5. Comparison between simulation and response surface results generated from

the main effects, only.

4. KnC sensitivity study results

4.1. Methodology

In order to establish the link between K&C properties and rollover propensity using
design of experiment methodology, direct control over the input to the experiment, in
this case K&C metrics, is required. However, as these metrics are a function of
suspension geometry and component stiffnesses, they cannot be changed independently
in a simple manner, as a single geometrical or compliance change influences all
characteristics simultaneously. Attempts to change just one characteristic while keeping
others unchanged have been made successfully in the past; however, they usually
involve a large number of iterations of geometry and stiffnesses before such change is
achieved. As the purpose of this study is to find the most influential K&C
characteristics and establish the link between them and rollover resistance, such an
approach was regarded as ineffective and too time consuming. Therefore, a novel
approach based on statistical tools is proposed here. The method can be split into four
separate stages. Firstly a large number of iterations with different suspension geometries
and component stiffnesses are generated using a space filling method such as a Latin
Hypercube. In the second stage, each of the above-mentioned iterations is characterised
using a number of K&C metrics. In the third stage, for each of the above iterations a
rollover propensity characterised by rollover critical velocity is found. Finally a

regression model is fitted using the set of K&C characteristics as an input, and rollover
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propensity as the response. Such a process creates a link between K&C characteristics
of the suspension and rollover propensity, despite not having direct control over the
previously generated characteristics.

Before starting the experiment, the factors influencing the K&C characteristics

had to be defined. The factors chosen as the most influential were:

e suspension arm and links hardpoint positions (X,y,z) — primarily affecting
kinematics

e suspension bushes and ball joint stiffness — primarily affecting compliance; in
order to reduce the number of inputs in the first stage of the experiment, stiffness
at only one end of each link was varied

e spring stiffness, spring aid nonlinear characteristic and clearance, rebound spring
stiffness and clearance — primarily affecting wheel rate characteristic and roll
stiffness

o anti-roll bar stiffness — primarily affecting roll stiffness

As factors at both front and rear suspensions were chosen as an inputs, the total number
of factors equalled 98 input parameters to the design of experiment.

As the number of inputs to the first stage of the experiment is large, a Latin
Hypercube was chosen to arrange them in an input matrix. Matlab was used to generate
a Latin Hypercube with coded variables varying between 0 and 1. The Latin Hypercube
generated varied values of 98 independent variables at 100 different value ranges, in
1000 runs. In stage two of the experiment, a number of K&C characteristics had to be
captured. Four K&C tests were chosen to generate these characteristics; vertical test,
roll test with anti-roll bars, roll test without anti-roll bars, and lateral compliance test. A

number of key characteristics were chosen from each test:
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Kinematics:

o Camber vs. wheel centre vertical displacement

o Toe vs. wheel centre vertical displacement

o Contact patch force vs. wheel centre vertical displacement

o Wheel centre lateral displacement vs. wheel centre vertical displacement

o Kinematic roll centre height vs. wheel centre vertical displacement
Lateral in phase compliance test:

o Camber vs. lateral force

o Toe vs. lateral force

o Jacking i.e. vertical vs. lateral force

o Wheel centre lateral displacement vs. lateral force
Roll test with and without anti-roll bars (maintaining constant front to rear load
distribution);

o On-centre wheel rate in roll

o Aanti-roll bar contribution to roll stiffness (combined result from test with

and without anti-roll bar)

In order to be able to capture the K&C characteristics in an easy-to-process way, a
number of metrics were developed. For most metrics, 3 points on the characteristics,
start, middle and end, were recorded and the 2™ order polynomial was fitted. This
resulted in two key coefficients, the first describing the linear gradient, the second

describing the nonlinearity.

For more complex characteristics such as suspension stiffness in bump (effects

of main spring, rebound spring and nonlinear spring aid), 5 equally spaced points were
captured. Based on these points, 4 linear instantaneous stiffnesses were derived,

resulting in 4 metrics from this test. Additionally, anti-roll bar contribution to roll
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stiffness was described by a single number reflecting the additional roll stiffness due to

the anti-roll bar.

Based on the results of these 4 simulations, the vehicle’s K&C from front and

rear axles is characterised using 58 different metrics. The list of all metrics is given in

Table 6.
Symbol Test Metric
¥y Vertical Kinematics Linear dependency of camber angle  on wheel travel
Ve Vertical Kinematics Quadratic dependency of camber angle  on wheel travel
K,,  Vertical Kinematics Suspension rate in second half of rebound travel
K,,,  Vertical Kinematics Suspension rate in first half of rebound travel
K,,, Vertical Kinematics Suspension rate in first half of bump travel
K,,, Vertical Kinematics Suspension rate in second half of bump travel
a, Vertical Kinematics Linear dependency of toe angle & on wheel travel
Q,, Vertical Kinematics Quadratic dependency of toe angle & on wheel travel
Py Vertical Kinematics Kinematic roll centre height
Pya Vertical Kinematics Rate of change of kinematic roll centre height due to wheel travel
V#% Vertical Kinematics Linear dependency of wheel centre lateral position on wheel travel
Quadratic dependency of wheel centre lateral position on wheel
% Vertical Kinematics
travel
Vi Lateral Compliance Linear dependency of camber angle  on lateral force at contact patch
Q, Lateral Compliance Normalised jacking force due to lateral force at contact patch
a; Lateral Compliance Linear dependency of toe angle & on lateral force at contact patch
Linear dependency of wheel centre lateral position on lateral force at
v, Lateral Compliance
contact patch
K, Roll Test with Wheel rate in roll
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Anti-Roll Bars

Roll Tests with and
Sr Anti-roll bar contribution to wheel rate
without Anti-Roll Bars

Table 6. K&C metrics employed in the experiment.

Suspension K&C characteristics can directly affect steering wheel ratio. In the earlier
section of this paper focusing on finding the area of high sensitivity to tyre parameters
and studying their effect on rollover, the steering wheel angle input in the step steer
manoeuvre was fixed to 114.6°. Changing the steering ratio whilst keeping a fixed
steering wheel angle would lead to the vehicle following a different path to the base
model. This in turn has a direct influence on the vehicle’s lateral acceleration and
rollover critical speed. In order to compensate for this, a procedure for normalising the
steering wheel input was implemented. The procedure is briefly described below.

After reading in factor levels corresponding to the given treatment, the vehicle
model is set to travel on an initially straight road at 10 m/s. Vehicle speed remains
constant thanks to a closed loop driveline controller driving all 4 wheels with an equal
torque reacted at the vehicle body for the front wheels and rear subframe for the rear
wheels. Similarly the vehicle model is also equipped with a simple closed loop steering
controller which follows the road by reducing lateral path deviation at the front axle by
controlling the steering wheel angle.

After an initial 65 m straight, the road on which the vehicle travels begins to turn
right, and after 15 m the transition becomes a constant radius corner with the radius set
to 29.317 m. This radius corresponds to the radius at which a baseline vehicle would
travel with a forward velocity of 10 m/s and a steering wheel angle of 114.6°. The
vehicle equipped with both driveline and steering controllers will, after settling down,

reach a steady state constant radius condition. The steering wheel angle corresponding
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to this condition becomes the reference steering wheel angle and is later used to find the
rollover critical speed.

This method of setting the reference steering wheel angle ensures that changes
in steering wheel ratio due to modified suspension geometry are not influencing the
rollover results. However, the method has a potential down side, in the fact that it also
cancels out part of the influence of understeer gradient as the reference steering wheel
angle is obtained at a lateral acceleration far from 0 m/s”. In fact the lateral acceleration
is 3.41 m/s’, which corresponds to average cornering conditions. The reason why the
reference steering wheel angle is set at such a condition is that, in reality, a driver is able
to “map” the required steering wheel angle to vehicle speed and corner radius, and is
therefore accounting for steering ratio and understeer gradient of a vehicle which he or
she is driving.

Once the reference steering wheel angle has been found, it is then used as the
final value of the step steer input used to determined rollover critical speed. The process
of finding the rollover critical speed is the same as in the tyre DoE described in section
3. It consists of 11 runs at various vehicle start velocities varying between 15 m/s and
55 m/s. The result of the process is the highest vehicle velocity at which it doesn’t
rollover.

Once both K&C metrics and corresponding rollover critical velocities have been
found, outputs from both tests are linked using a response surface. This allows the
effects to be statistically separated from each other, and rated in order of statistical
significance.

The large number of inputs to the regression model meant that only the main
factors could be assessed initially. Once all the insignificant factors have been excluded

from the model, the effect of the interaction and second order terms were studied. An
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additional complication when fitting the regression model results from the fact that

some of the metrics are dependent on each other, e.g.:

e suspension rate in bump and roll stiffness
e roll stiffness and anti-roll bar contribution to roll stiffness

e jacking force and kinematic roll centre height.

The fact that some variables are co-dependent makes the choice of terms in a
statistical model somewhat more difficult. This is because inclusion of one parameter
will affect the regression coefficient of another parameter.

To find the best set of parameters in the statistical model a step wise regression
algorithm was used. The original step wise regression Matlab function was modified to
base the decision on inclusion or exclusion of parameters not on p-values but on t-
statistics.

In order to check how well a given set of potential K&C metrics can be
assembled together into a statistical model, a step wise regression was performed for
different values of t-statistics and the plot of adjusted R-square vs. number of terms in
the statistical model was generated. Such a graph can help to decide where the best

compromise between model complexity and model accuracy is.

4.2. Results

The results of stepwise regression using the K&C metrics as an input and rollover
critical velocity as an output are shown in the Table 7 and Figure 20. The stepwise
regression has been performed for different values of t-statistics used to determine
which metrics should be excluded or included in the statistical model. It is worth

pointing out that stepwise regression was based on the initial model with all terms

included. This resulted in better model fit than stepwise regression with no terms in the
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initial model.

TSTAT | 0.001 1 2 3 4 5

Metric Included in statistical model?

K s | True True  True

F
K,,, | True

a,, True
FaV True
"pyy | True
v P, | True
Fl//V2 True
Ft//V True

R Vi True
# 7y | True
K o, | True
"K vir | True

RK vip | True True True True True True True

R
K,,, | True

Vv

7y | True  True  True True True  True  True

True True True True True True True

True True

True True

True True
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a, | True. True True True = False False False True = False

R Y, True  False False False False False False False False

K v, | True. True True True True True True True False

K Py, | True False False False False False False False False

K Py | True True True True True True True  False False

F v, | True True  True  True  True True  True  True  True

£ @, | True False False False False False False False False

fa ;| True False False False False False False False False

4 v, | Truee True True True True True = False False False

R ¥, | True True  True  True  True True  True  True  True

R @, | True True True True True True True True  True

R ;| True  True False False False False False False False

R v, | True True False False False False False False False

K z | True  True  True  True True  True  True  True  True

K r | True  False False False False False False False False

£ {r | True True True = False False False False False False

Ré’ | True  True False False False False False False False
R2 108613 0.8605 0.8595 0.8569 0.8531 0.8506 0.8408 0.8360 0.8083
Rjdjumd 0.8561 0.8569 0.8564 0.8543 0.8507 0.8483 0.8389 0.8343 0.8070

No of terms | 36 25 21 18 16 15 12 10 7

Table 7. Summary of statistical models generated using stepwise regression.

The simplest model was obtained by stepwise regression with limit t-statistics set to 8. It

consisted of 7 main terms:
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e Front suspension rate on centre rebound
Rear suspension rate on centre bump

e Front bump camber

©CoO~NOUTA,WNPE
[ ]

10 e Front and rear camber compliance
12 e Rear jacking force

e Front roll stiffness on centre

18 However the quality of fit of this model measured by calculating R* adjusted was only
20 0.807. A plot of R* adjusted as a function of number of the model terms was used to
22 find a compromise between model accuracy and complexity (Figure 20). A 16-term
statistical model seems to fulfil this requirement fairly well. Apart from all metrics

27 included in the 7-term model it additionally includes:

30 e Front suspension on centre bump rate and full bump rate
32 e Front bump toe nonlinearity

e Front wheel centre lateral travel with bump

37 e Rear camber compliance linearity and nonlinearity

39 e Rear wheel centre lateral travel with bump

41 e Rear kinematic roll centre height

a4 e Front wheel centre compliance
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R? adjusted as function of number of terms
087 T T T T T T

0.86[ J

0.85 .

R? adjusted

081} .
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Number of terms

—@— Stepwise Regresision on Main Factors

Figure 20. Relation between critical number of model terms and quality of fit.

In order to check the quality of the model constructed using stepwise regression,
an algorithm testing all possible combinations of the 16 factor model was used. The
number of 16 factor combinations available from 36 possible factors is 7.31E+09.
Calculating the adjusted R” for all these models would take too long, so the number of
factors in the initial pool hat to be reduced. To do that both forward and backward
regression with t-statistics set to 2 was performed and if a factor was included in at least
one of the two resulting models, it was included in the pool of potential factors. The
result was 25 potential factors, which gives 2042975 combinations of 16-term models to

test. The results of this study are shown in (Table 8) and (Figure 21).
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Model from
Best possible
stepwise
model
regression

Included in statistical

Metric
model?

r Y False False
r Yy True True
'K Var False False
FK Vi True True
K b True True
K o True True
“a e True True
F vy, True True
F o False False
R Ve True False
R Yy True True
kK Vir False False
kK Vib True True
kK Vb False False
R a, False False
K lo False True
Rl// 2 False False
K v, True True
K yoi% True True
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7 True True
F
v, True True
R
7 True True
R
P True True
FKR True True
Fé, R False False
R? 0.8531 0.8534
Rl | 08507 0.8510
No of terms 16 16

Table 8. Comparison of model generated using stepwise regression and best possible

model.
R2 adjusted as function of number of terms
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Figure 21. Comparison of models generated using stepwise regression and best possible
model.
The best possible model found by testing all possible combinations was

marginally better than the one chosen by stepwise regression with all terms included in
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the initial model. Moreover the only difference between the model generated by
stepwise regression and the best possible model was one factor. This showed that
stepwise regression with all terms included in the initial model is a very efficient way of
finding well-fitting statistical models. Therefore in subsequent studies the stepwise
regression starting with a full model was used.

So far all statistical models generated in this study were constructed of only
main factors. In complex systems the interactions between the factors are a significant
part of the observed process. Therefore in the next part of the study a number of models
with interactions and squared terms were generated. As a basis for this, a best possible
16 term model was chosen. Based on the 16 terms included in the model, all possible 1*
order interactions and squared terms were generated resulting in a total of 152 potential
model terms. To find the best model, the stepwise regression starting with a full model
was employed, with an additional constraint ensuring that all 16 main effects are always

included in the model. The achieved model fit has been shown in Table 9 and Figure 22.

R2 adjusted as function of number of terms
0.92 T T T

090+ g

0.88 b

R2 adjusted
o
fe]
)

0.84- 1

082 q

0'800 10 20 30 40 50 60

Number of terms

—O— Stepwise Regresision on Main Factors
Best Possible 16-Term Main Factors Model
—O— Best 16 Main Factors and Stepwise Regression on Interactions and 2nd Order Terms

Figure 22. Addition of interactions and 2" order terms in the statistical model.
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The results show that including interactions can significantly improve the model
fit. Based on the above diagram, a model with 23 terms was chosen as it gives good
compromise between complexity and the quality of fit. For comparison a 20 term model

is also included in Table 9.
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TSTAT:
Metric TSTAT coefficient TSTAT coefficient

Py, | 12.08284  4524.174 1227968  4779.185

"K,, | 413178  -084496  13.98935  0.250867
"K,, | 1427180 0072421  -0.02648  -0.00137
"K,,, | -893141 -0.07417  -8.08901  -0.07003
"o, | -450119 324229 442448 -33270.6

Py, | 7947827  83.03506  7.452588  81.34546

Ry, | -1.00784  -334.532  -7.41488  -1769.59

Ky, | 978957  -0.30481 -22.3506  -0.14861

Ra, | 7713683 1213813 7368396  120.9666

Rw, | -9.86778  -397396  -9.81768  -412.568

Kp, | -8.65296 -0.4563 -8.80496  -0.48388

Py, | -6.99715 -154181 -30.1908  -260712

Py, | 5517819 34239.66  4.980048  32216.93

Ry, | 0055234  2613.999  -17.5857  -242492

Rp, | 8014139  280.8634  8.132765  297.3028

K, | 278578  -0.05478 262715  -0.05389

"y, "K,, | -10.621 -14.2986  -10.4611  -14.7018
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v, o, | -6.1707 -13.1821 655134 -14.5432
K, Ry, | -537013 -5219.07 - -

F R
K, 7. 7.891618 1562.256 6.219507 1230.818

"K,,,""K, | 824E+00  7.18E-05 749269  6.81E-05
R F
K, v, | 512347  -1453.61 - -
R R

7"y, | 5745221 27036.67 - -

R™2 0.895 0.8849
R™2 adj 0.8925 0.8826
No of terms 23 20

Table 9. Summary of models including interactions and 2" order terms.

For convenience it is worth stating here the full meaning of the significant

interactions in the 23 term model:

front linear camber gain and front suspension rate in bump on centre

e front linear camber gain and rear roll centre height

e front suspension rate in rebound on centre and rear linear camber compliance
e front suspension rate in bump on centre and rear linear camber compliance

e front suspension rate in full bump and front suspension roll stiffness

e rear suspension rate in bump on centre and front linear camber compliance

additionally rear suspension linear camber gain squared is also significant.

One may notice that introduction of interactions has pushed the t-statistics of some of
the main factors below the originally specified value of 5 used to derive the 23 term

model. The factors affected the most are:

e rear linear camber gain
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rear linear camber compliance

However, as interactions include these factors, they are left in the model despite having

low t-statistics values. In order to better understand the strength of each of the main

factors, a conversion table has been constructed (Table 10).

Desired change to increase V.., Change of Unit Effecton V...
Ty, less negative camber gain with bump 0.002 deg/mm 9.048
"K,,  softer -10 N/mm 8.450
FKVlb stiffer 10 N/mm 0.724
"K,,, softer -10 N/mm 0.742
FO{VZ more toe out change with bump and rebound -0.00002  deg/mm’ 0.648
", less WC track change 0.01 mm/mm 0.830
Ry, more negative camber in bump -0.002 deg/mm 0.669
kK, softer -10 N/mm 3.048
*a, more toe in with bump 0.005 deg/mm 0.607
Ry ” more WC track change -0.01 mm/mm 3.974
K Py lower roll centre -10 mm 4.563
Py, higher camber compliance -0.00001 deg/N 1.542
"y, lower WC compliance 0.00002 mm/N 0.685
Ry, lower camber compliance 0.00001 deg/N 0.026
o, less jacking force 0.02 N/N 5.617
FKR softer in roll -150 N/deg 8.217

Table 10. Summary most influential K&C metrics on rollover propensity.
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For comparison, on average, Imm change in the vehicle sprung mass CoG

results in 1.24 m/s change in critical rollover velocity, as seen on Figure 23.

Rollover Sensitivity to CoG Height
50 T T T

45 8

I
(=)
T
L

W
w
T
i

Critical Rollover Velocity [m/s]

w
o
T
1

25+ !

0.83 0.835 0.84 0.845 0.85 0.855
Sprung Mass CoG Height [m]

Figure 23. Rollover sensitivity to sprung mass CoG.

5. Conclusions

A high-fidelity multi-DOF vehicle model of an SUV was used to carry out an
investigation into the influence of tyre parameters and K&C characteristics on rollover
propensity. In contrast to a purely qualitative approach in analysing the results, a DoE
method and statistical tools were used in order to capture the dependency of rollover on
some of the principal tyre and K&C parameters. In terms of sensitivity to tyre
parameters, road-tyre friction manifested as the major parameter that promotes or
prevents rollover. This parameter, however, depends on the quality of the road surface
as well, so does not seem to be easily controllable. On the other hand, tyre camber
stiffness seems to also play an important role in rollover propensity. Camber stiffness is

a parameter closely related to the construction of the tyre and thus can be tuned in order
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to prevent rollover.

In terms of sensitivity to K&C characteristics, key metrics and their interactions
were found from a set of 36 metrics. The results indicate that the most influential
suspension characteristics are front and rear suspension rate, front roll stiffness, front
camber gain, front and rear camber compliance, rear jacking force. This knowledge and
the associated methodology should be useful in the vehicle development process as it
enables engineers to estimate the effects that changes made to suspension design will

have on vehicle rollover propensity.
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Appendix A: List of abbreviations
CoG - Centre of Gravity

DoE — Design of Experiment

©CoO~NOUTA,WNPE

11 DoF  — Degree of Freedom

13 DSF — Dynamic Stability Factor

15 K&C - Kinematics and Compliance

17 MBS - Multi-Body Simulation

20 MF  — Magic Formula

22 ODE - Ordinary Differential Equation
24 PPT - Phase Plane Trajectory

26 PID - Proportional Integral Differential

SUV - Sport Utility Vehicle
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