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Preview Horizon Analysis
for Vehicle Rollover Prevention
Using the Zero-Moment Point
This research estimates the minimum preview time needed to prevent untripped wheel lift
events by analyzing simple maneuvers that are idealizations of a human driver’s response
in collision avoidance situations. To predict a vehicle’s future rollover propensity, the
zero-moment point (ZMP) metric is applied to projected vehicle trajectories. Comparing
different amounts of preview, the results show that short-range predictions, ranging from
0.1 s to 0.7 s, are sufficient to prevent nearly all dynamics-induced rollovers in typical
highway curves. These results are useful to determine the minimum preview horizons,
with respect to rollover, that may be necessary for more advanced vehicle control methods,
such as model predictive control (MPC). [DOI: 10.1115/1.4030390]

1 Introduction

Over 5.5� 106 crashes were reported by the National Highway
Traffic Safety Administration (NHTSA) [1] in the United States in
2009. Almost 31,000 of these crashes were fatal. Vehicle rollover
remains one of the deadliest types of automobile accident(s);
although rollover occurred in only 2.2% of the total crashes, it
accounted for 10.7% of the total fatalities [1]. With increasing
focus on driver-assist functionality, modern vehicles are being
equipped with the sensors and actuators necessary to detect and
eventually mitigate these events.

This research uses the ZMP to predict the onset of future wheel
lift over a specified preview time. In particular, the focus of this
paper is an analysis of the preview time needed to prevent the
onset of untripped rollover. Fixed look-ahead preview methods
are a mature concept [2], yet the primary goal of these approaches
is generally lane-keeping and collision avoidance, not rollover
prevention. The research field is rich with literature on different
preview strategies for path following and collision avoidance
[3–11]. These strategies range from low complexity metrics that
establish time-to-line crossing [3], to higher complexity frame-
works based on elastic bands for path planning through stationary
and moving traffic [4]. To consider rollover initiation within a pre-
dictive horizon, this work is motivated by the increasing use of
MPC, wherein dynamics are analyzed over a fixed horizon ahead.
Control techniques using MPC are promising in path planning
applications due in part to their ability to handle system nonlinear-
ities and trajectory constraints. For example, the work in Refs.
[5,6] aims to optimize lane keeping and collision avoidance inter-
vention by computing the smallest possible corrective action
needed to keep the driver safe. Similar in nature, the work in Ref.
[7] uses MPC algorithms to plan the vehicle’s trajectory and es-
tablish the minimum threat to the vehicle. Using this threat, the
level of intervention is calculated: too much intervention can be
seen as intrusive, while too little can result in an accident. MPC is
also useful for path planning and collision avoidance in special
circumstances, such as when the vehicle is driving on slippery or
icy roads [8–10]. Efforts have also been taken to combine haptic

human–machine interaction with MPC-based path planning algo-
rithms [11].

Although not quite as extensive, there has been some research
on preview strategies regarding vehicle rollover. One method that
attempts to preview roll behavior is the time-to-rollover (TTR)
metric [12,13]. Previewed metrics such as the TTR are being
extended to heavy-duty vehicle applications for warning systems
in emergency maneuvers [14]. Additionally, work on MPC-based
rollover prevention limits the peak roll angle by optimally braking
each wheel [15] and by combining differential braking with steer-
ing intervention [16].

As discussed previously, the dynamics of the system in MPC
are analyzed over a fixed horizon ahead. One of the key tuning
parameters in MPC formulations is the choice of this preview
horizon to ensure sufficient consideration of dynamics such that
control actions chosen at the present time step satisfy constraints
on system dynamics. However, these horizons with respect to roll-
over are often determined based on a guess/check methodology.
In general, most of the papers above suggest preview horizon
times between 0.3 and 2 s as appropriate, but this is a very wide
window of uncertainty. The contribution of this paper is to explic-
itly examine the necessary preview time for simple but representa-
tive intervention strategies that may result in untripped rollover.

The remainder of the paper is organized as follows: First, the
vehicle models used in this work are introduced and the concepts
and equations of the ZMP are further explained in Sec. 2. Section 3
presents the methodology used to preview the dynamic system to
gain information about the vehicle states and ZMP in the future.
In Sec. 4, simulation procedures and results are then provided to
determine the minimum preview time needed to prevent
dynamics-induced wheel lift for the given steering intervention.
Section 5 provides conclusions that summarize the main contribu-
tions of this work.

2 Application of ZMP as a Vehicle Rollover Metric

Much of the current research regarding vehicle rollover aims to
measure or predict a vehicle’s rollover propensity. The most
explicit method of determining rollover propensity is full-scale
vehicle testing. However, full-scale testing is expensive and incom-
plete; it is impossible to recreate all possible driving situations
when considering the road trajectory, vehicle speed, variations in
terrain, weather conditions, and possible obstacles in the road.

Alternatively, research is also being performed to measure roll-
over propensity by establishing model-based metrics that quantify
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the onset of rollover. Several variations of rollover metrics exist
including static or steady-state metrics, dynamic metrics, metrics
utilizing the knowledge of ground-vehicle forces, and metrics
considering the vehicle’s states. A commonly used static metric is
the static stability factor (SSF) [17]. Dynamic metrics that account
for the vehicle’s acceleration and inertia include the dynamic sta-
bility index [18], while examples based on ground-vehicle forces
include the load transfer ratio [19] and the stability moment [20].
Metrics based on vehicle states can also be used for situation-
dependent driving to anticipate rollover such as those developed
by Carlson and Gerdes [16,21] and the previously mentioned TTR
metric proposed by Chen and Peng [12,13].

The metrics presented above are useful but can be limited by
their inherent assumptions. Simplified static metrics such as SSF
are easy to calculate, but may not provide the accuracy needed to
evaluate roll stability during extreme driving scenarios. Dynamic
metrics are more suited to transient analysis, but often rely on data
that may be difficult to obtain, such as suspension parameters and/
or vehicle-ground contact forces. Sensors capable of obtaining sus-
pension or tire forces are expensive and uncommon on typical pas-
senger vehicles. Further, terrain effects on road profiles are also a
concern that is often ignored in predicting vehicle rollover.

To address the limitations of the metrics presented above, Lapa-
pong [22–26] developed a dynamic rollover metric utilizing the
concept of the ZMP. The ZMP is defined as the point on the
ground where the summation of the tipping moments acting on an
object, due to gravity and inertia forces, equals zero [27]. This
concept of using inertial responses rather than force measurements
for roll stability analysis was originally developed by Vukobra-
tovic [28] in 1968 and has been applied to maintain the dynamic
stability of bipedal robots.

Applying the concept of the ZMP as a vehicle rollover metric
presents several advantages. One advantage of the ZMP is that it
explicitly accounts for terrain effects in its derivation. Another
significant advantage is that calculation of the ZMP does not rely
on knowledge of the vehicle-ground contact forces. While the
ZMP has proven accurate and useful as a design parameter for
rollover indication [26], it has not yet been applied in a predictive
manner for ground vehicles. This is the focus of this work.

2.1 Vehicle Models. Two vehicle models were considered in
this research: the well-known two degrees-of-freedom (2DOF)

rigid model [18] and the three degrees-of-freedom (3DOF) roll
model developed by Mammar [29]. The 2DOF rigid model,
shown in Fig. 1(a), only considers the vehicle’s lateral and yaw
dynamics. This model relies on the following assumptions: the ve-
hicle is symmetric along its longitudinal axis, no motion exists in
the roll and pitch directions, the vehicle is steered by the front
wheel, longitudinal velocity is constant, small angle approxima-
tions apply, a linear tire model is applied, all components of the
model are rigid, the tires roll without slip in the longitudinal direc-
tion, and aerodynamic effects are negligible.

The 3DOF roll model, shown in Fig. 1(b), considers lateral,
yaw, and roll dynamics, where a sprung mass of the vehicle
rotates about the roll center of an unsprung rigid mass. This model
relies on many of the same assumptions as the 2DOF rigid model,
along with the following additional assumptions: a sprung mass
sits atop the unsprung mass and both are connected via a torsional
spring and torsional damper, the spring and damper are linear, the
roll center is fixed with respect to the vehicle’s body, and the
unsprung mass only rotates in the yaw direction. Shim and Ghike
explore the appropriateness of model assumptions when analyzing
roll dynamics in Ref. [30]. Full derivations for both models used
in this study are provided in Ref. [24]. While the roll model con-
siders the vehicle’s suspension dynamics as an additional DOF,
both models are subject to the same lateral and yaw dynamics. A
free-body diagram illustrating the lateral and yaw dynamics for
both models is shown in Fig. 2. The body-fixed coordinate system
developed by the Society of Automotive Engineers (SAE) [31]
was used to derive both models. Parameters used in the vehicle
models are provided in Table 1.

2.2 Inclusion of Terrain Effects in Vehicle Models. For
drainage or for sharp curves, public road profiles are generally not
level in the lateral direction. This is also the case just outside the
road boundaries, as the shoulder and median of a road typically
slope away from the pavement. Therefore, it is necessary to take
the road bank angle (superelevation) into consideration for both
on-road and road departure driving situations. To maintain a linear
system, the terrain angle, /t, is treated as an exogenous linear
input to the system dynamics such that the state-space representa-
tions of the vehicle models now have two inputs: steering angle
and terrain bank angle. Although the terrain cannot be controlled,
it can be treated as a known input by utilizing mapped information

Fig. 1 Vehicle models viewed along the body-fixed x-axis for (a) 2DOF rigid model (b) 3DOF
roll model. CG refers to the rigid model’s center-of-gravity for the total mass. CGu and CGs,

meanwhile, refer to the unsprung mass and sprung mass, respectively, of the roll model.
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about the vehicle’s surroundings. Mapped information allows the
vehicle to localize itself using visible subsets of a global frame
[32], and thus can aid in real-time perception by linking features,
such as terrain variations, with Global Positioning System (GPS)
locations. The terrain bank angle is assumed to remain constant
throughout this paper; however, variations in profile, if they are
known, can readily be included. The full derivation of terrain
input in the vehicle model is presented in Ref. [24].

2.3 Calculation of ZMP. As discussed previously, the ZMP
is defined as the point on the ground where the summation of the
tipping moments acting on an object, due to gravity and inertia
forces, equals zero [27]. By treating the vehicle as a kinematic
chain, it is possible to calculate each body’s net moment contribu-
tion to the ZMP. This calculation only requires measurement of
the kinematic motion of all objects in the chain, information that
is accessible through inertial measurement units and knowledge of
the vehicle parameters. If a vehicle’s ZMP moves outside the
vehicle’s support polygon, the vehicle will begin to overturn.
Although the location of the ZMP exists in three-dimensional
space, only the coordinate of its lateral position on the ground
from the vehicle centerline, called yZMP, is necessary for the appli-
cation to vehicle rollover [24]. This is because, for conventional
vehicles, the occurrence of wheel lift about the vehicle’s pitch
axis is extremely rare compared to wheel lift about the vehicle’s
roll axis. In a vehicle, the boundaries of the contact polygon are

defined where the four tires touch the ground. The distance of
yZMP from the centroid of the contact polygon is used as the met-
ric for the vehicle’s rollover propensity. More specifically, if yZMP

is located outside the track width of the vehicle, wheel lift will
occur [24].

Lapapong [24] derived the location of the ZMP for both the
2DOF rigid model and the 3DOF roll model. The results showed
that yZMP was nearly identical for both vehicle models when
applied to a real vehicle. Therefore, only the result of the simpler
yZMP calculation for the 2DOF rigid model is presented. Parame-
ters used in the yZMP calculation are provided in Table 1. The
location of yZMP for the rigid model can be expressed as

yZMP¼ mgcosðhÞsinð/rÞ Trjtanð/r�/tÞjþ2h½ �f
�maGy Trjtanð/r�/tÞjþ2h½ ��2Ixx

€/r

þ2Ixz _rþ2Iyz
_h2�r2

� �
þ2 IxzþIyy�Izz

� �
_hr
o

= 2m gcosðhÞcosð/tÞsecð/r�/tÞ�aGy tanð/r�/tÞ�aGz

� �� 	
(1)

Because the yZMP equation can be applied interchangeably
between the two vehicle models, the simpler form of the yZMP

equation given in Eq. (1) is applied to the roll model for this
study, as shown in Fig. 3. A simplified linear equation of Eq. (1),
found in Ref. [26], is expressed as

yZMP ¼ �
Ixx

mg
€/t þ €/r

� �
þ hsr /t þ /rð Þ � hsr

g
aGy (2)

Equation (2) is merely a linear combination of vehicle states.
Indeed, this is a state combination used in other roll research [33].

The ZMP location can readily be added as an output of a state-
space model of a vehicle inclusive of roll, for example, the 3DOF
model discussed earlier. Assuming the state vector used for the
roll model is given as

x ¼ y V r _/r /r w
� �T

(3)

and recognizing the general state-space notation of

_x ¼ Axþ Bu (4)

where u is the input vector to the system (steering angle and ter-
rain bank angle), the A and B matrices are obtained from

Fig. 3 Roll model on banked slope with zero moment point
illustration

Fig. 2 Free-body diagram illustrating the vehicle’s lateral and
yaw dynamics

Table 1 Parameters for vehicle models and ZMP

Symbol Definition

U Longitudinal velocity of CG/CGu (body-fixed)
y Lateral position of CG/CGu (body-fixed)
V Lateral velocity of CG/CGu (body-fixed)
aG Lateral acceleration of CG/CGu (body-fixed)a

/r Roll angle
h Pitch angle
w Yaw angle
r Yaw rate
m Total vehicle mass
ms Sprung vehicle mass
L Length of vehicle
Tr Track width of vehicle
a CG/CGu to front axle distance
b CG/CGu to rear axle distance
Ixx Mass moment of inertia about vehicle x-axisa

Ixz Product mass moment of inertiaa

hsr Height of sprung mass from roll center
h Height of vehicle
Caf Front cornering stiffness
Car Rear cornering stiffness
a Tire slip angle
df Front steering angle
/t Terrain superelevation
K/ Roll stiffness
D/ Roll damping constant
g Gravitational acceleration

aSubscripts x, y, and z indicate x-, y-, and z-directions, respectively.
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Mint ¼

m 0 mshsr 0

mshsr �Ixz ðIxx þ msh
2
srÞ 0

0 Izz �Ixz 0

0 0 0 1

2
66664

3
77775 (5)

Nint ¼

�Caf �Car

U
mUþ bCar� aCaf

U


 �
0 0

0 mshsrU D/ ðK/�mshsrgÞ
bCar� aCaf

U

�a2Caf � b2Car

U
0 0

0 0 �1 0

2
666666664

3
777777775

(6)

Fint ¼

�Caf mg

0 mshsrg

�aCaf 0

0 0

2
66664

3
77775 (7)

Aint ¼ �M�1
int Nint (8)

Bint ¼ M�1
int Fint (9)

such that

A ¼
0 1 0 0 0½ � U

04�1 ½Aint� 04�1

0 0 1 0 0½ � 0

2
64

3
75 (10)

B ¼
01�2

½Bint�
01�2

2
64

3
75 (11)

The roll acceleration and lateral acceleration can be written in
terms of the A and B matrices of the roll model in the form

€/r ¼ ½ 0 0 0 1 0 0 �½Axþ Bu� (12)

aGy ¼ ½ 0 1 0 0 0 0 �½Axþ Bu� þ Ur (13)

Equation (2) can then be written in terms of the A and B matrices
of the roll model in the form

yZMP ¼ 0 � hsr

g
0 � Ixx

mg
0 0

� 

½Axþ Bu�

þ hsr /t þ /r �
Ur

g


 �
(14)

where €/t ¼ 0 due to the assumption that the terrain bank angle is
constant.

Equation (14) is capable of calculating the vehicle’s rollover
propensity at the current time. However, to prevent a rollover
event through pre-emptive action, it is necessary to predict the
vehicle’s rollover propensity over a preview horizon based on the
current states and inputs.

3 Fixed Point Preview of Dynamic Vehicle Model

3.1 Generalized Preview Solution of a Dynamic System. The
methodology for previewing the state-space model will now be
introduced. Previewed information can be obtained by extending
the current states and inputs of the system over a specified pre-
view interval, assuming a known control input. Considering the
following linear system

_x ¼ AxðtÞ þ BuðtÞ
y ¼ CxðtÞ þ DuðtÞ

(15)

the general solution is given by

xðtþ TÞ ¼ Uðtþ T; tÞxðtÞ þ
ðtþT

t

Uðtþ T; sÞBðsÞuðsÞds (16)

where T is the preview time and U is the system’s state transition
matrix [34]. The state transition matrix is determined by the
Peano-Baker series, which for a linear time-invariant system,
reduces to the matrix exponential in the form

Uðtþ T; tÞ ¼
X1
k¼0

AkTk

k!
¼ eAT (17)

The solution given by Eq. (16) allows the calculation of the state
vector at time tþ T using the current state vector and the input
during the preview time. To utilize this solution, several approxi-
mations of the state transition matrix exist, for example, Euler,
bilinear (Tustin), and numerical approximations. Each of these
approximations was considered in the research. Numerical
approximation of the state transition matrix is achieved by directly
calculating the matrix exponential within MATLAB. Preliminary
simulations showed that MATLAB’s numerical approximation of the
state transition matrix, Eq. (17), provided the most accurate
results. This approximation is used for the rest of the paper, here-
after referred to as the preview A matrix, Ap, introduced in Sec.
3.2.

3.2 Application of Previewed Information to Vehicle
Rollover. The general solution given by Eq. (16) can be applied
to the vehicle rollover problem. For this application, the desired
output of the system is the previewed value of yZMP, termed
yZMPðtþ TÞ, which can be obtained by selecting the appropriate C
and D output matrices in the state-space model. Assuming that the
A and B matrices are time-invariant and utilizing the assumption
that the steering input and terrain bank angle remain constant over
the (short) preview interval, the general solution of Eq. (16) for
the previewed state vector can be simplified. For the case in which
only the state vector at time tþT is desired, Eq. (16) simplifies to
the following:

xðtþ TÞ ¼ Uðtþ T; tÞxðtÞ þWTBu (18)

where u is the constant system input and

W ¼ I þ
X1
k¼1

ðTAÞk

ðk þ 1Þ! (19)

Using Eq. (18) and the state transition matrix approximation dis-
cussed previously, one can obtain a previewed state vector and
thereby calculate a previewed ZMP estimate. The previewed
numerical approximation of the input term is hereafter referred to
as the preview B matrix, Bp, such that

Ap ¼ Unumðtþ T; tÞ (20)

Bp ¼ WTB (21)

and Eq. (18) is written as

xðtþ TÞ ¼ ApxðtÞ þ BpuðtÞ (22)

Now that the previewed state vector is defined, the ZMP as
defined in Eq. (14) can be predicted at a future time. Roll acceler-
ation at the preview time is given by
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€/rðtþ TÞ ¼ ½ 0 0 0 1 0 0 �½Axðtþ TÞ þ Buðtþ TÞ� (23)

Again, it is recognized that all inputs are assumed constant over
the preview interval such that uðtþ TÞ ¼ uðtÞ. This means that for
the predictive state calculation, the inputs to the system at the cur-
rent time step are assumed to remain constant up to the preview
time. Then, substituting Eq. (22) gives the future roll acceleration
based on the present states and inputs

€/rðtþ TÞ ¼ ½ 0 0 0 1 0 0 � A Apxþ Bpu
� �

þ Bu
� �

(24)

The previewed roll angle and previewed lateral acceleration can
also be simplified in this manner resulting in the following equa-
tion for yZMP at the preview time:

yZMPðtþ TÞ ¼ 0 �hsr

g
0 � Ixx

mg
0 0

� 

A Apxþ Bpu
� �

þ Bu
� �

þ 0 0 �hsrU

g
0 hsr 0

� 

Apxþ Bpu
� �

þ hsr/t

(25)

Equation (25) can be used to add the previewed yZMP at time tþ T
as an output of the state-space vehicle model at time t.

4 Rollover Prevention Using Previewed ZMP

An important application of previewed yZMP could be to detect
when a driver’s present steering input will soon result in wheel
lift. By identifying impending rollover in the near future, present
steering actions or warnings can be given to potentially correct
the steering input to mitigate the risk. For implementation of this
approach, it is necessary to determine the minimum preview time
needed to predict and prevent a rollover event. Insufficient pre-
view does not provide enough advanced warning to mitigate the
risk, whereas too much preview degrades the accuracy of the pre-
dictive state calculations. This section examines the use of pre-
viewed yZMP to determine the minimum necessary preview time
to prevent rollover.

A “worst-case” driving situation as defined in Ref. [26] was
considered for the MATLAB simulation in order to maximize the
vehicle’s rollover propensity. The parameters for a 1989 GMC
2500 pick-up truck, shown in Table 2, were used due to the
vehicle’s high center-of-gravity. A highway speed of 26.8 m/s
(60 mph) was used, as well as the introduction of an 8 deg bank
angle (14% superelevation), a value representative of the designed
bank angle in a sharp highway curve [35]. The steering input was
designed so that the vehicle turns up the slope of the terrain. This
driving scenario is not uncommon; a vehicle that travels onto the

shoulder or median of a highway would experience similar cir-
cumstances and a similar steering input as the driver tries to cor-
rect his/her path. It should be noted that the following results
would likely change for different vehicle configurations, speeds,
environments, and intervention strategies. However, the process
of determining the minimum preview time would remain the same
such that these variables could be readily modified for the particu-
lar scenario being tested.

4.1 Corrective Steering Maneuver #1. Because advanced
closed-loop control laws for wheel-lift prevention, such as MPC
approaches, can be computationally intensive and sensitive to
algorithm architecture and tuning, this study examines the effects
of corrective steering maneuvers on the preview horizon using
open-loop analysis. This is specifically advantageous as it limits
the coupling between a feedback algorithm and yZMP, eliminating
the need for a receding horizon approach that requires recalcula-
tion of optimal steering maneuvers at each time step. The simplic-
ity of an open-loop analysis allows for a thorough development of
the methodology for determining the safe maneuver envelope of
the vehicle without narrowing the analysis to a particular correc-
tive steering law. This way, the results that follow can be trivially
extended with the addition of other corrective inputs, such as
braking, or extended for use in the design of closed-loop interven-
tion strategies like MPC. It should also be noted that the following
open-loop steering actions are not considered optimal intervention
strategies and are not suggested to be implemented in practice.
Rather, these maneuvers are simply meant to represent the gross
behavior of a hypothetical driver in an emergency scenario and
subsequently examine their effect on the preview horizon neces-
sary to prevent wheel lift.

In this study, the initial driver steering input of the tires is cho-
sen to follow a simple sinusoidal trajectory to the desired steering
amplitude and then remain constant. This is meant to approximate
a driver performing an evasive maneuver by rapidly steering away
from his/her current path. The proposed initial steering of the
driver then takes the form

df ¼

A

2
sin 2pft� p

2

� �
þ A

2
for 0 < t � 1

2f

A for t >
1

2f

8>><
>>:

(26)

where A is the steering angle amplitude of the tires, and f is the
steering frequency (Hz).

The wheel lift prevention control considered here is simple as
well and open-loop in nature. If the system detects that previewed
yZMP has gone outside the vehicle’s track width (indicating future
wheel lift), it will implement a corrective steering input in which
the steering angle of the tires follows a sinusoidal correction (of
the same frequency) from its current value back to a zero steering
input in the form

if jyZMPðtþ TÞj � Tr

2
at t ¼ t�

df ¼

A

2
sin 2pftþ p

2

� �
þ A

2
for t� < t � t� þ 1

2f

0 for t > t� þ 1

2f

8>><
>>:

(27)

where Tr is the track width of the vehicle and the sign of A is con-
sistent with the initial driver steering input. The reader should
note that Eq. (27) is not meant to be a general control law; it is
simply a mathematical description of how the open-loop steering
correction was implemented for this study.

Figure 4 illustrates corrective steering maneuver #1, described
by Eqs. (26) and (27), in graphical form. The axes of Fig. 4 have
purposefully been generalized for any value of steering angle and

Table 2 Parameters for 1989 GMC 2500 pick-up truck

Symbol Value Unit

m 3255 kg
ms 2956 kg
a 1.895 m
b 1.459 m
h 1.234 m
hsr 0.781 m
Caf �120,000 N/rad
Car �120,000 N/rad
Tr 1.615 m
Ixx 1830 kg/m2

Iyy 6488 kg/m2

Izz 7913 kg/m2

Ixz 500 kg/m2

D/ 4500 N m s/rad
K/ 145,330 N m/rad
g 9.81 m/s2
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steering frequency. This is because this study aims to investigate
how the severity of the driver’s initial steering input affects the
necessary preview time for a successful intervention in the form
of wheel lift prevention. Therefore, combinations of steering angle
and steering frequency were considered to determine the neces-
sary preview time to prevent wheel lift. Simulations of the steer-
ing scenario were performed for each combination of steering
angle and steering frequency. These steering values cover the
effective range imposed by limits on the steering rack. It is also
assumed that there is no tire skidding for the given maneuvers.
Previous work by the authors [26] showed that wheel lift will
occur before the tires skid for steering frequencies below 0.8 Hz.
Therefore, results for steering frequencies above this value should
be considered questionable as skidding is likely to precede
rollover.

Using the linear model presented earlier, yZMP and yZMPðtþ TÞ
were calculated throughout the simulations to evaluate the
vehicle’s roll stability. For this study, yZMP has been normalized
by the track width of the vehicle such that values greater than one
or less than �1 represent wheel lift. The minimum acceptable pre-
view time was determined as follows: for each combination of
steering angle and steering frequency, the preview time was itera-
tively increased from zero by 0.01 s until the peak value of the
normalized current (real-time, as opposed to previewed) yZMP fell
between 0.97 and 0.98 (or �0.97 and �0.98). At this point, wheel
lift prevention was considered to have occurred and the preview
time was recorded. An illustrative example of this process is
shown in Fig. 5 for one specific combination of steering amplitude
and steering frequency, �8.5 deg and 0.55 Hz, respectively. This
figure shows how the peak value of the real-time yZMP decreases
as the preview time is increased. For this steering combination,
the minimum preview time to prevent wheel lift using the process
described above is 0.33 s, where the peak value of real-time yZMP

drops below 0.98.
The multibody simulation software CARSIM was also used to

assess the fidelity of the results obtained using the linear system.
CARSIM ensures that the significant assumptions used in the formu-
lation of the previewed linear system remain appropriate when
considering the complex nonlinearities expected during such
maneuvers, such as changes in the tire and suspension properties
due to load transfer and rapid steering. These nonlinear effects are
fitted to the CARSIM model with the basic vehicle parameters used
for the 3DOF model. In CARSIM, the preview time associated with
a wheel lift event was recorded when the vertical force of any tire
fell between 200 N and 300 N (range of 2–3% of the static load on
each tire), a value low enough to indicate that wheel lift is
imminent.

The simulation outputs of yZMP and yZMPðtþ TÞ for the same
combination of steering amplitude and steering frequency, �8.5
deg and 0.55 Hz, respectively, are shown in Fig. 6. The iterative
structure described previously was used to calculate the preview
time for this steering combination, i.e., when the normalized value
of current yZMP fell between its prescribed limits of 0.97 and 0.98.
For the plot shown in Fig. 6(a), the minimum necessary preview
time was found to be 0.33 s, as shown in Fig. 5. Thus, shorter pre-
view times than this resulted in a normalized peak value of current
yZMP greater than 0.98, while longer preview times resulted in a
peak value less than 0.97. These plots include the yZMP calcula-
tions for both the linear system and for CARSIM. Specifically,
Fig. 6(a) illustrates how the intervention strategy of Eq. (27),
implemented when the value of yZMPðtþ TÞ rises above the wheel
lift threshold, is able to keep the value of current yZMP below the
wheel lift threshold. Figure 6(b), however, illustrates the same
driver input when the intervention strategy of Eq. (27) is not
applied. Clearly, when the corrective steering is not applied, the
value of real-time yZMP rises well above the wheel lift threshold.
Therefore, these results show that previewed yZMP information is
capable of preventing the onset of wheel lift. There is also very
good agreement between the linear model and CARSIM calculations
of yZMP and yZMPðtþ TÞ. Comparing the curves between these
two models, it can be seen that the roll model calculation is
slightly more conservative, as indicated by the higher peak values
shown in Fig. 6(a).

The simulations illustrated in Fig. 6 were then repeated for
many additional combinations of steering amplitude and steering
frequency. The same methods described above were used to deter-
mine the minimum necessary preview time. Figure 7 shows how
the necessary preview time is affected by the driver’s initial steer-
ing magnitude and frequency. The information in Fig. 7 is also
portrayed in Fig. 8 in the form of a contour plot of the minimum
preview times over the range of steering inputs. These plots indi-
cate that the minimum necessary preview time is greatly influ-
enced by the frequency of the steering input (higher frequency
means a more severe steering input). As the frequency is
decreased, longer preview times are needed to detect and effec-
tively mitigate the wheel lift risk. This relationship can be
explained from the Bode plot between the current yZMP and steer-
ing angle and the Bode plot between previewed yZMP and steering
angle, shown in Fig. 9. The Bode plot shown in Fig. 9 was calcu-
lated by simply performing the frequency response from input to
output (rather than state) for the modified C and D matrices inclu-
sive of Eqs. (14) and (25). The frequency response of current
yZMP exhibits a notch filter effect for higher frequencies, while the
frequency response of previewed yZMP remains relatively

Fig. 4 Generalized example of corrective steering maneuver
#1 simulations

Fig. 5 Example of the iterative calculation of the preview time
for corrective steering #1
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constant. Thus, since the previewed yZMP calculation assumes the
steering input at the current time step to be constant over the pre-
view horizon, more severe steering inputs will result in earlier
detection and correction through a previewed yZMP value that rises
quickly compared to the real-time value of yZMP. This is due to
the higher gain difference between previewed and current yZMP in
the frequency response at higher frequencies. Impending wheel
lift from a less severe steering input (lower frequency), however,
will not be detected as quickly and requires more preview to cor-
rect the action. This is because the values of current and pre-
viewed yZMP have the same direct current and low-frequency gain
characteristics and rise with approximately the same slope.

The opposite trend is true for changes in steering magnitude:
longer preview times are needed as the steering magnitude is
increased. Thus, the longest preview time needed for the steering
combinations tested was for a low frequency, high magnitude
steering input. In Fig. 7, this is a preview time of 0.66 s for a
�23 deg, 0.16 Hz steering input. The CARSIM results for each steer-
ing combination, shown by the dotted lines in Figs. 7 and 8(b),
require less preview at frequencies below approximately 0.7 Hz

and more preview above this frequency when compared to the lin-
ear roll model. This could be due to the tire nonlinearities and dy-
namics present in CARSIM, but not accounted for in the linear
model.

4.2 Corrective Steering Maneuver #2. A second scenario
with a more severe corrective steering input was also simulated.
This scenario was designed to more closely resemble the NHTSA
Fishhook maneuver prescribed for rollover testing where the vehi-
cle is given an initial rapid steering input followed by an over-
correction [36]. However, the steering intervention considered in
this section also has applications if the driver wants to stay in his/
her original direction of travel but with an offset. Corrective steer-
ing maneuver #1 is basically a change in orientation of the vehicle

Fig. 6 yZMP (a) with and (b) without corrective steering #1

Fig. 7 Minimum preview times needed to prevent wheel lift for
corrective steering #1. The “Tire Skid Threshold” indicates the
steering frequencies above which skidding is likely to precede
rollover.

Fig. 8 Contour plots of minimum preview times (s) needed to
prevent wheel lift for corrective steering #1 for (a) linear roll
model and (b) CARSIM. The Tire Skid Threshold indicates the
steering frequencies above which skidding is likely to precede
rollover. The “No Rollover” zone indicates where steering com-
binations did not induce wheel lift.
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away from its original direction of travel. To remain on the origi-
nal direction of travel but with an offset, the vehicle must steer
back to the travel direction. This can result in over-steering and
wheel lift initiation in the corrective portion. Thus, we consider a
second case where the steering input consists of both a course
departure and a course correction.

All conditions and parameters remain the same, but the correc-
tive steering input now follows a sinusoidal correction to the
opposite steering amplitude (over-correction; Eq. (28a)) once
impending rollover is detected in the initial driver steering input.
Because this over-correction of the steering input opens up the
possibility of the vehicle experiencing wheel lift on its opposite
side, if the vehicle detects impending rollover during the over-
correction, it will implement a second corrective steering input
back to zero (Eq. (28b)) in the form

if jyZMPðtþ TÞj � Tr

2
at t ¼ t�

df ¼
A sin 2pftþ p

2

� �
for t� < t � t� þ 1

2f

�A for t > t� þ 1

2f

8>><
>>:

(28a)

if jyZMPðtþ TÞj � Tr

2
at t ¼ t��

df ¼
�A

2
sin 2pftþ p

2

� �
� A

2
for t�� < t � t�� þ 1

2f

0 for t > t�� þ 1

2f

8>><
>>:

(28b)

This open-loop steering trajectory, specified by Eqs. (26) and
(28), now mimics a driver that is aggressively steering to both
avoid an obstacle and remain in the original direction of travel.
Once again, this framework is not meant to produce an optimal

control law, but instead to create repeatable driver behavior used
to analyze the necessary preview horizon. Similar to Fig. 4,
Fig. 10 illustrates corrective steering maneuver #2, described by
Eqs. (26) and (28), in graphical form. Again, the axes of Fig. 10
have purposefully been generalized for any value of steering angle
and steering frequency.

The simulation outputs of yZMP and yZMPðtþ TÞ for the same
steering combination as Figs. 5 and 6 (�8.5 deg and 0.55 Hz)
were repeated for this new steering intervention. The procedure
for determining the minimum necessary preview time remains the
same and is illustrated in Fig. 11. Here, it should be noted that the
choice of preview time must keep the value of yZMP between the
wheel lift thresholds on both sides of the vehicle. Again, the simu-
lation outputs are shown in Fig. 12, where it can be seen in
Fig. 12(a) that corrective steering maneuver #2 is able to prevent
wheel lift for both the initial driver steering input and the subse-
quent over-correction. Figure 12(b) illustrates how the value of
current yZMP drops below the wheel lift threshold for the same
maneuver. In other words, wheel lift would occur if the over-
correction is not corrected.

Once again, additional combinations of steering amplitude and
frequency were simulated to determine the minimum acceptable
preview time to prevent wheel lift for corrective steering maneu-
ver #2. These preview times were determined using the same

Fig. 10 Generalized example of corrective steering maneuver
#2 simulations

Fig. 9 Bode plot of steering angle and yZMP

Fig. 11 Example of the iterative calculation of the preview time
for corrective steering #2
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procedure as the previous scenario and are presented in Fig. 13
and as a contour plot in Fig. 14. The necessary preview time expe-
riences the same trends as those seen in the analysis of corrective
steering maneuver #1. When comparing the necessary preview
times between the two steering interventions, it can be seen that
slightly less preview time, approximately 0.1 s, is required for the
roll model predictions of corrective steering maneuver #2 below
0.8 Hz. This is due to the more severe steering correction of
Eq. (28), meaning the vehicle is able to address the rollover threat
in a more timely fashion. This similarity of results suggests that
further analysis of third, fourth, etc., corrections is probably not
necessary.

4.3 Tire Lag Effects on Rollover Prevention. When investi-
gating dynamic effects that lead to vehicle wheel lift, tire lag
could be an important contributor, as the delay in tire response
may act in a manner to destabilize the roll dynamics of the vehi-
cle. At certain speeds, the lag in tire force generation could
amplify the roll effects of the suspension. This is especially true
for corrective steering maneuvers, as the vehicle does not respond
as quickly to changes in steering. Therefore, the simulations

performed previously were repeated for the roll model with tire
lag dynamics included. Tire relaxation values of 0.7 m and 0.23 m
were used for the front and rear tires, respectively. These values
were found by obtaining a range of standard values from Ref. [37]
that were then tuned for the test vehicle.

Initial simulations showed that the infinite series of Eq. (19) in
the previewed input coefficient, Bp, converged too slowly to be
applied to the tire lag model. This was due to the fact that the
modified terms in the state-space matrices had values several
orders of magnitude larger than the matrices that did not include
tire lag. Further testing showed that this also occurred for large
preview times, even in the model without tire lag.

To address this problem, an alternate method [38] calculated
the Bp matrix of Eq. (22) in discretized form with small time steps,
s, added up to the preview time in the form

Fig. 12 yZMP (a) with and (b) without corrective steering #2

Fig. 13 Minimum preview times needed to prevent wheel lift
for corrective steering #2. The Tire Skid Threshold indicates the
steering frequencies above which skidding is likely to precede
rollover.

Fig. 14 Contour plot of minimum preview times (s) needed to
prevent wheel lift for corrective steering #2 for (a) linear roll
model and (b) CARSIM. The Tire Skid Threshold indicates the
steering frequencies above which skidding is likely to precede
rollover. The No Rollover zone indicates where steering combi-
nations did not induce wheel lift.
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Bp ¼
Xn�1

m¼0

ðAn�1�m
p ÞBs (29)

where n ¼ T=s. If the chosen time steps are small enough (a value
of 0.001 s was used for this study), Euler approximation of Ap can
be used such that Eq. (29) becomes

Bp ¼
Xn�1

m¼0

½ðI þ AsÞn�1�m�Bs (30)

Equation (30) provides a more robust solution for the previewed
input coefficient and allows the vehicle models with tire lag to be
utilized. The disadvantage of this approach, however, is that it is
more computationally expensive. For this reason, it was not used
in the simulations presented previously.

The results of the rollover simulation, with tire lag dynamics
included, showed that the preview time needed to prevent rollover
only increased by approximately 0.01–0.02 s. This increase in pre-
view time occurred for all steering combination inputs and for
both corrective steering maneuvers. Therefore, the maximum
required preview time for all conditions tested was 0.67 s, as
opposed to 0.66 s when tire lag was not included.

Although this result suggests that tire lag effects are small and
should be ignored, recall that the influence of tire lag on the
dynamics of the vehicle is dependent on the longitudinal velocity.
Tire lag effects become less important as the speed of the vehicle
is increased. This is an intuitive relationship; as the tires revolve
faster, they are able to generate lateral force more quickly from
steering changes. Thus, at slower speeds, the effects of tire lag
become more pronounced. To address the possibility that tire lag
is a more important factor at lower speeds, simulations were per-
formed to determine the preview times for various longitudinal
velocities. Only the steering input that resulted in the maximum
preview time (amplitude of �23 deg; frequency of 0.2 Hz; correc-
tive steering maneuver #1) was simulated. The preview times
needed to prevent rollover were compared for the various longitu-
dinal velocities for the roll model with and without tire lag as
shown in Fig. 15.

As expected, slightly longer preview times were needed when
considering the effects of tire lag at lower speeds. Speeds below
16 m/s saw an increase of approximately 0.04 s while speeds
above 16 m/s saw an increase of only 0.01–0.02 s. Therefore,
when considering preview horizons for rollover at high-speeds, it
can be seen that the effect of tire lag on the necessary preview
time is very small. For this particular steering combination, the
effect of speed on the necessary preview time appears to be
approximately linear, however, further testing would be necessary
to confirm this relationship.

4.4 Preview Times for Additional Vehicle Configuration.
Sections 4.1, 4.2, and 4.3 all examined simulations for a vehicle
with a very high rollover propensity. Most vehicles, however, are
less prone to the threat of wheel lift and should not need as much
preview to mitigate the risk. To test this hypothesis, the corrective
steering maneuver #1 simulations were repeated for the same
vehicle (without tire lag), but with an artificially decreased CG
height. Two additional variations of the truck simulated in
Sec. 4.1 were tested, with modifications to the CG height as seen
in Table 3. Here, we also aim to generalize the minimum preview
curves by correlating each vehicle variation with its corresponding
SSF [17]. The SSF is defined as

SSF ¼ Tr

2h
(31)

The SSF values of the truck variations are also listed in Table 3.
The SSF factor is considered here because it offers a simplified
metric that does not depend on the vehicle’s motion, but on its

physical design. This would allow one to obtain information about
the preview time even in the absence of a dynamic analysis.

The results of the corrective steering maneuver #1 simulations
for the modified vehicle parameters are shown in Fig. 16. It can be
seen that Fig. 16 exhibits the same trend as Fig. 8; however, less

Fig. 15 Preview times needed to prevent wheel lift for varying
longitudinal velocities (223 deg, 0.2 Hz steering combination)

Table 3 Variations to the CG height of the simulated 1989 GMC
2500 pick-up truck

Vehicle variation h hsr SSF

Original (#1) 1.234 0.781 0.654
#2 1.0 1.06 0.808
#3 0.7 0.75 1.155

Fig. 16 Contour plot of minimum preview times (s) needed to
prevent wheel lift for corrective steering #1 for (a) vehicle varia-
tion #2 and (b) vehicle variation #3. The Tire Skid Threshold
indicates the steering frequencies above which skidding is
likely to precede rollover. The No Rollover zone indicates where
steering combinations did not induce wheel lift.
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preview is needed for wheel lift prevention. As expected, Fig. 16
also exhibits an increase in the “safe zone” where no rollover
occurs; as the vehicle’s rollover propensity decreases, lower steer-
ing magnitudes are not sufficient to induce wheel lift.

This trend can also be viewed from a more general perspective
by looking at the relative SSF values of the three vehicle varia-
tions. Using the steering combination that requires the most pre-
view (�23 deg, 0.16 Hz steering input), Fig. 17 shows how the
necessary minimum preview correlates with the SSF value of the
vehicle. Although only three SSF values were simulated, the curve
of Fig. 17 can be intuitively extrapolated such that asymptotic
behavior is expected. Ultimately, as the SSF increases, there will
be a point where the vehicle is so stable that no steering maneuver
can induce untripped wheel lift, effectively resulting in zero nec-
essary preview time. A similar plot to Fig. 17 could be constructed
that looks at common SSF values and the necessary preview times

over the range of all steering combinations, serving as a guide for
quickly choosing an estimate of the required preview time in
intervention design.

4.5 Bank Angle Effects on Preview Horizon. Finally, this
section examines how the preview horizon changes for different
road superelevation values. The bank angle used in the simula-
tions of Secs. 4.1–4.4 (8 deg) was meant to create a “worst-case”
situation for rollover. While this value is representative of the ter-
rain seen on a sharp highway curve [35], it is relatively steep com-
pared to the majority of driving conditions. Therefore, the
corrective steering maneuver #1 simulations were repeated for
two additional bank angle values: a flat road (0 deg) and an
intermediate slope (4 deg) using the vehicle parameters of
Table 2.

Figure 18 shows minimum preview horizons necessary for the
different bank angles in the form of a contour plot. The results of
Fig. 18 are intuitive and follow the trends seen in Secs. 4.1–4.4.
The milder bank angles decrease the rollover propensity of the ve-
hicle, resulting in slightly smaller minimum preview horizons.
Additionally, an increase in the safe zone where no rollover
occurs is seen for the flat road simulations. Overall, the ranges of
preview times for the 0 deg slope (0.07 s–0.55 s) and 4 deg slope
(0.1 s–0.55 s) are similar to the range seen in Sec. 4.1 for the 8 deg
slope. On average, the minimum preview horizons decreased by
0.06 s for both the 0 deg slope and 4 deg slope when compared to
the 8 deg slope.

5 Conclusions

In this study, the minimum preview time needed to predict and
prevent vehicle wheel lift was determined. Results showed that
preview horizons ranging from approximately 0.1 s–0.7 s ahead of
the vehicle were sufficient to predict and prevent nearly all
dynamics-induced rollovers under the conditions tested. These
results looked at one particular worst-case vehicle scenario and
configuration [26], as well as more modest vehicle configurations
and bank angles with a decreased rollover propensity. As shown
in Sec. 4.4, further changes to the vehicle parameters would likely
result in different values of the necessary preview and can be cor-
related to the vehicle’s SSF value. Changes to the driving situation
or intervention strategy (such as braking) would also likely result
in changes in the minimum necessary preview. However, the
methods presented in this study can readily accommodate these
changes for the particular scenario or intervention being tested.

Determining an effective preview horizon for MPC-based
approaches remains a challenging problem: the preview horizon
must be long enough to predict future wheel lift, but short enough
to allow real-time computation. While this study treats driver
intervention as an open-loop control problem rather than a closed-
loop MPC approach, the information about the necessary preview
horizon for this work should be useful to aid in the design of either
system.
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