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Rollover accidents are one of the leading causes of death in highway accidents due to their
very high fatality rate. A key challenge in preventing rollover via chassis control is that the
prediction of the onset of rollover can be quite difficult, especially in the presence of terrain
features typical of roadway environments. These road features include superelevation of the
road (e.g. road bank), the median slope, and the shoulder down-slope. This work develops a
vehicle rollover prediction algorithm that is based on a kinematic analysis of vehicle motion,
a method that allows explicit inclusion of terrain effects. The solution approach utilizes the
concept of zero-moment point (ZMP) that is typically applied to walking robot dynamics.
This concept is introduced in terms of a lower-order model of vehicle roll dynamics to
measure the vehicle rollover propensity, and the resulting ZMP prediction allows a direct
measure of a vehicle rollover threat index. Field experimental results show the effectiveness
of the proposed algorithm under different driver excitations.
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1. INTRODUCTION

According to the U.S. Department of Health and
Human Services [1], motor vehicle accidents are the
leading cause of death in the United States when
causes of death by disease are not included. In 2007,
automobile crashes claimed 41,059 lives, and 2,491,000
people were injured in 6,024,000 police-reported mo-
tor vehicle traffic crashes [2]. These reports indicate
that 8,940 out of 41,059 lives were lost in rollover ac-
cidents, indicating that vehicle rollover is one of the
major causes of death for highway accidents. To re-
duce deaths due to the vehicle rollover accidents, it is
very important to improve vehicle safety, especially
roll stability of the vehicle.

In both academic and industrial institutions, there
have been many efforts to measure and predict vehi-
cle rollover propensity. The efforts are primarily to
construct rollover threat metrics that are useful for
predicting rollover onset, thus providing a measure-
ment for indicating a rollover-prone vehicle. Fur-
ther, the metrics are used for alerting the driver
during a rollover-prone situation, or even for active
chassis control to prevent rollover. These metrics
can be generally categorized as follows: static or
steady-state rollover metrics, dynamic rollover met-
rics, energy-based rollover metrics, rollover metrics

based on thresholds of vehicle states or combinations
of the vehicle states, and rollover metrics based on
forces acting on tires or body moments generated
by those forces. Examples of static or steady-state
rollover metrics include the Static Stability Factor
(SSF) [3], the Side-Pull Ratio (SPR) [3], the Tilt-
Table Ratio (TTR) [3], the centrifuge test [3], the
Bickerstaff’s rollover index [4], and related rollover
thresholds for a suspended vehicle model [5]. Is-
sues with these types of metrics are that they do
not include dynamics of a vehicle or road conditions
into consideration, and they do not provide a real-
time warning capability. These issues can be ad-
dressed by introducing the dynamics of the vehicle
to a rollover-metric formulation process or using ve-
hicle states at a particular driving situation to an-
ticipate rollover events. The dynamic rollover met-
rics are based on the Newton’s second law of mo-
tion, for instance, the Dynamic Stability Index (DSI)
[5]. Energy-based metrics are another efforts to em-
ploy the vehicle states to measure vehicle rollover
propensity. Examples of the energy-based metrics
include the Critical Sliding Velocity (CSV) [6] and
the Rollover Prevention Energy Reserve (RPER) [5]

Often, vehicle states, for example roll angle, roll
rate, lateral acceleration, etc. or combinations thereof,
are used to detect vehicle rollover either directly or
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with ad-hoc metrics. Examples of rollover metrics
using vehicle states include Wielenga [7], Carlson and
Gerdes [8], and Yoon et al. [9]. Similarly, rollover
metrics can be based on situation-dependent tire forces
and/or moments such as the Load Transfer Ratio
(LTR) [10] and the Stability Moment (SM) [11]. An-
other example using moments would be the study
by Cameron [12] who predicted a minimum steering
angle that caused vehicle rollover by determining the
existence of a slide-before-roll condition. Finally, one
can extend the prediction of vehicle states, forces, or
moments into the future to anticipate rollover events,
for example, the work of Chen and Peng who pro-
posed Time-To-Rollover (TTR) metric [13].

For a rollover metric to be useful, the prediction
of rollover behavior needs to be accurate, particu-
larly predicting the onset of rollover such as tire lift.
Since, referring to a National Highway Traffic Safety
Administration (NHTSA)’s report [14], the major-
ity of all rollover accidents are due to either on-road
tripped rollover or off-road rollover in which terrain
plays a significant role, this research differentiates
from previous studies to develop a more accurate
tire-lift prediction by including the effects of terrain.
There are quite a few rollover metrics (load transfer
ratio and stability moment) that concern the influ-
ences of the terrain; however, the implementation of
these metrics is still an issue, since the LTR and SM
are based on terrain/tire interaction forces that are
not trivial to obtain. Additionally, once wheel liftoff
occurs, the numerical values of these metrics saturate
(be either -1 or 1) due to the ways that the metrics
are defined. Under this circumstance, the metrics are
deprived of the sense of the severity of the encoun-
tering rollover situation. To deal with these matters,
we adopt a method used by walking robots called the
Zero-Moment Point (ZMP), a concept introduced in
Section 2 of the paper. Section 3 discusses an ap-
plication of the ZMP as a vehicle rollover threat in-
dex, which is followed by field experimental results in
Section 4 to show fidelity of the proposed algorithm.
Conclusions then summarize the main contributions
of this paper.

2. ZERO-MOMENT POINT (ZMP)

The concept of zero-moment point (ZMP) was de-
veloped and introduced by Vukobratovic in 1968 [15].
This concept has been very useful and widely used in
bipedal robotics research. Biped robotics scientists
have applied the concept to preserve robots’ dynamic
balance during walking, or, in other words, to main-
tain stability of the robots, preventing the robots
from overturning. There are hundreds of biped walk-
ing robots implemented with this algorithm, for in-
stance, Honda’s humanoid robots [16]. Moreover,
many researchers used the ZMP as a stability con-
straint for mobile manipulators to prevent the over-
turn of the mobile manipulators due to their own
dynamics [17, 18].

By definition, the zero-moment point is the point
on the ground where the tipping moment acting on
the biped, due to gravity and inertia forces, equals

zero. Here, the tipping moments are defined as the
component of the moment that is tangential to the
supporting surface [19]. For a kinematic chain to be
dynamically stable, the location of the ZMP must
lie within the support polygon. However, if the sup-
port polygon is not large enough to encompass the
location of the ZMP to balance the action of external
moments, this can result in overturn of the kinematic
chain [20]. To be more strict, this zero-moment point
must be within the support polygon of the mecha-
nisms; otherwise, this point does not physically exist.
If the location of the ZMP is calculated, and it is out-
side the support polygon, that point is considered as
a fictitious ZMP (FZMP) [20]. To be more precise, it
should be noted that the term ZMP is not a perfectly
exact expression, because the normal component of
the moment generated by the inertia forces acting on
the biped is not necessarily zero. Hence, we should
keep in mind that the term ZMP abridges the exact
expression “zero tipping moment point” [19].

Fig. 1: Two-link kinematic chain

Considering a kinematic chain in Fig. 1 and using
general equations of motion [21, 22, 23] and D’Alembert’s
principle [24], the moment equation about point A
in Fig. 1 induced by inertial forces and gravity is:

MA = ~p1 ×m1~aG1 + I1~̇ω1 + ~ω1 × I1~ω1 − ~p1 ×m1~g

+ ~p2 ×m2~aG2 + I2~̇ω2 + ~ω2 × I2~ω2 − ~p2 ×m2~g
(1)

where mi is the mass of the ith body, Ii is the inertia
tensor of the ith body, ~ai is the linear acceleration
of the ith body, ~ωi is the angular velocity of the ith
body, ~pi = ~ri − ~rzmp, ~ri is the position vector of the
center of gravity (CG) of the ith body, ~rzmp is the
position vector of the ZMP, and ~g is gravitational
acceleration. If ~MA = [0 0 MAz ]T, the point A be-
comes a zero-moment point.

3. APPLICATION OF ZERO-MOMENT POINT
AS VEHICLE ROLLOVER THREAT INDEX

In this section, the concept of the ZMP is applied
as an indicator to predict vehicle rollover. The con-
vention of the coordinates [25] and the sequence of
coordinate rotations [26] used in this section are de-
fined by the Society of Automotive Engineers (SAE).
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3.1 Application to Rigid Vehicle Model
In this section, the concept of the ZMP is applied

to a vehicle modeled as a rigid body shown in Fig. 2.

Fig. 2: Rigid vehicle model

(a) (b)

Fig. 3: Rigid vehicle model on terrain. (a) φr ≥ φt

(b) φr < φt

The nomenclature used in derivations of this section
is defined in Table 1, Fig. 2, and Fig. 3. In Fig. 2,
the coordinates oxyz are fixed with the vehicle at the
center of gravity of the vehicle (point G). Point Q is
a zero-moment point located by ~rzmp and is always
physically on the ground.

To calculate the location of the zero-moment point,
we assume that the vehicle is symmetrical in the xz-
plane (Ixy = 0), and the vehicle is free to move in
any directions. Considering Fig. 3, the location of
the ZMP may be expressed as:

~rzmp = xzmp~i + yzmp~j

+

[
h +

T

2
|tan(φr − φt)| − yzmp tan(φr − φt)

]
~k

(2)

By using Eq. 1, the location of the ZMP can be
expressed as:

yzmp = {mT |tan(φr − φt)| [g cos(θ) sin(φr) − aGy] + 2 [− Ixxṗ + Ixzpq

+ Iyzq
2 + (Iyy − Izz)qr − Iyzr

2 + Ixzṙ + mgh cos(θ) sin(φr) −mhaGy}

/ {2m [g cos(θ) cos(φt) sec(φr − φt) − aGz − aGy tan(φr − φt)]}
(3)

Since the main focus of this work is to predict vehicle
rollover, only the expression of yzmp is presented for
brevity.
3.2 Application to Vehicle Roll Model

A vehicle is modeled as illustrated in Fig. 4. The
vehicle consists of two parts: unsprung mass and
sprung mass. Both masses are linked together at
the point called a roll center (point R). The roll cen-
ter allows the sprung mass to rotate only in the roll

Table 1: Nomenclature and vehicle properties for
rigid vehicle model

Symbol Definition Value Unit
m mass of vehicle 3321 kg
a distance from 1.89 m

CG to front axle
b distance from 1.46 m

CG to rear axle
h height of CG 1.22 m
T track width 1.62 m

Ixx,yy,zz mass moment of
inertia about

x-axis 2030 kg·m2

y-axis 7751 kg·m2

z-axis 7862 kg·m2

Ixz,yz product mass 0 kg·m2

moment of inertia
φr roll angle vsa rad
φt roll angle of - rad

terrain
θ pitch angle vs rad
p roll rate vs rad/s
q pitch rate vs rad/s
r yaw rate vs rad/s

aG CG’s accelerationb vs m/s2
a

vs = vehicle state acquired through sensors instrumented
on a vehicle.

b Subscripts x, y, and z indicate accelerations in x-, y-,
and z- directions.

direction (about the x-axis), allowing the unsprung
mass and sprung mass have the same angular veloc-
ities and accelerations except in the roll direction.
The sprung mass is supported by a roll spring (Kφ)
and roll damper (Dφ) that act as the vehicle’s sus-
pensions. In the figure, point G is the location of

Fig. 4: Vehicle roll model

the whole vehicle’s center of gravity (CG). Point Gu
and point Gs are the centers of gravity of unsprung
mass’s and sprung mass’s, respectively. The sprung
mass’s CG is located by ~rs, which is (c + d)~i + (hs −
hr) sin(φ)~j+[hu + hr(cos(φ)− 1)− hs cos(φ)]~k. The
notations used in this section are defined in Table 2,
Fig. 4, and Fig. 5. The coordinates oxyz are attached
with the unsprung mass’s center of gravity whose dis-
tance is d measured from the vehicle’s CG. Point Q
in Fig. 4 is the zero-moment point, which is located
by ~rzmp.
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(a) (b)

Fig. 5: Vehicle roll model on terrain. (a) φu ≥ φt (b)
φu < φt

In the same fashion as in Section 3.1, the position
vector of the ZMP may be expressed as:

~rzmp = xzmp~i + yzmp~j

+

[
hu +

T

2
|tan(φu − φt)|+ yzmp tan(φu − φt)

]
~k

(4)

The location of the ZMP can be solved by using
Eq. 1, which is:

yzmp = {T |tan(φt − φu)| [ms(−g cos(θ) sin(φu) + asy) + mu(−g cos(θ)

sin(φu) + auy)] − 2 [(Iyzs + Iyzu )q
2 + (Iyys + Iyyu − Izzs − Izzu )qr

− (Iyzs + Iyzu )r
2 + (Ixzs + Ixzu )ṙ + mshr(−2g cos(θ) cos

(
φ

2
+ φu

)

sin

(
φ

2

)
− 2asy sin2

(
φ

2

)
+ asz sin(φ)) + mshs(g cos(θ) sin(φ + φu)

− asy cos(φ) − asz sin(φ)) + muhug cos(θ) sin(φu) −muhuauy + Ixzs psq

+ Ixzu puq − Ixxs ṗs − Ixxu ṗu]} / {2 [ms(g cos(θ) cos(φt) sec(φt − φu)

− asz + asy tan(φt − φu)) + mu(g cos(θ) cos(φt) sec(φt − φu) − auz

+ auy tan(φt − φu))]}
(5)

Again, since the focus of this paper is primarily on
lateral rollover, the expression of xzmp is ignored.
However, the solutions of xzmp for both rigid vehicle
model and vehicle roll model are provided in [27].

4. EXPERIMENT SETUP

From simulation results [27], one can see that the
simulation results seem to be very promising. How-
ever, to truly validate the merit of the zero-moment
point method, field experiments are needed. The test
vehicle is a robotically-driven 1989 GMC 2500 pick-
up truck shown in Fig. 6. The truck is instrumented

Fig. 6: Test truck

with a Global Positioning System (GPS) and an Iner-
tial Measurement Unit (IMU) to collect vehicle states
that are used to calculate the location of ZMP. More-
over, another IMU is attached to the rear axle of the

Table 2: Nomenclature and vehicle properties for ve-
hicle roll model

Symbol Definition Value Unit
ms sprung mass 3022 kg
mu unsprung mass 299 kg
a distance from total 1.89 m

CG to front axle
b distance from total 1.46 m

CG to rear axle
c distance from total 0.05 m

CG to ms’s CG
d distance from total 0.15 m

CG to mu’s CG
hs height of ms’s CG 1.26 m
hu height of mu’s CG 0.35 m
hr height of roll center 0.5 m
T track width 1.62 m

Ixx,yy,zz x-axis, y-axis, #b kg·m2

z-axis mass moment
of inertiaa

Ixz,yz product mass 0 kg·m2

moment of inertiaa

φs roll angle of ms vsc rad
φu roll angle of mu vs rad
φ φs − φu - rad
φt roll angle of - rad

terrain
θ pitch angle vs rad
p roll ratea vs rad/s
q pitch rate vs rad/s
as acceleration of ms’s CGd vs m/s2

au acceleration of mu’s CGd vs m/s2
a

Subscripts s and u indicate the properties of sprung mass and
unsprung mass of the vehilce roll model, respectively.

b Ixxs=1665, Iyys=6913, Izzs=6879, Ixxu=145, Iyyu=802,
Izzu=947

c vs = vehicle state acquired through sensors instrumented on a
vehicle.

d Subscripts x, y, and z indicate accelerations in x-, y-, and z-
directions.

truck to acquire states of unsprung mass. To detect
wheel liftoff, infrared range sensors are mounted on
the vehicle’s wheel hubs to determine distance to the
ground. In addition, string potentiometers are in-
stalled on the vehicle’s suspension to measure wheel
travel, redundantly serving the same purpose. Fur-
thermore, suspension travel is used to calculate roll
angle of unsprung mass. Approximately 850 kilo-
grams of extra weight is added to the truck’s bed,
making the truck more rollover-prone. Outriggers
are bolted to the front and rear bumpers to pre-
vent the truck from catastrophic rollover. The truck
was excited under two maneuvers, Toyota’s J-turn
and double-lane change, on a relatively-flat road at
speed of 10 m/s. The tests were conducted at the
Thomas D. Larson Pennsylvania Transportation In-
stitute’s test track.

5. RESULTS

In this section, the proposed rollover prediction
algorithms from both the rigid vehicle model (Eq. 3)
and the vehicle roll model (Eq. 5) are implemented.
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The algorithms are tested with the test truck de-
scribed in Section 4. String potentiometers are mounted
on the truck’s suspensions to determine when wheel
liftoff has occurred. Truck properties (e.g. mass,
mass moments of inertia, etc.) used to calculate the
locations of yzmp of the rigid vehicle model and vehi-
cle roll model are respectively listed in Table 1 and
Table 2. Most of physical properties of the unladen
truck are estimated by empirical formulae provided
in [28] and [29], except mass moments of inertia of
the unsprung mass that are taken from those of a
1987 Ford E150 van [30].

Fig. 7 shows the percentage of suspension travel
and displacements of yzmp calculated from Eqs. 3
and 5 of the vehicle that was excited by a Toyota’s
J-turn on a flat road at speed of 10 m/s, leading to
the wheel liftoff. Fig. 8 illustrates the results during
the double-lane-change maneuver on the flat road
that induced the wheel liftoff. 100 percent of sus-
pension travel means that the truck’s suspension is
fully extended, or, in other words, that wheel liftoff
is happening. The shaded regions in the figures in-
dicate the regions where wheel liftoff has occurred.
The cyan areas mark the regions in which only one
wheel is lifted, usually either side of the front wheels.
The yellow areas are the two-wheel-lift regions.
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Fig. 7: Percentage of suspension travel and displace-
ments of yzmp of vehicle during Toyota’s J-turn on
flat road at 10 m/s, causing wheel liftoff.

A few observations can be seen from the results.
First, the displacements of yzmp from both the rigid
vehicle model and the roll model predict vehicle rollover
quite well. The displacements of yzmp estimated
from both models are almost on top of each other and
are very hard to distinguish. However, when zoom-
ing in the wheel-lift regions, one can see that the dis-
placement of yzmp estimated from the rigid vehicle
model (Eq. 3) is a little bit more conservative than
the one obtained from the roll model (Eq. 5). This
may happen since the roll model is more realistic
than the rigid vehicle model, making the behaviors
of the roll model closer to a real vehicle than those
of the rigid vehicle model. The second observation is
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Fig. 8: Percentage of suspension travel and displace-
ments of yzmp of vehicle during double-lane change
on flat road at 10 m/s, causing wheel liftoff.

that the displacement of yzmp during wheel liftoff is a
relatively flat straight line. Since there is no external
force applied to the vehicle, the only place that re-
action forces can physically act after the wheel liftoff
is on the edge of the vehicle, allowing the vehicle to
rock itself on its wheels due to the effects of its own
momentum. Thus we see that the ZMP method also
saturates as do other metrics (i.e. load transfer ratio
and stability moment), but this saturation is due to
physics and not due to the way that the metric is
defined.

6. CONCLUSIONS

The concept of the ZMP has been introduced and
an application of the ZMP point as a rollover threat
index for ground vehicles has been presented. From
the experimental results, one can see that the ZMP
is a valid indicator to measure the vehicle rollover
propensity. Both rigid vehicle model and roll model
predict vehicle rollover well. Further, the roll model,
as expected, predicts the vehicle rollover more pre-
cisely than the rigid vehicle model does due to more
realistic assumptions of the roll model.

This work is still ongoing. More experimental re-
sults on different road profile at various speeds are
necessary to firmly show the effectiveness of the pro-
posed algorithm, and a rollover mitigation control
based on the ZMP will be designed to improve vehi-
cle roll stability.
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