


Abstract— Vehicle rollover accounts for a significant
percentage of fatal accidents in the USA and worldwide. In this
paper, two rollover indexes are proposed and analyzed. The
first rollover index estimates the actual Lateral Transfer Ratio
(LTR) while the second, referred to as ‘Predictive Lateral
Transfer Ratio’ (PLTR), incorporates the predictive influence
of the driver’s steering input, thus allowing the actuator to
respond faster to the rollover scenario. Both algorithms are
compared in open loop and closed loop simulation environment
using a baseline control system. The PLTR is shown to be
superior in preventing rollover under a number of different
cornering maneuvers. The vehicle used for simulation is a large
SUV with a top-loaded condition. Preliminary experimental
results comparing the two algorithms are also presented.

I. INTRODUCTION

Vehicle rollover has been identified as the vehicle crash with
highest fatality. According to the National Highway Traffic
Safety Administration (NHTSA) [1], vehicle rollovers
account for approximately 3% of passenger vehicle crashes
annually. However, 33% of fatalities involved with all
passenger vehicle crashes are related to rollover accidents.
Continued popularity of high-CG vehicles such as SUVs and
trucks lends reason to further development of anti-rollover
systems as these types of vehicles are most easily associated
with incidents involving vehicle rollover. Along with the
financial toll, the human cost associated with vehicle rollover
is the main motivation behind the development of active-
rollover warning systems such as the one discussed in this
paper.

Rollover prevention and detection have been studied by
many researchers [2,3,4,5,6,7]. Several different means of
detecting vehicle rollover have been introduced such as the
lateral load transfer ratio (LTR) [8,9,10] and the time-to-
rollover (TTR) metric [11,12]. The latter method needs
precise vehicle modeling parameters in order to be able to
predict the vehicle roll angle ahead of time. The LTR defines
vehicle rollover as the moment either the left or right side of
the vehicle experiences lift-off from the ground. This index
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only gives a snap shot of vehicle dynamics by detecting
instantaneous load transfer due to lateral acceleration,
regardless of steering patterns. Analytical calculations as
well as experimental data contribute to the definition of a
threshold for determining rollover threat based on estimated
values of the LTR. If the threshold is set too low, the LTR
will give a warning, or activate the rollover prevention
system even during safe normal driving. If the threshold is
set too high, preventive action may activate too late to avoid
vehicle rollover. Identifying a good LTR threshold is
difficult because of dynamic changes and unexpected
disturbances, which cannot be captured using only a lateral
acceleration based LTR.

This paper proposes a new method to estimate a predictive
LTR (PLTR). This predictive index is based on factors that
occur over a time horizon. It will indicate future vehicle
rollover propensity based on the current LTR and steering
angle pattern. The decision to use the steering wheel angle as
a means of prediction in the PLTR can further be supported
by the findings of Liu et. al. [13] who concluded that the
factors associated with steering had the greatest capability of
providing the earliest rollover warning.

The outline of this paper is as follows: First, a derivation
of the LTR, based on a half-car vehicle dynamic model and
the use of sensors to detect lateral acceleration, yaw rate, and
sprung mass roll angle will be shown. Simulations conducted
in CarSim on various car types to better define the precision
and accuracy of the new LTR index follows. Validation with
experimental data is also provided. Further estimation of the
new LTR based solely on the body-fixed lateral acceleration
of the vehicle is also discussed. Later, the new predictive
rollover index, PLTR, is derived based on the simplified
LTR presented earlier. The derivation of the PLTR is
followed by simulation results that conclusively show the
effectiveness of this new index to predict impending
rollover. Finally, the effectiveness of anti-rollover control
using the PLTR and LTR implemented on a vehicle
equipped with actively controlled electro-hydraulic limited
slip differentials is presented.

II. VEHICLE MODEL

The variables used for this vehicle model are defined in
the Nomenclature. Figure 1 displays the lateral dynamics of
the vehicle. The intended vehicle direction as well as
instantaneous yaw rate and velocity are also indicated on this
diagram. Figure 2 displays the roll dynamics of the vehicle.
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The effect of the vehicle’s un-sprung mass on roll dynamics
is neglected. Distances associated with the roll center
location as well as vehicle roll angle and base bank angle are
also specified in the image.

Fig. 1 Vehicle lateral dynamics
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Fig. 2 Vehicle roll dynamics

The vehicle lateral dynamics can be written as
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where
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The developed expression for Fy seen in equation (1) is
based with respect to the un-sprung mass referenced in Fig.1.
Fy is estimated to act with equal and opposite force on the
sprung mass as demonstrated below in the derivation of the
roll dynamics.
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The vertical dynamics of sprung mass can be expressed as:

    rzRzLvvvv mgFFhhmzm  cossincos2   (3)

Finally, equations (1)-(3) are modified such that the bank
angle is neglected as follows,
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III. LATERAL LOAD TRANSFER RATIO

A common expression used to indicate the vehicle rollover
propensity is the lateral transfer ratio (LTR) defined as:
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: (7)

This index utilizes vertical tire forces FzL and FzR. The
LTR defines vehicle rollover as the moment either the left or
right side of the vehicle experiences lift-off from the ground.
The LTR varies from –1 to 1, where –1 and 1 refer to either
the left or right vehicle tires losing contact with the ground,
and 0 refers to equal vertical forces on both sides of the
vehicle (zero roll). This index, like most currently studied
indexes, only gives a snap shot of vehicle dynamics by
detecting vehicle dynamics, such as the dominant lateral
acceleration trait, regardless of steering patterns. Through
the use of this method, the time between detection of
potential rollover characteristics and the moment rollover
occurs may sometimes be too small for a rollover prevention
system to stop the vehicle from rolling over.

Utilizing (5) and (6), assuming v
 and v

 are zero and

substituting into equation (7) the following expression is
obtained:
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Using the following assumptions: 1cos 2 v , 02 hr and

vmeasyAruv cos_  , the final expression of the Lateral

Transfer Ratio is obtained as
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where
measyA _

is the measured lateral acceleration of the

vehicle. In order to validate the above expression for
estimating the Lateral Transfer Ratio, the CarSim©

simulation tool is utilized. The vehicle simulated is a large
SUV with the following parameters:

Table 1: Simulation Vehicle Particulates

Quantity Symbol Value Unit

Mass m 4400 Kg

C.G. Height h 0.94 m

Trackwidth d 1.819 m

Note that the height of the center of gravity was increased
from the standard 0.83m in order to simulate a top-loaded
vehicle state that results in a rollover scenario during a
NHTSA fishhook maneuver. Furthermore, the vehicle is
simulated with open differentials and no rollover mitigation
properties. Figures 3 and 4 show the simulation results
comparing the actual LTR, equation (7), and the estimated
LTR, equation (8), during a double lane change and a
NHTSA fishhook maneuver respectively. Very good
matching is observed between the actual and estimated LTR
in both NHTSA fishhook and double lane change
maneuvers. Specifically for the NHTSA fishhook, wheel lift
off occurs at t=2.8s and the LTR is well estimated up to that
point; after wheel lift off occurs the actual LTR stays at the
value of one since the tire vertical forces on one side become
zero.

0 1 2 3 4 5 6 7 8 9 10
-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

Time (s)

L
T
R

Actual LTR

Estimated LTR

Fig. 3 Actual vs. Estimated LTR during a double lane change
maneuver at 80kph
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Fig. 4 Actual vs. Estimated LTR during a fishhook
maneuver at 70kph

IV. PREDICTIVE LATERAL LOAD TRANSFER RATIO (PLTR)

A typical LTR is estimated from information obtained at
a given time. It is like taking a snap shot of a dynamic
system. Information gathered at a fixed time is used to
determine the immediate, as opposed to future, rollover
threat. Analytical calculations as well as experimental data
contribute to the definition of a threshold for determining
rollover threat based on estimated values of the LTR. If the
threshold is set too low, the LTR will give a warning, or
activate the rollover prevention system even for normal safe
driving. If the threshold is set too high, preventive action
may activate too late to avoid the vehicle from rolling over.
Identifying a good LTR threshold is difficult because of
dynamic changes and unexpected disturbances, which cannot
be captured using only a static LTR.

Hence, a new predictive rollover index, predictive LTR
(PLTR), is proposed in this paper. This predictive index is
based on factors that occur over a time horizon. It will
indicate future vehicle rollover based on data collected in the
current frame for a wide range of vehicle maneuvers. The
PLTR is defined as follows

ttRTLtLTRtPLTR t  )()()( 000

 (13)

where t is the preview time and t0 is the current time.

Considering the LTR from equation (9), it can further be
simplified for this PLTR derivation as
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Equation (16) shows the calculation of the PLTR at time

0t predicted for a future time horizon t .
measyA _

is

typically noisy and it is difficult to obtain a smooth value
after derivation. A filtering technique is used to solve this
problem shown below:
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where  is a time constant.

The lateral acceleration can be further estimated from the
lateral dynamics equation (1).

By utilizing a linear approximation and the small angle
assumption, the lateral dynamics equation can be written as
[14,15]:

 fy C
u

r
CCmA 210  (18)

where
rf CCC 220  and

rf bCaCC 221  . Cf and Cr

are the cornering stiffnesses for the front and the rear tires
respectively.

The derivative of equation (18) can be written as
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where
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 ;
d

is the driver’s steering wheel

angle;
sw is the steering first-order time constant and SR is

the steering ratio.

By using this model-based filter, the noise from the
derivation of the steering wheel angle can be filtered out
using a low-pass filter. Moreover, the driver’s steering input
information plays an important role in predicting the rollover
index due to the inherent delay between the steering input
and its influence on vehicle roll

The new PLTR is displayed below:
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The filter
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 , is used on the driver’s steering

angle. The prediction time t needs to be selected to be long
enough to cover the rollover prevention system response
time.

Based on the relatively small magnitude of the
meassin

term, it can be replaced with a constant, k, for simplicity.
Finally, the new PLTR is shown below,
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This new rollover index has the following advantages over
the typical LTR.

1) It acts as part of a warning system to predict, rather
than detect, vehicle rollover.

2) It is easier to set the threshold, since the trade-off
between false alarms and safety is reduced.

3) More vehicle information (steering angle, yaw rate, roll
rate) is used in the index. At the same time, all of the
required feedback variables can be easily measured
with inexpensive sensors.

4) It can be used in rollover prevention systems that
include both torque management or brake-based
stability control systems.

A simulation study was performed on an SUV to show the
effectiveness of the PLTR with 0.3s predictive time. As can
be seen in Fig. 6 and 7, PLTR result matches very well with
the actual LTR on a double lane change and a fishhook
maneuver. The overshoot observed in the fishhook maneuver
is due to the fact that the steering pattern for the fishhook
maneuver is more abrupt.
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Fig. 6 PLTR (double lane change simulation)

Figure 8 shows the calculation of the LTR and the PLTR
from actual vehicle experimental data for a double lane
change at 90 kph. Good correlation between the simulation
study and the actual implementation was achieved.
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Fig. 7 PLTR (fishhook simulation)
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V. CLOSED-LOOP SIMULATION COMPARISON

This section presents the results acquired from closed loop
simulation utilizing the different rollover indexes proposed
in this paper. The simulation model includes the vehicle
model in CarSim feeding into a baseline control scheme and
in turn into an active differential configuration. The active
differentials are electro-hydraulically actuated and have the
ability to operate proportionally from fully open to fully
locked, thus effectively control the vehicle’s yaw and roll
motions. A schematic of the differentials is shown in Fig. 9.

Fig. 9 Electro-hydraulically Actuated Differentials

The adopted baseline control law is given in (22). When
the estimated LTR reaches the value of 0.6 the differentials
are engaged 50% and then the engagement is increased
proportionally to full lock, i.e., 100% engagement, when
LTR reaches a value of 0.8.
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However, the threshold setting in equation (22), e.g. 0.6,
may not be suitable for various maneuver types due to the
steady state nature of the LTR calculation. It could be
conservative or safe to prevent a rollover for a certain
normal driving situations. PLTR is proposed to capture the
dynamics of the LTR and address the challenge to set the
threshold for the control law. Hence, the robustness to the
maneuver variation can be improved.

The closed loop performance of the vehicle is compared
utilizing the rollover angle, the yaw rate, the X-Y vehicle
position and the Actual LTR indexes for a NHTSA fishhook
maneuver at 50kph as shown in Fig. 10. The vehicle with no
closed loop control as well as the vehicle utilizing the LTRr
index for closed loop control result into rollover. The vehicle
utilizing PLTR for closed loop control manages to handle the
maneuver with no wheel lift (i.e. -1<LTR<1) or rollover.
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Fishhook maneuver at 50kph
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VI. CONCLUSION

In this paper, the Predictive Lateral Transfer Ratio
(PLTR) approach is proposed and compared against the
commonly used LTR estimation algorithm that utilizes
lateral acceleration and roll angle. It is shown the PLTR
when used in conjunction with a closed loop control scheme
manages to prevent vehicle rollover where with the typical
LTR methodology the vehicle would roll over.

NOMENCLATURE

a longitudinal distance from c.g. to front axle
Ay vehicle lateral acceleration
Ay_meas measured vehicle lateral acceleration
b longitudinal distance from c.g. to rear axle
Cf front tire cornering stiffness
Cr rear tire cornering stiffness
d track width
Fxfl front-left tire longitudinal force
Fxfr front-right tire longitudinal force
Fxrl rear-left longitudinal force
Fxrr rear-right longitudinal force
Fyfl front-left lateral force
Fyfr front-right lateral force
Fyrl rear-left lateral force
Fyrr rear-right lateral force
g gravity acceleration
h distance from sprung mass CG to roll center
hR roll center height
Ixx,yy,zz moment of inertia about respected axes
m vehicle sprung mass
r yaw rate
u vehicle’s longitudinal velocity
v vehicle’s lateral velocity

 vehicle body slip angle

 steering wheel angle

 r road bank angle

 v road bank angle
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