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Abstract: This paper describes a rollover index for detection or prediction of impending rollover in
different driving situations using minimum sensor signals which can be easily obtained from an
electronic stability control (ESC) system. The estimated lateral load transfer ratio (LTR) was used as a
rollover index with only limited information such as the roll state of the vehicle and some constant
parameters. A commercial vehicle has parameter uncertainties because of its load variation. This is
likely to affect the driving performance and the estimation of the dynamic state of the vehicle. The
main purpose of this paper is to determine the rollover index based on reliable measurements and
the parameters of the vehicle. For this purpose, a simplified lateral and vertical vehicle dynamic
model was used with some assumptions. The index is appropriate for various situations although
the vehicle parameters may change. As part of the index, the road bank angle was investigated in this
study, using limited information. Since the vehicle roll dynamics are affected by the road bank angle,
the road bank angle should be incorporated, although previous studies ignore this factor in order to
simplify the problem. Because it increases or reduces the chances of rollover, consideration of the
road bank angle is indispensable in the rollover detection and mitigation function of the ESC system.
The performance of the proposed algorithm was investigated via computer simulation studies. The
simulation studies showed that the proposed estimation method of the LTR and road bank angle
with limited sensor information followed the actual LTR value, reducing the parameter uncertainties.
The simulation model was constructed based on a heavy bus (12 tons).

Keywords: rollover index; commercial vehicle; electronic stability control; lateral load transfer ratio;
bank angle estimation

1. Introduction

Rollover is a major cause of road accidents that result in fatal injuries to passengers.
Statistics show that 28.3% of highway fatalities in the US are related to rollover; nevertheless,
only a very small proportion of traffic crashes involve rollover [1]. Rollover prevention
studies play a vital role in the safety of commercial vehicles, especially [2–4]. Commercial
vehicles such as single-unit trucks, large buses or large tractor-trailers have their own
characteristics. Firstly, the size of a commercial vehicle is much greater than that of
conventional vehicles. Due to the load of a commercial vehicle, the center of gravity
or roll center is much higher than that of general vehicles, increasing the likelihood of
rollover. Electronic stability control (ESC) is widely used for the mitigation of rollover
in commercial vehicles. To mitigate rollover, the detection and prediction of impending
rollover is required.

Rollover detection or prediction is the subject of many studies [5–8]. Most of them
propose methods related to a rollover index, which is a dimensionless number that indicates
an impending rollover to capture the rollover probability. These rollover indexes usually
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use the roll state or vehicle dynamic properties to investigate the rollover probability. Since
the characteristic parameters of commercial vehicles vary considerably compared to normal
vehicles, the rollover index is less likely to be accurate. The longitudinal mass distribution
changes depending on the position of the additional load. This affects the tire stiffness of
front and rear tires by producing a huge change in the vehicle lateral dynamics. Likewise,
the parameter uncertainty of commercial vehicles leads to variation in the characteristics of
the vehicle.

It is well known that a lateral load transfer ratio (LTR) is often used for rollover
indexes, to detect impending rollover. In order to achieve a more accurate LTR, the
multiple effects of uncertainties due to the height of the vehicle’s center of gravity, road
disturbances, and sensor failures must be considered, based on a nonlinear two-wheel
vehicular system [9]. Li et al. [10] introduced an improved predictive LTR (IPLTR) which
was based on an 8-DOF nonlinear vehicle model. Yoon et al. [11] suggest a rollover-index-
based (RI-based) vehicle stability control (VSC) scheme. The rollover index is computed
using the estimated roll angle, estimated roll rate, measured lateral acceleration, and
time to wheel lift. This requires a huge amount of computational resource for a real-time
estimation [11]. In [12], a real-time sampling and process system is presented. Although
the estimator with an extended Kalman filter (EKF) and a particle filter was developed
as a real-time application, it is widely known that the estimator that computes EKF and
PF cannot be easily adopted at the level of mass production vehicles due to the fact that
it is implemented on a comparatively high-performance PC. In [13], the test vehicle was
equipped with an accelerometer, a gyro, a GPS, a steering angle sensor, and suspension
stroke sensors to detect roll and yaw motion. This requires more than three sensors,
which increases the complexity of development. In order to achieve a better driving
performance including rollover prevention, four-wheel independent drive/steering electric
vehicles (4WID-4WIS EV) have been introduced and discussed [14]. The X-by-wire chassis
technique is a critical issue for the successful development of autonomous commercial
vehicles in the future, since it does not restrict the autonomous driving platform design.
Future commercial vehicle design can be realized through integrated X-by-wire modules of
4WID-4WIS EV by considering rollover prevention control while ensuring sufficient space
inside the vehicle [14].

The main contribution of this study is to develop a rollover index that can be directly
implemented in the existing controller in order to reduce the cost and complexity of the
mass production development process. In this paper, a simplified rollover index using
only the measured lateral acceleration information is presented. This index aims to detect
the impending rollover using only the limited information which can be easily obtained
from the factory-installed ESC system. This paper also proposes a bank angle estimation
method, also using the limited information provided by the ESC system. The road bank
angle is ignored in many studies, although it directly affects the roll state of the vehicle by
increasing or reducing the chances of rollover, and therefore it is important to include the
road bank angle estimation function in the standard ESC systems of commercial vehicles.
This also affects the parameter variations of the vehicle, which change with time or other
conditions. It is necessary to ensure that it is not affected by the parameter uncertainties.
The rest of the paper describes the simulation studies on the proposed estimation method
of LTR and road bank angle with limited sensor information, showing that the estimation
follows the actual LTR value, reducing the parameter uncertainties.

2. Rollover Index

In this paper, the lateral load transfer ratio(LTR) is used as a rollover index. The
rollover index is a dimensionless number that indicates an impending rollover.
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2.1. Lateral Load Transfer Ratio

The LTR is a common index that is used to quantify vehicle rollover propensity. It is
defined as

LTR =
Fzr − Fzl
Fzl + Fzr

(1)

where Fzl and Fzr are the vertical forces on the left and right tires. The LTR varies from −1
to 1. An LTR value of 1 or −1 means that the right or left tire, respectively, loses contact
with the ground [9]. This tire lift means that vehicle rollover is impending. An LTR value
of 0 means that the load is distributed equally on both sides. This means that there is no
roll angle. This index is widely used for the prediction of vehicle rollover.

However, the vertical tire force is hard to measure, because vertical force sensors
are expensive and normal mass production vehicles are not usually equipped with them.
Hence, there is a great deal of research aimed at estimating the LTR value.

In this paper, the LTR value is estimated using the measured lateral acceleration value.

2.2. Vehicle Model

The dynamic model of the vehicle is shown in Figures 1 and 2. The equations of
motion can be written as

∑ Fy = may = Fyrl + Fyrr + (Fy f l + Fy f r) cos δ f + (Fx f l + Fx f r) sin δ f

(Ixx + mh2)(
..
φv −

..
φr) = (FzL − FzR)

tw
2 + ∑ Fy hroll cos φv + mghroll sin φv cos φr

−mghroll cos φv sin φr + [(Iyy − Izz)− mhroll
2]γ2 sin(φv − φr) cos(φv − φr)

m
..
z = m

( .
φv

2hroll cos φv +
..
φvhroll sin φv

)
= (FzL + FzR)− mg cos φr

where

ay =
.
vy + γvx − g sin φr + hrollγ

2 sin φv + hroll
.
φv sin φv − hroll

..
φv cos φv

Let us assume that the bank angle is zero. Then the equations of motion can be
written as

∑ Fy = m
( .

vy + γvx + hrollγ
2 sin φv + hroll

.
φv sin φv − hroll

..
φv cos φv

)
(Ixx + mh2)(

..
φv) = (FzL − FzR)

tw
2 + ∑ Fy hroll cos φv + mghroll sin φv

+[(Iyy − Izz)− mhroll
2] γ2 sin(φv) cos(φv)

m
..
z = m

( .
φv

2hroll cos φv +
..
φvhroll sin φv

)
= (FzL + FzR)− mg
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2.3. Lateral-Acceleration-Based LTR

With a steady state assumption (
.
φ =

..
φ = 0), we can obtain the LTR by calculating

FzL + FzR and FzL − FzR using (2). The LTR can be estimated as

LTR =
2
tw

h(cos
.
φv(

.
vy + γvx) + hrollγ

2 sin φv + g sin φv)

g

Using assumptions

cos2 φv ≈ 1, hrollγ
2 ≈ 0, and

.
vy + γvx = ay,meas cos φv

the LTR can be obtained as

LTRe =
2hroll

dg
[
ay,meas + g sin φv

]
(3)

Here, g sin φv is smaller than ay,meas and is approximately proportional to the
lateral acceleration.

sin φv ≈ kay,meas

where k is a constant which changes depending on the center of gravity point and the
suspension parameters.

Using this information, we can determine the estimated LTR as

LTRe =
2hroll

dg
(1 + gk)ay,meas

3. Bank Angle Estimator

In many studies, the bank angle is assumed to be zero, to simplify the problem.
However, the bank angle can result in vehicle rollover with a small maneuver. Therefore, it
is important to consider the bank angle.

The vehicle vertical model is shown in Figure 3. In this model, ay,meas contains a
gravitational component. Hence, we can obtain the road bank angle using measured lateral
acceleration information.
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In vehicle lateral dynamics, the measured yaw rate and measured lateral acceleration
can be expressed as

γm = γ + nr
ay =

.
vy + vxγ − g sin φv + na

From these equations, the bank angle can be obtained as

sin φv =
vxγ +

.
vy − ay

g

Let us assume that
.
vy = 0 (steady state assumption), then

sin φv =
vxγ−ay

g

φv = sin−1 vxγ−ay
g

4. Simulation Studies

To evaluate the proposed estimation method for LTR and the road bank angle, com-
puter simulations using the vehicle simulation program CarSim and MATLAB/Simulink
were implemented. The vehicle model was based on a heavy commercial vehicle (12-ton
bus), which is currently in the virtual development stage within this model. The estimated
LTR, which is widely known as a rollover index, was compared with the actual LTR ob-
tained from the simulation results. The road bank angle was also compared with the actual
road bank angle from the simulation studies.

4.1. Simulation Environment

To evaluate the performance of the estimator of LTR, four scenarios were investigated.
A slowly increasing steering maneuver, and a 60 deg step steer, were used as typical steady
maneuvers. A 120 deg step steer and a sine with dwell maneuver were used as typical
unsteady maneuvers. The vehicle was assumed to be loaded with a normal load (1500 kg),
the road was assumed to be dry asphalt with a friction coefficient of 0.85, and every test
was an open loop steering control maneuver.

By simulating these four test scenarios, the performance of the rollover index was
evaluated. To evaluate the performance of the estimator of the road bank angle, four other
scenarios were used. A straight road with a bank angle at both sides was used at vehicle
speeds of 50 kph and 70 kph. In addition, an S-curve with a bank angle on the inside of the
curve was implemented at vehicle speeds of 50 kph and 70 kph. By simulating these four
test scenarios, the performance of the rollover index was evaluated. The effects of bank
angle and yaw rate when turning through the curve were separated.
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4.2. Simulation Results

In the simulations, k is a constant related to the center of gravity point and suspension
parameters. The simulation result is shown in Figure 4. When the constant k is 0.012, sin φv
and kay,meas are almost the same.
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Using this information, we can determine the estimated LTR as

LTRe =
2hroll

dg
(1 + gk)ay,meas

LTR and the actual LTR are shown in Figure 5. This shows that the estimated LTR
value is almost same as the actual LTR value.
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However, the measured lateral acceleration information already contains the gravita-
tional component. The estimated LTR and actual LTR values are shown in Figure 6. This
shows that the estimated LTR shows good performance even in the situation where the
road has a bank angle.
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The simulation results for the estimated bank angle are shown in Figure 7. The figures
show that this estimation is valid only for small vehicle roll angles. When the vehicle speed
is large in the curve, the vehicle roll angle affects the estimated bank angle.
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4.3. Calibration to Develop a Mass Production Vehicle

Although the proposed index is already simplified to reduce the cost and complexity
of mass production development, there are some parameters in the estimator. It is crucial to
calibrate the parameters during the development stage. The parameter of the track width
of the vehicle does not change with the vehicle condition for the rigid axle suspension of
commercial vehicles. This can be set using the design value of the vehicle. The parameter
of the roll center height experiences a relatively small change with loading condition in the
rigid axle suspension of commercial vehicles, due to their much stiffer springs compared
to normal vehicles. This also can be set to the design value for the unloaded state.

The parameter of the center of gravity (CG) height is the only uncertain parameter due
to the loading condition. As the CG height increases for large loads, the LTR is calculated
as a larger value. Therefore, this should be set to the largest value corresponding to the
maximum loading condition, in order to prepare for the worst case. In this case, although
the LTR is calculated too conservatively for the empty vehicle state, this is appropriate
because safety should be considered as the first priority for a commercial vehicle, rather
than driving fun. Another advantage is that the rollover mitigation control starts at a
similar level of lateral acceleration regardless of the loading condition. In other words,
since the level of lateral acceleration that alerts the driver is constantly informed by the
worst-case condition, this can assist the driver to develop a safe driving habit. In addition,
most autonomous driving technologies that are currently studied for commercial vehicles
are related to safe driving targets with zero crashes and protecting passengers or cargo
from unnecessarily shaky motion.
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5. Conclusions and Discussion

From the simulation studies, we can evaluate the performance of the estimated LTR
in mitigating rollover, for an LTR using only measured lateral acceleration information
which can be easily obtained from the factory-installed ESC system. This can be directly
implemented with the existing ESC system in order to reduce the cost and complexity of
mass production.

5.1. Results Analysis

According to the simulation results, the estimated LTR follows the actual LTR not
only on a road without a bank angle but also on a road with a bank angle. Therefore, the
estimated LTR can be used with some appropriate threshold for the rollover mitigation
function of the ESC system.

This LTR uses only measured lateral acceleration information and some parameters
without additional sensors and their signal interfaces. Therefore, the proposed method
can be directly implemented in the existing ESC controller in order to reduce the cost and
complexity of the mass production development process.

The parameter of track width and the parameter of roll center height can be set to the
design value of the unloaded state. The parameter of the CG height is set to be the largest
value corresponding to the maximum loading condition in order to prevent the worst
case in any driving situation. The proposed index is beneficial for consistent provision of
activation signals in the safest conditions with a driver or with the autonomous driving
systems currently being developed.

5.2. Future Work

The heavy commercial vehicle (12-ton bus) using the proposed algorithm is currently
in the virtual development stage. Therefore, the implementation, tests, and evaluation of
the proposed method for the detection or prediction of impending rollover using minimum
sensor signals will be the topic of future research after the test vehicle is built. For compari-
son with the simulation results, it is necessary to ensure the reliability and repeatability of
the tests. The test of the rollover principle using the equipment will be conducted as shown
in Figure 8. The Hyundai Motor Company is expanding the scope of virtual development
by performing these tasks.
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