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Rollover accidents of passenger vehicle in the process of moving will cause danger to
human life and property. Therefore, the driver needs to actively control the speed of the
vehicle to avoid dangerous problems. During a steady turn, a vehicle moving at a speed
of over 35 km/h will overturn, similar to when a vehicle changes lanes at a speed of
over 110 km/h. The above results are evaluated based on the load transfer ratio (LTR)
and the difference of the roll angle of the suspended and unsuspended mass. In this
study, the author has applied D'Alembert's principle to establish the investigational

differential equation system based on the dynamic model of vehicle rollover stability
and used Runge-Kutta method in Matlab Simulink to simulate in time domain. The
article and determined the vehicle response sensitivity at dangerous steering frequencies
in the frequency domain. Research results can provide speed recommendations for
drivers during driving.

1. INTRODUCTION

Currently, passenger vehicle is widely used all over the
world. Passenger safety is a top priority in travel. The most
dangerous situation that can happen is a car rollover. This
affects almost all passengers on board. According to the
statistical report [1], the accident rate due to rollover between
2019 and 2020 increased by 9%. Therefore, there are many
authors or studies focusing on identifying problems related to
vehicle rollover stability in order to minimize the danger to the
life and property of passengers. In the study [2], the author
uses a dynamic model of the vehicle in the horizontal and
vertical planes to simulate changes from the lateral, rolling and
yawing, in addition to the basic parameters of the vehicle and
road is also included for analysis based on TruckSim, the
results show that the vehicle tends to rollover when there is an
impact on the wheel and the third axle of the vehicle, the
torsional stiffness of the body has an effect on rollover stability
of a triaxle bus. Marimuthu et al. [3] have studied on SUV
(Sports Utility Vehicle) by building a nonlinear dynamics
model in Matlab Simulink with the input signal of Fishhook
steering control, based on the factor of SSF (Static Stability
Factor), RSF (Roll Stability Factor) and TWLV (Two Wheel
Lift off Velocity) determine the height of the vehicle's center
of gravity and the basic tire parameters that affect rollover
stability characteristic of the vehicle. Similar to the above
study, Zhao [4] used a 3-degrees-of-freedom heavy truck
dynamics model and used the Lateral Transfer Ratio (LTR)
value to evaluate the vehicle's rollover stability, the results of
the analysis indicate that the load mass and the position of the
center of gravity have the greatest impact on the rollover
stability, which can be improved by reducing the height of the
load mass, increasing the wheelbase and the track. In the study
of Joshi et al. [5] also showed that when changing the steering
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frequency from 0 to 2 Hz of the input signal and the horizontal
acceleration is still kept at steady state 4 m/s? with the vehicle
speed according to ISO 7401:2011 are 80 and 100 km/h
affecting the lateral dynamics of SUV vehicle. In the article
[6], based on the Routh—Hurwitz criterion, the author has
determined the roll stability conditions from the linear model
of three degrees of freedom in the case of lane change and
turning at high speed, the simulation analysis shows that the
longitudinal distance from the center of gravity to the front
axle and the steering angle of the front wheels are stable areas
and it is related to vehicle speed and vehicle parameters.

In addition, Sun et al. [7] used the state-space equations to
analyze the 7 degrees of freedom (DOFs) of the vehicle with
the input signal of 90 degrees steering angle, the influencing
factors is a structural parameter of the vehicle, analysis of the
results shows that to enhance the vehicle's rollover stability by
increasing the stiffness of the suspension and tracks, reducing
the height of the center of gravity of the sprung mass. In the
study [8], the authors also used a 7 DOFs dynamic model to
analyze the factors affecting the roll stability of the vehicle,
including vehicle speed, load, the height of the vehicle's center
of gravity and nonlinear Pacejka tire model combined with
Fishhook steering angle, the analysis results show that the tire
track, suspension parameters and road excitation affect the
vehicle's rollover stability. Some authors also study for Heavy
Articulated Vehicles (HAV) as in the study [9], applying the
Davies method for a three dimensional trailer dynamics model
which to evaluate based on the static rollover threshold (SRT)
factor, the author determined the SRT factor can reduce or
increase by that the vertical and lateral displacement, and
increase with the longitudinal displacement of the car. Besides
determining the factors affecting roll stability, the authors [10]
also tested on 3-wheel vehicles (TWVSs), which are built to
save fuel and are cheap, it is necessary to check the stability of
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the vehicle in the case of a 39 degree tilt test, the test shows
that the vehicle is stable when increasing the wheel track and
decreasing the seat height. In the research [11], the authors
also applied both theory and experiment to test the vehicle
rollover warning system through the rollover time warning
algorithm (TTR) to analyze the dynamic model of the vehicle
with Carsim and Matlab Simulink, simulation results show
that dangerous speeds of 50 km/h and 40 km/h correspond to
zigzag and stable driving conditions.

Although the dynamics of rollover stability have been
studied for a long time in the world, this is still an area of
research interest of scientists. However, the above studies have
not mentioned the horizontal stabilizer bar on the vehicle.
Thus, the author also wants to analyze more clearly about the
stability of the passenger vehicle when it is equipped with a
stabilizer bar in the case of steady turning and single lane
change to determine the dangerous speed of the vehicle, this
helps drivers to control their vehicle speed.

2. ROLLOVER STABILITY DYNAMIC MODEL

In the process of movement, a vehicle is actually a complex
mechanical system with many elastic links between parts of
different masses and is subject to many direct and indirect
impacts on the vehicle's operation on the road. The study and
calculation of the vehicle's lateral stability is too complicated.
This research model is built on the basis of some physical
factors such as the oscillation model is built independently on
an axis in the horizontal plane passing through the center of
the wheel; the sprung mass is the mass placed on the
suspension including chassis body, passengers and cargo
which is referred to the center of gravity, is considered to be
absolutely rigid, having two degrees of freedom and be
symmetrical around the longitudinal hub of the wvehicle
combined with the roll model in studies, the vertical
displacement Zs and the horizontal roll angle ¥s around the
center of the roll; the vehicle's suspension system consists of
an elastomer, a shock absorber and a number of components
that help stabilize and balance the vehicle body; the unsprung
mass is the mass of the components placed under the
suspension, its mass of the front and rear axles, respectively,
is referred to the vertical plane containing the center of gravity
of the rear axle and is perpendicular to the longitudinal axis of
the vehicle with vertical displacement Zy and the roll angle Wy;
the mass of the wheel is assumed to be the unsprung mass and
is concentrated at the axle, ignoring the lateral deformation of
the tyre [12, 13] and unaffected by the road excitation.

Figure 1. The rollover stability dynamic model
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Besides, the stabilizer bar is a part of the vehicle's
suspension system, also known as the anti-roll bar. It has the
function of helping the body to be stable or not to roll over
when turning or passing. It has torsional stiffness depending
on construction and material of construction. In this study, the
author only uses its value based on the basic structure of the
passenger vehicle, but does not analyze the structure of the
stabilizer bar. So the author builds the rollover stability model
of the car on the axis shown in Figure 1.

Using D'Alembert principle for Figure 1 to build a system
of differential equations in the rollover steady state of the
vehicle based on the general horizontal roll oscillation model
at the static equilibrium position of the vehicle, the positive
direction opposite to the gravity acceleration and clockwise
rotation is presented as follows:

mszs = -ZCS (Zs -z, )_ 2Ks (zs _zu)
Is\T’s = _(Zdzscs +CB )(\Vs -Vy )_Zdsts (\Vs _\ilu)
+P,  hcosy, +mgh simy,
muzu = 2Cs (Zs -z, ) + 2Ks (Zs B Z'u)
-Cu (Zu _duwu)'Ku (Zu 'dulilu)
IU\T]U = (2dzcs +CB )(\Vs _WU)+2dZKs (\Vs _\iju)
+Cudu (Zu -duwu)+Kudu (ZU _du\i/u)
+P,;h

U-LT U

(1)

cosy, +m gh siny

The meanings of the symbols in Eq. (1) are expressed as
follows: ms-The respective sprung mass of the front and rear
axles is concentrated at one axle; Is-Moment of inertia about
the x-axis of the sprung mass; Zs-Vertical displacement of the
sprung mass; ¥s-angle of inclination of the suspended mass
(vehicle body); Ks-The drag coefficient of the left and right
shock absorbers; Cs-Left and right suspension spring; Ps-Full
load weight of the mass to be suspended; Ps..t- Centrifugal
force of sprung mass; hs-Distance from the center of the
sprung masses to the center of their roll; dsg-Distance from the
center of roll of the sprung mass to the position of the
suspension; my-The unsprung mass of the front and rear axles,
respectively which is concentrated at one axle; lu-Moment of
inertia of the unsprung mass; Zy-Vertical displacement of the
unsprung mass; ¥u-The angle of inclination of the unsprung
mass; Pu-Weight of unsprung mass; Pu..t- Centrifugal force
of unsprung mass; hy-Distance from the center of the unsprung
masses to the roll center; Ky-Stiffness of left and right tires;
Cu-Leftand right tire spring; dy-Half center of the wheel track;
Ce-Stiffness of the stabilizer bar.

When the vehicle turns a corner, it will be affected by
centrifugal force, the vehicle has the huge weight and moving
at high speed, the higher possibility of rolling. This horizontal
force is proportional to the mass, to the lateral acceleration
[14] shown in Eq. (2).

P

i-LT

=m.a

17°LT 2
note: i-S (the sprung mass), U (the unsprung mass) @
Analysis of vehicle rollover stability characteristic in two

cases is considered corresponding to lateral acceleration ayr,

these cases are expressed through mathematical function
which a,r.st is stable turning (Eq. (3)) [15] and a_r-sc is single

lane change (Eq. (4)) [16].
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In which vsr-the vehicle velocity, R-the turning radius, ysc-

lane width, trr-lane change completion time, tsc-lane change
elapsed time.

3)

(4)

Table 1. Symbols and specifications of passenger vehicle

Sign Value Unit Sign Value Unit
ms 9100 kg Ks 35463.4 Ns/m
Is 15366.3 kg.m? dss 0.68 m
mu 1640 kg du 0.95 m
lu 1895.2 kg.m? Cu 1108609 N/m
hs 0.88 m Ku 35430 Ns/m
hu 0.54 m Cs 25000 N/m

Cs 714768.5 N/m R 15 m
Ysc 3.66 m

The current ms value in Table 1 shows that the vehicle is in
full-load, so when performing the rollover stability assessment
of the vehicle in half-load and no-load, only the weight of
passengers, luggage and goods is considered, not taking into
account the mass of the chassis and other supporting
equipment.

When the vehicle turns, changes lanes or passes another
vehicle, the body and the rear axle will tilt causing the vehicle
to tend to roll to one side, which creates a longitudinal force
on the left FL and the right wheel FR are calculated according
to Eq. (5).

FL =0.59(m, +m,)-C,(Z, +v,d,)-K,(Z, +V,d,)

. 5
FR =0.5g(m,+m )-C, (Z,-v,d,)-K,(Z, -Vy,d,) )

3. ANALYSIS RESULTS

When the car is in a rollover position, if it rolls to the right
so the left wheel no vertical response force. Actually, the
rollover procedure proceeds swiftly, especially at high speeds.
When a wheel is not in contact with the road, this indicates that
the vehicle is unstable. The load transfer ratio (LTRi) value [17,
18] may be used to assess the vertical separation of a wheel on
an axle i from the road as follows:

LTRI - I:Zil Zi2
FZil + F

zi2

(6)

where, Fzip and Fz are the forces acting on the right and left
wheels of the axle i respectively. When the load is uniformly
distributed across axle i that LTRi equals zero. If LTRi = +1
with regard to wheel separation i2 and LTRi = -1 with respect
to wheel separation i1, respectively.

In addition to evaluating the vehicle's lateral stability
characteristics, the relative displacement of the suspension is
also considered to evaluate the suspension's ability to work
within the allowable working distance, it is also considered as
the roll angle difference between the sprung mass and the
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unsprung mass (Ws- Wu), usually in the range of 7 to 8 degrees
[19, 20]. The stability of the vehicle declines as this angle
increases, and vice versa.

Mathematical model of the passenger vehicle's horizontal
rollover stability on an axis when turning and effected to
lateral force excitation is simulated on Matlab Simulink by
Runge-Kutta method in the time domain with the input signal
as lateral acceleration a-LT, the basic parameters and the
system of differential equations are integrated in the function
block as shown in Figure 2.
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Figure 2. Matlab Simulink for rollover stability system of
passenger vehicle

The first, the author analyzes the rollover stability
characteristics in the case of a stably turning with a turn radius
of 15m when the vehicle is equipped with a stabilizer bar (SB)
and without it (WSB) corresponding to vehicle speeds of 25,
30, 35 km/h which it is based on the range of turning speeds
mentioned in the study [21].

From the simulation results in Figure 3, it shows that the car
turns around with a constant radius, when the speed increases,
the tendency of the car to roll over also increases. The LTR
value and the suspension displacement are proportional to the
vehicle's moving speed. However, when the vehicle is
equipped with a stabilizer bar, the tendency to roll over is
reduced compared to without it based on the values in Table 2.
At a 35 km/h of vehicle speed, the vehicle is rolled due to the
value of LTR=1, at this time the vehicle is not equipped with
stabilizer bar will roll sooner, the force acting on the left wheel
was zero. Since the vehicle rolled at LTR=1, the value (¥s-
Wy) did not increase anymore.

Table 2. The max value of LTR and SRA in the case of a
stabilizer bar (SB) and without it (WSB) in a stably turning

Vehicle LTR LTR SRA SRA
Velocity (SB) (WSB)  (SB)  (WSB)
25km/h  0.5484 0549 4226  4.389
30km/h  0.7881 0.7888  6.071  6.306
35 km/h 1.006 1012 7162 7.457
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Figure 3. (a) the LTR value and (b) the suspension roll angle
(SRA) of vehicle in case of a stably turning

The second, in the case when the vehicle changes lanes in
the process of moving, with a lane width of 3.66m, the length
of the lane changing distance is 62.14m, analysis with different
vehicle speeds of 90, 100, 110 km /h which it is mentioned in
the report [22] as Figure 4.

Table 3. The max value of LTR and SRA in the case of a
stabilizer bar (SB) and without it (WSB) in a single lane

change
Vehicle LTR LTR SRA SRA
Velocity (SB) (WSB) (SB) (WSB)
90 km/h 0.5596 0.5619 4.305 4.487
100 km/h -0.7223 -0.7411 -5.557 -5.919
110 km/h -1.001 -1.004 -7.59 -7.669

This case is similar to the case of stable turning, the speed
of the vehicle rises, the tendency of the vehicle to roll also
increases, but the speed of the change lane is much larger than
the speed of turning. Based on Figure 4, the vehicle is stable
when traveling at a speed of 90, 100 km/h, however, according
to the data in Table 3 in terms of the magnitude of the value,
the vehicle equipped with a stabilizer bar has a lower tendency
to roll over. When the vehicle changes lanes with a speed of
110 km/h, the LTR=-1 value, at this time the vehicle is
equipped with stabilizer bar will roll later, the right wheel
excitation force is zero, the vehicle is rolled, the suspension
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displacement value does not lift anymore after the vehicle is
unstable state.
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Figure 4. (a) the LTR value and (b) the suspension roll angle
of vehicle in case of a single lane change

After determining the dangerous speed range, the study
continues to consider the effect of the load placed on the
vehicle in a vehicle equipped with a stabilizer bar, at the
dangerous speed in both above cases.

From the simulation results in Figure 5, it is shown that
when the load changes from no-load to full load at a dangerous
speed of 35 km/h in the case of stable turning, the vehicle's
rolling stability decreases with increasing load.
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Figure 5. (a) the LTR value and (b) the suspension roll angle
of vehicle on load change in case of stable turning
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Figure 6. (a) the LTR value and (b) the suspension roll
angle of vehicle on load change in case of stable turning

Similar to the case of a single lane change at a dangerous
speed of 110 km/h presented in Figure 6, the results also show
that the vehicle's load is inversely proportional to the vehicle's
stability characteristic, the vehicle tend to roll. This has also
been demonstrated by the authors in the study [23, 24].

153

The finally, analysis of the vehicle's rollover stability
characteristics in two cases shows that the vehicle is rolled
when the LTR value is #1 while the suspension displacement
value is still within the allowable range, so when analyzing the
magnitude frequency response characteristics of the system in
the frequency domain [19, 20], the study focuses on
considering the response of the dangerous steering angle
frequency to the vehicle's rollover stability when the steering
angle amplitude is kept constant as shown in Figure 7.

Steering Angle (SB)
Steering Angle (WSB) |

Magnitude [dB]
5 3
v

-20

-25

-30

-35 ;
10° 10° 102
Frequency [rad/s]
Figure 7. The magnitude frequency characteristic of vehicle

in case of single change lane

The simulation results determine that the most responsive
steering angle frequency or in other words the dangerous
steering angle frequency is 5.18 rad/s for the vehicle with
stabilizer bar. At this frequency the vehicle tends to roll. In
contrast to vehicles without stabilizer bars, the vehicle loses
stability earlier at 5.09 rad/s. Based on Eq. (4), it presents that
this frequency increases when the value of the total time to
change lane is small, which shows that the lane change
distance is not change, the change lane speed increase the
larger, this time will be the smaller and easily lead to a rollover
accident.

4. CONCLUSIONS

In this research, the vehicle's horizontal rollover stability
dynamics model is built based on the horizontal plane of the
passenger vehicle. Applying D'Alembert's principle and
Runge-Kutta method to build a system of differential
equations and simulate vehicle motion in the case of stable
turning and single lane change from the above model.

The analysis results show that if the vehicle is equipped with
a stabilizer bar that moves at a speed of less than 30 km/h when
turning and below 100 km/h when changing lanes, the stability
of the vehicle is guaranteed. In case the steering angle
frequency reaches 5.18 rad/s, the vehicle will overturn. When
the vehicle is not equipped with a stabilizer bar, the vehicle's
ability to move stably is less than in the above case. Besides,
the study also determined that the higher the vehicle's load, the
higher the possibility of the vehicle rollover in the same
moving conditions. In addition, the research results can serve
to install speed warning signs or provide knowledge for drivers
when moving in analytical cases.
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