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 The roll angle of the vehicle  is a characteristic parameter for the vehicle's instability. 

This value appears when the vehicle steers. If the vehicle’s body is tilted, the value of 

the vertical force at the wheels Fzij will also change. When the value of Fzij reaches zero, 

the wheel will be lifted off the road, the rollover phenomenon can occur. At this time, 

the roll angle of the vehicle will reach the maximum value max. Previous researches 

have often used only the vehicle dynamics model to determine the limits of this 

phenomenon. However, the calculation and simulation process are quite complicated. 

Therefore, this research has proposed a novel method that can calculate the limit of the 

rollover phenomenon more easily. In this research, the Rollover State Function (RSF) 

was established to calculate the limited roll angle of the vehicle. According to the 

content of the paper, this function depends only on the basic dimensions of the vehicle 

such as the height of center of the gravity, the track width, etc. Besides, it has relatively 

high accuracy, even when the vehicle's mass changes, its difference is not large. 

Therefore, the results of the paper can be applied to later studies to predict the rollover 

phenomenon. 

 

Keywords: 

dynamic vehicle, rollover state function (RSF), 

roll angle, limit of rollover 

 

 

 
1. INTRODUCTION 

 

When the vehicle moves on the road, many factors affect 

the stability and safety of the vehicle. These problems can 

cause unsafety for passengers and cargo. In particular, the 

phenomenon of the lateral instability of the vehicle is one of 

the very dangerous phenomena [1]. This phenomenon can 

even lead to rollover [2]. Therefore, the reduction of the 

rollover phenomenon of the vehicle when steering is always 

focused on research and improvement by manufacturers. 

When the vehicle steers, the centrifugal force will appear. 

This force causes the vehicle body is tilted. Consequently, the 

vertical forces at the wheels Fzij will also change. If the roll 

angle of the vehicle body  is greater, the change of Fzij will 

also increase. When this value reaches zero, the wheel will be 

lifted off the road surface [3]. At this time, lateral instability 

can occur. Especially, the vehicle can rollover in a very small 

time, the roll angle of the vehicle will be the max value max. 

The rollover phenomenon is very dangerous and 

complicated, it depends on many reasons. According to [4, 5], 

the size of the vehicle affects this problem. Besides, motion 

conditions also greatly affect the vehicle's rollover limit [6]. 

To improve this phenomenon, the time when the vehicle 

rollovers need to be predicted in advance. However, 

calculating this limit is very difficult. In [7], Chu et al 

predicted the rollover speed on curves for the heavy vehicle by 

the dynamics model describing the vehicle's limited speed. 

Gonzalez et al have simultaneously estimated both the rollover 

and the sideslip of the wheel through the use of artificial 

intelligence (deep learning method) [8]. This issue is also 

studied by Nam et al for electric vehicle models [9]. Besides, 

Syed and Vigliani also introduced the model that is used to 

predict both of these parameters in their paper [10]. The 

dependence between the vehicle's roll angle and the vehicle's 

speed was shown in Zhao and Liu's study [11]. Anh and Binh 

have shown that the vehicle's limit of the rollover is a function 

depending on the velocity and the height of the center of 

gravity [12]. In Ref. [13], Blume et al. designed the neural 

control system to predict the roll angle of the vehicle body 

when moving. Previously, Tseng et al. used inertial 

measurement units (IMU) to predict the roll angle and pitch 

angle of the vehicle, this method is unique [14]. Similarly, a 

method of using a cost-effective six-dimensional inertial 

measurement unit used to estimate roll and pitch angles were 

also proposed by Oh and Choi [15]. Hyun and Langari also 

introduced a rollover prediction model for tractor-semitrailers 

[16]. According to the Ref. [17], to control modern systems 

that improving vehicle's stability and safety when moving on 

the road, these mechatronic systems need to be programmed 

with complex algorithms. Besides the development of IoT 

technology (Internet of Things), Garcia Guzman et al. have 

introduced a method to predict the roll angle of the vehicle 

based on the neural network of IoT devices. Especially, its cost 

is quite cheap [18]. Most recently, Zhu et al. have developed 

the rollover prediction method for the truck based on an 

experimental model with many observed variables [19]. 

Besides, many models predicting the limit of rollover and the 

rollover index were also performed [20-29]. 

The aforementioned methods and models all bring positive 

effects to the calculation and prediction of the vehicle's the 

limit of rollover when moving. However, the models that are 

used in those papers are quite complex. For the most part, they 
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require complex dynamics modeling to simulate the vehicle's 

oscillation. This research focuses on establishing the rollover 

state function (RSF) to predict the limited roll angle of the 

vehicle. 

 

 

2. MATERIAL AND METHOD 

 

When the vehicle steers, under the effect of the centrifugal 

force, the vehicle body will be tilted. At this time, the vertical 

forces on the two wheels of each axle Fzij will change. 

 

zij gij KTijF F F= +
 

(1) 

 

The weight applied to each wheel depends on the roll angle 

of the vehicle. If the roll angle is greater, this difference is 

much. 
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The elastic force of the tire is proportional to the 

displacement of the unsprung mass ij and the stimulation from 

the road surface uij. 

 

( )KTij Tij ij ijF K u = −
 

(3) 

 

When the vertical force at the wheel Fzij reaches zero, the 

vehicle will experience lateral instability. In particular, this 

situation can cause the vehicle to rollover. To improve 

vehicle’s safety, this situation needs to be anticipated. 

As the vehicle moves, the value of the vertical force at the 

wheels Fzij can change continuously. Determining this exact 

value is not simple. Eq. (4) shows the change of Fzij when the 

vehicle body is tilted. To compute the value of Fzij in this way, 

a complex dynamic model needs to be established. 
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(4) 

 

The vehicle has lateral instability when Fzij = 0, that is: 
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(5) 

 

If the values of the dimensions of the vehicle are constant, 

the maximum value of the limited roll angle only depends on 

the value of the maximum displacement of the unsprung mass 

ijmax. According to Anh [30], the value of the maximum 

displacement of the unsprung mass ijmax can be determined 

relatively accurately in the following way: 
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Hence, Eq. (5) can be rewritten to: 
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 (7) 

 

Eq. (7) shows the relationship between the maximum 

limited roll angle max and dimensional parameters. When 

these values are known in advance, the maximum limited roll 

angle max can easily be determined without using complex 

dynamic models. 

 

 

3. RESULTS AND DISCUSSION 

 

After establishing the equations which describe the 

relationship between the limited roll angle max and the 

vehicle's dimensions, the calculation is performed. The 

simulation process is done by Matlab-Simulink software. This 

is a very special mathematical tool, and it is suitable for 

simulation problems of vehicle dynamics. 

Simulation is performed when the vehicle steers at a steady 

speed. The parameters of the reference vehicle are shown in 

Table 1. The sprung mass is varied between 1500 (kg) and 

1900 (kg). Besides, the unsprung mass also varies, from 30 (kg) 

to 60 (kg). In addition, a number of other parameters about the 

vehicle's dimensions are also changed within the specified 

range. 

 

Table 1. Parameter of the vehicle 

 
Description Symbol Value Unit 

Sprung mass M 1500 ~ 1900 kg 

Unsprung mass mij 30 ~ 60 kg 

Height of the center of gravity h 0.3 ~ 0.7 m 

Half of the track width twi 0.7 ~ 0.8 m 

Stiffness of the tire KTij 120000 N/m 

 

 
 

Figure 1. The limited roll angle (M = 1700 kg, mij = 45 kg) 

 

The graph Figure 1 shows the dependence between the 

limited roll angle max on the track width twi and the height of 

the center of gravity h in the case of the simulation. When the 

height of the center of gravity h increases, the value of the 

limited roll angle max will decrease, which is completely 

suitable. As a result, vehicles having the height of the center 

of gravity are high will be instability. On the contrary, if the 
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track width twi increases, the limited roll angle max tends to 

increase. In this case, the maximum and minimum values of 

the limited roll angle are 16.06° and 5.95° respectively. To 

improve the lateral instability of the vehicle when steering, the 

vehicle's dimensions need to be optimized. 

When the sprung mass and unsprung mass of the vehicle 

change, the value of the limited roll angle will also change. Let 

Mx and mijx be the values of the sprung mass and the unsprung 

mass after being changed. Then, the difference between the 

value max and xmax can be determined as follows: 

 

max xmax   = −
 

(8) 

 

The graphs of Figure 2 and Figure 3 show the difference in 

the value of the limited roll angle  when the value of the 

sprung mass increases: Mx = 1750 (kg) and Mx = 1800 (kg). 

When this value increases, the limited roll angle xmax will 

decrease, this change is very small. The value of the difference 

 corresponding to the above two cases is 0.052° and 0.100° 

respectively. 

 

 
 

Figure 2. The limited roll angle (Mx = 1750 kg, mij = 45 kg) 

 

 
 

Figure 3. The limited roll angle (Mx = 1800 kg, mij= 45 kg) 

 

Otherwise, if the unsprung mass decrease, the value of the 

limited roll angle xmax will increase proportionally. This 

change is indicated based on the graph of Figure 4 and Figure 

5. The largest change is  = 0.055° and  = 0.113° 

respectively for the case Mx = 1650 (kg) and Mx = 1600 (kg). 

Overall, this difference is very small. 

If the value of the sprung mass Mx continuously increases 

or decreases, the difference will change more. The graph of 

Figure 6 shows the tolerance for the value  if it is calculated 

by the function (7) when the value of the sprung mass Mx 

changes. If Mx = 1700 (kg) is selected as the fixed value, the 

difference of  will appear if Mx  M. This difference 

increases linearly as Mx changes. However, the value of the 

tolerance is quite small, it does not affect the result much, 

which is calculated by the established function. 

 

 
 

Figure 4. The limited roll angle (Mx = 1650 kg, mij = 45 kg) 

 

 
 

Figure 5. The limited roll angle (Mx = 1600 kg, mij = 45 kg) 

 

 
 

Figure 6. The tolerance of the limited roll angle when the 

sprung mass changes 

 

If the unsprung mass mijx changes, the limited roll angle 

max will also change accordingly. The graph of Figure 7 has 

shown this. Similar to the above case, this change also 

increases linearly when the value of unsprung mass changes 

mij  mijx. This difference is quite small. Therefore, the 

established function can be used to determine relatively 

accurately the value of the limited roll angle max based on the 

vehicle’s basic parameters. 
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Figure 7. The tolerance of the limited roll angle when the 

unsprung mass changes 

4. CONCLUSIONS

When the vehicle steers at high speed, the body will be tilted 

under the influence of centrifugal force. The value of the roll 

angle will gradually increase if the steering angle continues to 

increase. If this value reaches the maximum limit, a rollover 

phenomenon can occur. This problem is very dangerous for 

the passengers and cargoes on the vehicle. 

To be able to resolve this situation, the rollover 

phenomenon needs to be predicted in advance through the 

limited roll angle of the vehicle. Usually, the limited roll angle 

of the vehicle can be calculated by the model of spatial 

dynamics. However, if this model is used, the computation and 

simulation process are also very difficult and time-consuming. 

In order to make the calculation easier, this research presented 

the method of predicting the limited roll angle of the vehicle 

max based on the established state function. In this function, 

the value of the limited roll angle max only depends on the 

basic parameters of the vehicle. 

The results of the calculation process by the state function 

have shown the dependence between the limited roll angle 

max on the dimension and mass of the vehicle. When the 

height of the center of gravity h increases, the limited roll angle 

max will decrease rapidly. However, if the track width twi 

increases, the limited roll angle max can be increased 

accordingly. These changes are nonlinear. Besides, the sprung 

mass and unsprung mass also affect the value of the maximum 

limited roll angle. However, this change is small, it does not 

affect much on the prediction of the limited roll angle max by 

the state function which has been established. 

The results of the paper show the advantages of the state 

function that is used to predict the limited roll angle max. This 

function is only used to predict the limited roll angle when the 

wheel is lifted off the road surface. In the case of the vehicle 

normally move on the road, the calculation of the roll angle  

cannot use this function. It is only suitable for calculating the 

maximum roll angle of the vehicle, which shows that the 

rollover phenomenon can occur. This state function applies to 

Sedan, SUV, CUV, Pick-up, etc., which are of equal 

dimension and mass. The tolerance of results when calculating 

is small, they do not affect the accuracy much.  

The method used in this paper is completely novel and 

original. It supports the process of forecasting dangerous 

phenomena by being faster and simpler than other traditional 

methods. However, dynamic simulation solutions are needed 

to bring more accurate performance to the used model. In the 

future, more research predicting vehicle’s instability may be 

conducted based on this research. 
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NOMENCLATURE 

 

Fg The weight applied to each wheel, N 

FKT The force of the tire, N 

Fz The vertical force at each wheel, N 

g Gravitational acceleration, m/s2 

H  Height of the center of gravity, m 

M Sprung mass, kg 

m Unsprung mass, kg 

tw Half of the track width, m 

 

Greek symbols 

 

 Constant 

 Constant 

 Roll Angle, rad 

 Displacement of the unsprung mass, m 
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