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Abstract. To enhance the moving stability and safety of vehicles, kinematics and dynamics model 
of the vehicle consisting of a guided front wheel and a free rear wheel is established based on the 
model of a four-wheeled vehicle when the vehicle moves on the curve-road. The effect of the 
geometrical parameters and dynamics parameters including the factor of the moving stability, 
vehicle moving speed, lateral stiffness parameters of the front and rear wheels, vehicle mass, 
vehicle length on the vehicle moving stability and safety is then simulated and analyzed, 
respectively. The research results indicate that the operating parameters of the vehicle greatly 
affect the vehicle moving stability. The lateral stiffness parameters of the front and rear wheels 
should be increased while the vehicle mass needs to be reduced in the operating condition of the 
vehicle to enhance the vehicle moving stability. Besides, the vehicle length 𝐿 should be reduced 
and the longitudinal distance of a needs to be distributed by 0.95×𝑎 to further improve the vehicle 
moving stability. 
Keywords: kinematics and dynamics model, vehicle moving stability and safety, optimal design. 

1. Introduction 

In recent years, the car's market has required increasingly not only on the vehicle's performance 
and ride comfort but also the stability and safety in the moving process of the vehicle with its high 
speeds. To enhance the ride comfort of vehicles, the design and optimization of the vehicle 
dynamic parameters were performed [1-3]. Additionally, the vehicle’s suspension systems 
equipped with semi-active, active suspensions were applied to further improve the ride comfort of 
vehicles [4-6]. The research results showed that the ride comfort of vehicles and the road-friendly 
are significantly increased by using the suspension system optimized or controlled, especially at 
a range of the high speed of the vehicle moving. In the existing researches of the vehicle dynamics, 
the vehicle moving stability was significantly affected by the dynamic parameters of vehicles  
[7-9], however, the above studies only consider the influence of the dynamics parameters on the 
ride comfort of the vehicle in the moving process, the influence of the dynamics parameters on 
the stability and safety of the vehicle has not been considered. 

To evaluate the vehicle moving stability, the influence of limited-slip differentials on the 
stability of rear-wheel-drive automobiles running on even road with dry surface and the effect of 
various limited-slip differentials in front-wheel drive vehicles on handling and traction were 
researched [10, 11], the effect of traction force distribution control on vehicle dynamics was also 
performed [12]. Based on the vehicle dynamics model and simulation [13], a dynamics model of 
the tractor semi-trailer was also researched to optimize the stability of vehicles [14]. The traction 
forces of the wheels were also controlled to enhance the stability of cars, heavy -duty vehicles, 
and tractor semi-trailer based on the roll stability control method [15-17]. Additionally, a 
longitudinal vehicle control method based on the interaction model between the off-road tire and 
soft soil ground was also studies [18, 19]. The research results showed that the stability and safety 
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of the vehicle was greatly affected by the lateral forces acting on the front and rear wheels of 
vehicles. To enhance the vehicle moving stability, the distribution of the lateral forces at the 
vehicle’s wheels needs to be controlled. However, the distribution of the lateral forces is mainly 
decided by the dynamics parameters and the design parameters of the vehicles, this issue has not 
yet been evaluated in the existed researches. 

To solve this issue, a model of a four-wheeled vehicle when the vehicle moves on the 
curve-road is proposed. To simplify the calculation of the vehicle's kinematics and dynamics, a 
kinematics and dynamics model of the vehicle consisting of a guided front wheel and a free rear 
wheel is established to study the vehicle’s stability and safety. The effect of the geometrical 
parameters and dynamics parameters including the factor of the moving stability, vehicle moving 
speed, lateral stiffness parameters of the front and rear wheels, vehicle mass, vehicle length on the 
vehicle moving stability and safety is then analyzed, respectively. To enhance the stability and 
safety of the vehicle is the aim of this study. 

2. The kinematics and dynamics model of vehicles 

A model of a four-wheeled vehicle when the vehicle moves on the curve-road is modeled in 
Fig. 1(a). During the rotational motion, the kinematics and dynamics of the inner and outer wheels 
are the same, therefore, to simplify the calculation of the vehicle's kinematics and dynamics, a 
kinematics and dynamics model of the vehicle consisting of a guided front wheel and a free rear 
wheel, as shown in Fig. 1(b), is used to study the vehicle's stability and safety. 

 
a) The structure model 

 
b) The kinematics and dynamics model 

Fig. 1. The model of the vehicle kinematics and dynamics, where 𝛿 is the steering angle of the front wheel; 𝑣ଵ and 𝑣ଶ are the longitudinal speeds of the front and rear wheels; 𝛼ଵ and 𝛼ଶ are the deformation angles of 
the front and rear wheels in the direction of translational motions of each wheel; 𝜉 is the deformation angle 

between the 𝑣ଵ and 𝑜𝑥; 𝑣, 𝑢, and 𝜔 are the longitudinal speed, lateral speed, and yaw rate at the centre  
of mass O of vehicle, respectively; a and b are the longitudinal distances from the centre of mass O  

to front and rear axles; 𝐿 is the longitudinal distance between the front and rear axles;  𝐹௬ଵ and 𝐹௬ଶ are the lateral forces acting on the front and rear wheels 

It is assumed that the vehicle is moving steadily with a very small steering angle 𝛿, thus,  cos𝛿 ≈ 1. 
Both the lateral forces 𝐹௬ଵ and 𝐹௬ଶ acting on the front and rear wheels are determined based 

on the lateral stiffness of the front and rear wheels as follows: 𝐹௬ଵ = 𝑘ଵ𝛼ଵ, 𝐹௬ଶ = 𝑘ଶ𝛼ଶ, (1)
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where 𝑘ଵ and 𝑘ଶ are the lateral stiffness parameters of the front and rear wheels. 
Based on the kinematics model of the vehicle in Fig. 1(b), the equations of the vehicle in the 

yaw direction are expressed by: 𝑚ሺ𝑢ሶ + 𝜔𝑣ሻ = 𝐹௬ଵ cos 𝛿 + 𝐹௬ଶ ≈ 𝑘ଵ𝛼ଵ + 𝑘ଶ𝛼ଶ, 𝐼𝜔ሶ = 𝑎𝐹௬ଵ − 𝑏𝐹௬ଶ = 𝑎𝑘ଵ𝛼ଵ − 𝑏𝑘ଶ𝛼ଶ, (2)

where 𝑚 is the vehicle mass and 𝐼 is the moment of inertia of the vehicle in the yaw direction. 
Similarly, based on the kinematics model of the vehicle in Fig. 1(b), the deformation angle 𝜁; 

and the deformation angles of 𝛼ଵ and 𝛼ଶ are calculated and written by: 

൝𝜔𝜁ଵ = 𝑣𝑎,            𝜁 = 𝛽 + 𝜁ଵ,     →  ൞𝜁ଵ = 𝑎𝜔𝑎 ,       𝜁 = 𝛽 +𝑎𝜔𝑣 , (3)

൞𝛼ଵ = −ሺ𝛿 − 𝜁ሻ = 𝛽 + 𝑎𝜔𝑣 − 𝛿,𝛼ଶ = −ሺ𝛼 − 𝛽ሻ = 𝛽 − 𝑏𝜔𝑣 ,        (4)

where 𝑏 × 𝜔 = 𝑣 × 𝛼, thus, 𝛼 = 𝑏 × 𝜔/𝑣. 
By substituting Eq. (4) into Eq. (2), Eq. (2) is then rewritten by: 

൞𝑚ሺ𝑢ሶ + 𝜔𝑣ሻ = ሺ𝑘ଵ + 𝑘ଶሻ𝛽 + 𝑎𝑘ଵ − 𝑏𝑘ଶ𝑣 𝜔 − 𝑘ଵ𝛿,𝐼𝜔ሶ = ሺ𝑎𝑘ଵ − 𝑏𝑘ଶሻ𝛽 + 𝑎ଶ𝑘ଵ + 𝑏ଶ𝑘ଶ𝑣 𝜔 − 𝑎𝑘ଵ𝛿.      (5)

Therefore, Eq. (5) is used to compute the moving stability of the vehicle. 
To evaluate the moving stability of the yaw rate 𝜔 at the centre of mass 𝑂 of vehicle, 

assuming that the vehicle moves with a constant speed and the deflection angle of the vehicle body 𝛽 is very small, we have: 

൝cos𝛽 ≈ 𝛽 = 𝑢𝑣 ,𝑣ሶ = 0,  𝜔ሶ  = 0.   (6)

By substituting Eq. (6) into Eq. (5), Eq. (5) is then rewritten by: 

൞𝑚𝜔𝑣 = ሺ𝑘ଵ + 𝑘ଶሻ 𝑢𝑣 + 𝑎𝑘ଵ − 𝑏𝑘ଶ𝑣 𝜔 − 𝑘ଵ𝛿,   0 = ሺ𝑎𝑘ଵ − 𝑏𝑘ଶሻ 𝑢𝑣 + 𝑎ଶ𝑘ଵ + 𝑏ଶ𝑘ଶ𝑣 𝜔 − 𝑎𝑘ଵ𝛿, → 𝑢 = 𝑎𝑘ଵ𝛿𝑣 − ሺ𝑎ଶ𝑘ଵ + 𝑏ଶ𝑘ଶሻ𝑎𝑘ଵ − 𝑏𝑘ଶ 𝜔 . (7)

Eq. (7) can be written as follows: 

ሾ𝑚𝑣ଶ − ሺ𝑎𝑘ଵ − 𝑏𝑘ଶሻሿ𝜔 = ሺ𝑘ଵ + 𝑘ଶሻ 𝑎𝑘ଵ𝛿𝑣 − ሺ𝑎ଶ𝑘ଵ + 𝑏ଶ𝑘ଶሻ𝑎𝑘ଵ − 𝑏𝑘ଶ 𝜔 − 𝑘ଵ𝛿𝑣. (8)

By mathematically transforming Eq. (8), it is then rewritten by: ሾ𝑚𝑣ଶሺ𝑎𝑘ଵ − 𝑏𝑘ଶሻ + ሺ𝑎 + 𝑏ሻଶ𝑘ଵ𝑘ଶሿ𝜔 = ሺ𝑎 + 𝑏ሻ𝑘ଵ𝑘ଶ𝛿. (9)
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With 𝐿 = 𝑎 + 𝑏, the correlation between 𝜔 and 𝛿 calculated from Eq. (9) is then described as 
follows: 𝜔𝛿 = 𝐿𝑣𝑘ଵ𝑘ଶ𝑚𝑣ଶሺ𝑎𝑘ଵ − 𝑏𝑘ଶሻ + 𝐿ଶ𝑘ଵ𝑘ଶ = 𝑣𝐿1 + 𝑚𝑣ଶ𝐿 ቀ 𝑎𝑘ଶ − 𝑏𝑘ଵቁ . (10)

Eq. (10) is simply written as follows: 𝜔𝛿 = 𝑣/𝐿1 + 𝐾𝑣ଶ ,     𝐾 = 𝑚𝐿 ൬ 𝑎𝑘ଶ − 𝑏𝑘ଵ൰, (11)

where 𝜔 𝛿⁄  is defined as the correlation ratio between steering angle 𝛿 and yaw rate 𝜔 of the 
vehicle, and 𝐾 is defined as the factor of the moving stability of the vehicles. 

From Eq. (11), we can see that the moving stability of the vehicle is affected by the geometrical 
and dynamic parameters of the vehicle. In order for the vehicle to move stably, the desired value 
of 𝐾 is 𝐾 = 0 [7-8]. However, based on Eq. (11), the factor 𝐾 is strongly affected by the design 
and operating parameters of the vehicle, thus, to evaluate the moving stability of the vehicle, the 
characteristics of the 𝜔 𝛿⁄  and 𝐾 are then simulated and analyzed in Section 3. 

3. The kinematics and dynamics model of vehicles 

3.1. Effect of factor 𝐊 on the vehicle’s moving stability 

To evaluate the effect of the factor 𝐾 on the vehicle’s moving stability, the design parameters 
of the vehicle in Table 1, the input value of the steering angle of the front wheel in Fig. 2(a), and 
the vehicle moving speed of 72 km/h are used to simulate the characteristic of the vehicle yaw 
rate 𝜔. The simulation results of the 𝜔 under various values of the factor 𝐾 = [–0.002, –0.001, 
01 0.001, 0.002] are shown in Fig. 2(b), respectively. 

Table 1. Design parameters of the vehicle 
Parameters Values Parameters Values 𝐿 (m) 3.2 m (kg) 1200 𝑎 (m) 1.8 𝑘ଵ (N/m) 2.5×104 𝑏 (m) 1.4 𝑘ଶ (N/m) 2.8×104 

 

 
a) The steering angle of the front wheel 

 
b) The characteristic of the yaw rate 

Fig. 2. The effect of the factor 𝐾 on the vehicle’s yaw rate 

In order for the vehicle to move stably, the desired value of 𝐾 is 𝐾 = 0 [7-8]. With 𝐾 = 0, 
Eq. (11) is then rewritten by 𝜔 𝛿⁄ = 𝑣 𝐿⁄  or 𝜔 = 𝛿 × 𝑣 𝐿⁄ , and this is the ideal characteristic 
curve of the vehicle moving stability under the change of the steer angle of the front wheel 𝛿. With 
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both values of 𝐾 > 0 and 𝐾 < 0, the characteristic curve of 𝜔𝑟, the more the vehicle’s 
characteristic curve deviates from the ideal curve of 𝐾 = 0, thus, the vehicle moving stability is 
reduced. To get the value of 𝐾 = 0 is very difficult because 𝐾 depends on the design and dynamic 
parameters of the vehicle, thus, the effect of the design parameters of the vehicle is evaluated in 
Sections 3.2 and 3.3. 

3.2. Effect of operating parameters on the vehicle's moving stability 

The operating parameters including the vehicle moving speed 𝑣 = [40, 60, ..., 140, 160] km/h, 
the lateral stiffness parameters of the front and rear wheels 𝑘 = [0.2, 0.4, ..., 1.2, 1.4] ×[𝑘ଵ, 𝑘ଶ]𝑇, 
and the vehicle mass 𝑚 = [0.2, 0.4, ..., 1.2, 1.4] are simulated to evaluate the vehicle moving 
stability. The simulation results have been plotted in Figs. 3(a), 3(b), and 3(c), respectively. 

 
a) The effect of vehicle moving speed 

 
b) The effect of 𝑘ଵ and 𝑘ଶ 

 
c) The effect of the vehicle mass 𝑚 

Fig. 3. The effect of the operating parameters on the vehicle on the vehicle’s yaw rate 

With the change of the vehicle moving speed 𝑣, Fig. 3(a) shows that the characteristic curve 
of the vehicle’s yaw rate is near the ideal characteristic curve with 𝑣 = 120 km/h, the characteristic 
curve of the vehicle’s yaw rate is always reduced when the increase or reduction of 𝑣. This means 
that the vehicle moving stability is also reduced and strongly depended on the vehicle moving 
speed. 

With the change of the lateral stiffness parameters of the front and rear wheels, Fig. 3(b) shows 
that when the lateral stiffness of the front and rear wheels is increased, the characteristic curve of 
the vehicle’s yaw rate is also near the ideal characteristic curve, especially at 1.4×𝑘, when the 
lateral stiffness of the front and rear wheels is reduced, the deviation of the vehicle's yaw rate is 
also increased compared to the ideal characteristic curve, thus, the vehicle moving stability is 
reduced. To enhance the moving stability and safety of the vehicle, the lateral stiffness of the front 
and rear wheels needs to be increased, this means that the air pressure of the front and rear wheels 
should be ensured. 

Similarly, with the change of the vehicle mass, Fig. 3(c) shows that when the characteristic 
curve of the vehicle’s yaw rate is near the ideal characteristic curve when the vehicle mass is 
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reduced, especially at 0.2×𝑚. This can be due to the centrifugal force of the vehicle being reduced 
with the reduction of the mass of the vehicle, thus, the vehicle moving stability is increased. 
Conversely, the vehicle moving stability is reduced with the increase of the vehicle mass. 

3.3. Effect of geometrical parameters on the vehicle's moving stability 

The design parameters including the vehicle length 𝐿 = [0.5, 0.6, ..., 1.1, 1.2] ×𝐿 (m) and  𝑎 = [0.85, 0.90, ..., 1.05, 1.10] ×𝑎 (m) are also simulated to evaluate the vehicle moving stability. 
The simulation results are shown in Figs. 4(a) and 4(b). 

 
a) The effect of vehicle length 𝐿 

 
b) The effect of the longitudinal distance 𝑎 

Fig. 4. The effect of the geometrical parameters on the vehicle’s yaw rate 

 
Fig. 5. Optimization of the design parameters of the vehicle 

With the change of the vehicle length 𝐿, Fig. 4(a) shows that when the 0.5×𝐿 < 𝐿 < 0.8×𝐿, the 
characteristic curve of the vehicle’s yaw rate is near the ideal characteristic curve, this means that 
the vehicle moving stability is good. Conversely, with 𝐿 ≥ 0.8×𝐿 or 𝐿 ≤ 0.5×𝐿, the characteristic 
curve of the vehicle's yaw rate is always reduced, thus, the vehicle moving stability is also reduced. 
Similarly, with the change of longitudinal distance 𝑎, the characteristic curve of the vehicle’s yaw 
rate is near the ideal characteristic curve when the longitudinal distance 𝑎 = 0.95×𝑎. Thus, both 
the 𝐿 and a significantly affect the vehicle moving stability. To enhance the vehicle moving 
stability, the design parameters of the 𝐿 and 𝑎 need to be chosen by 0.5×𝐿 < 𝐿 < 0.8×𝐿 and  𝑎 = 0.95×𝑎. 

With the optimal parameters of the lateral stiffness parameters of the front and rear wheels 
1.20×𝑘, the vehicle length 0.8×𝐿, and the longitudinal distance 0.95×𝑎, the simulation result in 
Fig. 5 shows that the characteristic curve of the vehicle's yaw rate is near the ideal characteristic 
curve, thus, these optimal parameters can be chosen to design and control the vehicle moving 
stability. 

4. Conclusions 

The operating parameters of the vehicle greatly affect the vehicle moving stability. To enhance 
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the vehicle moving stability, the lateral stiffness parameters of the front and rear wheels should be 
increased while the vehicle mass needs to be reduced in the operating condition of the vehicle. 

The vehicle length 𝐿 and the longitudinal distance 𝑎 significantly affect the vehicle moving 
stability. In the design process of vehicles, the vehicle length 𝐿 should be reduced and the 
longitudinal distance of 𝑎 should be distributed by 0.95×𝑎 to improve the vehicle moving stability. 

Due to the mass and speed of the vehicle can be changed in the operating process, thus, they 
are difficult for control to enhance the vehicle moving stability. To solve this issue, the parameters 
of 𝐿, 𝑎, 𝑏, 𝑘ଵ, and 𝑘ଶ should be optimized in the design process of vehicles. 

The research results not only contribute to the existing body of knowledge on the moving 
stability of vehicles but also can provide an important reference of the theoretical research and 
numerical simulation approach of the dynamic model of vehicles. 
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