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 With the rapid advancement of electric vehicle (EV) technology, optimizing 

control and stability has become a key research focus. One major challenge 

is efficiently distributing traction force while minimizing disturbances under 

real-world conditions. This paper proposes a traction force observation 

method combined with a sliding mode speed controller to enhance EV 

performance. The observation method estimates the traction force from the 

motor to the wheels and detects disturbances affecting force transmission. 

This enables optimal traction force distribution among the wheels, reducing 

slip, improving road grip, and enhancing stability in complex driving 

conditions. Meanwhile, the sliding mode controller flexibly adjusts traction 

force as the vehicle navigates various terrains, ensuring stability and safety 

in hazardous situations. Simulations conducted using MATLAB Simulink 

and CarSim demonstrate that the proposed system significantly improves EV 

stability and control performance. Although these results are promising, 

further studies are necessary to address real-world implementation 

challenges and optimize the method for practical applications, including 

parameter tuning, sensor integration, and experimental validation. Overall, 

this research provides a practical framework for enhancing traction control 

and vehicle dynamics in future intelligent electric mobility systems. 
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1. INTRODUCTION 

Electric vehicles (EVs) are gradually becoming a global trend due to their advantages in energy 

efficiency, environmental protection, and reduced dependence on fossil fuels [1], [2]. However, ensuring the 

stability and control capabilities of EVs under various operating conditions remains a significant challenge 

for researchers and engineers. In real-world operating environments, the speed and traction of EVs are often 

influenced by road conditions, load, and weather [3], [4]. These fluctuations impact operational efficiency 

and compromise the vehicle's stability, thereby increasing the risk of loss of control and safety hazards while 

driving [5], [6]. Therefore, developing advanced control systems to improve speed and traction control is 

urgently needed. 

Speed and traction control are two critical factors in ensuring the performance and stability of EVs. 

However, speed control often faces challenges when the car moves on road surfaces with varying friction or 

when the load changes rapidly [7], [8]. The uneven traction between the wheels and the road can cause wheel 

slip and instability, reducing the vehicle's ability to be controlled accurately [9], [10]. In traditional systems, 
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traction control mainly relies on feedback from sensors. Still, these sensors are often affected by delays and 

errors, leading to an inability to respond promptly to rapid fluctuations [11]-[13]. This increases the risk of 

instability when the vehicle is moving at high speeds or under poor road conditions. 

Colli et al. [14] proposed a longitudinal control method based on a configuration that utilises a grip 

estimation model and a slip controller. These two controllers could track the grip value without requiring 

knowledge of the road conditions. Jin and Liu [15] established an adaptive sliding mode controller to 

enhance stability in EV scenarios, while also proposing a method for estimating the lateral slip angle. A 

supervisory controller for vehicle operation in cases of blockages or turns was suggested by Ringdorfer and 

Horn [16]. Jin et al. [17], presents an optimised longitudinal slip ratio system for real-time identification of 

EVs with in-wheel motors, proposed based on the adhesion between the tyre and the road surface. The 

controller ensures anti-lock and anti-slip functions by distributing interventions between braking and motor 

control for the wheel drive. Jia et al. [18] designed a new piecewise linear (PWL) traction controller for EVs 

with in-wheel motors. The traction controller decomposes the traction moment into a straight transmission 

control moment to monitor the slip ratio. 

This study proposes the application of a traction force observer combined with a sliding mode 

controller for speed control in the traction control system of EVs. The traction force observer helps to 

monitor and accurately estimate the traction force between the wheels and the road, providing input 

information for the traction force distribution module. Based on data from the traction force distribution 

module, the sliding mode controller for speed will precisely adjust each wheel's speed, ensuring optimal 

control even when road conditions change abruptly. Combining the traction force observer and the sliding 

mode controller for speed helps maintain vehicle stability and improves acceleration performance, optimising 

torque distribution between the wheels. This enhances the vehicle's operational efficiency in all 

environmental conditions, while reducing the risk of wheel slip and loss of control. Finally, simulation results 

will demonstrate the correctness and effectiveness of the proposed methods. 

 

 

2. MODELING OF ELECTRIC VEHICLES  

The first step in the research process is to develop the algorithm and model the system. For a motor 

integrated into all four wheels, as in this study, the vehicle model has the structure shown in Figure 1, 

including the traction motor model, dynamic model, kinematic model, and position model. 
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Figure 1. Structure of the independent four-wheel drive vehicle model 

 

 

Where 𝛿𝑖
∗, 𝑇𝑖

∗, 𝑇𝑏𝑖
∗  being the steering angle, applied torque, and braking torque, respectively, r, vx, and vy 

representing the angular velocity, longitudinal velocity, and lateral velocity at the centre of gravity (COG). 

 

2.1.  Powertrain model of electric vehicle 

The powertrain is the link between the energy source and the wheels, ensuring the smooth operation 

of the EV. This system distributes torque to each wheel, generating the necessary traction for moving the car 

[19]. To describe this process in detail, the mathematical model for each wheel is as (1): 

 

𝑇𝑑 =
𝐾𝑚

𝜏𝑚𝑠+1
𝑇𝑑
∗ (1) 

 

Where Km is the motor gain factor, 𝜏𝑚 is the time constant, and Td is the driving torque. 

We have the following torque equilibrium equation for each wheel: 

 

𝑇𝑑 − 𝑅𝑒𝑓𝑓𝐹𝑥 − 𝑘𝑏𝑇𝑏 = 𝐽𝑥
𝑑𝜔

𝑑𝑡
 (2) 
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Where Jx is the moment of wheel inertia and kbTb represents the braking torque. 

 

2.2.  Kinematic model of electric vehicle 

Assuming that the vehicle's COG remains constant throughout the motion, we can place the 

coordinate system at the vehicle's COG. This simplifies the calculations in the vehicle's kinematic and 

dynamic model. According to [20], [21], the equation represents the relationship between the vehicle's 

kinematics and dynamics as (3): 

 

𝑀𝑣̇ + 𝐶(𝑣) = 𝜏 (3) 

 

Where m is the inertia matrix, C(v) is the Coriolis matrix and 𝜏𝑧 vector representing the torque, 𝜏 is the 

moment of rotation around the vertical axis passing through the vehicle's COG. 

From in (3), the equilibrium equation represents the relationship between the applied forces, 

acceleration, and velocity as (4): 

 

{
𝐹𝑥 = 𝑚𝑣̇𝑥 −𝑚𝑟𝑣𝑦
𝐹𝑦 = 𝑚𝑣̇𝑦 +𝑚𝑟𝑣𝑥

 (4) 

 

Applying Newton's second law and substituting the forces and accelerations, in (4) can be rewritten 

as (5): 

 

{
𝑣̇𝑥 = 𝑎𝑥 + 𝑟𝑣𝑦
𝑣̇𝑦 = 𝑎𝑦 − 𝑟𝑣𝑥

 (5) 

 

2.3.  Dynamic model of electric vehicle 

According to [22]-[24], the force acting on each wheel is represented as (6): 

 

{
 
 

 
 
𝑚𝑎𝑥 = (𝐹𝑥1 𝑐𝑜𝑠 𝛿1 + 𝐹𝑥2 𝑐𝑜𝑠 𝛿2) − (𝐹𝑦1 𝑠𝑖𝑛 𝛿1 + 𝐹𝑦2 𝑠𝑖𝑛 𝛿2) + 𝐹𝑥3 + 𝐹𝑥4 − 𝐹𝑟𝑒𝑠

𝑚𝑎𝑥 = (𝐹𝑥1 𝑠𝑖𝑛 𝛿1 + 𝐹𝑥2 𝑠𝑖𝑛 𝛿2) − (𝐹𝑦1 𝑐𝑜𝑠 𝛿1 + 𝐹𝑦2 𝑐𝑜𝑠 𝛿2) + 𝐹𝑦3 + 𝐹𝑦4

𝐽𝑧𝑟̇ = (𝑙𝑓𝐹𝑥1 𝑠𝑖𝑛 𝛿1 + 𝑙𝑓𝐹𝑥2 𝑠𝑖𝑛 𝛿2) + (𝑙𝑓𝐹𝑦1 𝑐𝑜𝑠 𝛿1 + 𝑙𝑓𝐹𝑦2 𝑐𝑜𝑠 𝛿2) − 𝑙𝑓(𝐹𝑦3 + 𝐹𝑦4)

−
1

2
𝑏𝑓(𝐹𝑥1 𝑐𝑜𝑠 𝛿1 + 𝐹𝑥2 𝑐𝑜𝑠 𝛿2) +

1

2
𝑏𝑓(𝐹𝑦1 𝑠𝑖𝑛 𝛿1 − 𝐹𝑦2 𝑠𝑖𝑛 𝛿2) −

1

2
𝑏𝑟(𝐹𝑦3 − 𝐹𝑦4)

 (6) 

 

Where m is the vehicle mass, Jz is the moment around z-axis, Fxi, Fyi forces acting on the wheel in the 

longitudinal and lateral directions of the wheel axis, ax, ay is the longitudinal and transverse acceleration 

COG, lf, lr, bf, br describe the geometric characteristics of the vehicle, Fres is the total resistive force, ρ is 

natural gas thickness, AF is resistance area, Cd is drag coefficient, crr is coefficient of rolling friction, and g is 

the acceleration of gravity. 

Ignoring the effect of wind, the total resistive force Fres is determined by (7): 

 

𝐹𝑟𝑒𝑠 = 𝐹𝑎𝑖𝑟 + 𝐹𝑟𝑜𝑙𝑙 = 𝐶𝑑𝐴𝐹
𝜌

2
𝑣𝑥
2 + 𝑐𝑟𝑟𝑚𝑔 (8) 

 

 

3. CONTROL DESIGN 

Figure 2 shows the control structure for the longitudinal control of an EV during acceleration, 

specifically, the steering force distribution control. In this context, the traction force observation method and 

the speed controller using the SMC algorithm are illustrated. Since only the case of straight-line acceleration 

is considered, the steering angle δdr and the braking torque Tbr are set to zero. 

 

3.1.  Design of speed controller using sliding mode control algorithm 

We have a discrepancy between the desired value and the response 𝑒 = 𝜔 − 𝜔∗, in which 𝜔∗ is the 

desired value. Substitute in (2) and take the error derivative to get: 

 

𝑒̇ = 𝜔̇ − 𝜔̇∗ =
𝑇𝑑

𝐽𝑥
−

𝑅𝑒𝑓𝑓 𝐹𝑥

𝐽𝑥
−

𝑘𝑏𝑇𝑏

𝐽𝑥
− 𝜔̇∗  
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Figure 2. Steering force distribution structure using a traction force observer and SMC controller 

 

 

Choose the Lyapunov function 𝑉 =
1

2
𝑠2. Derivative V, obtained: 

 

𝑉̇ = 𝑠. 𝑠̇ (9) 

 

To ensure the stability condition, we have the sliding surface s defined:  

 

𝑠 = 𝑒 ⇒ 𝑠̇ = 𝑒̇ 

  

Thus 0s = , we obtain the stable control component as (10): 
 

𝑇𝑑 = 𝐽𝑥𝜔̇
∗ + 𝑅𝑒 𝑓𝑓 𝐹𝑥 + 𝑘𝑏𝑇𝑏 (10) 

 

One of the above laws can be chosen to ensure the system's quality. In this paper, the exponential reaching 

law is selected [25]-[27], which has (11): 
 

𝑠̇ = −𝜀 𝑠𝑔𝑛(𝑠) − 𝑘𝑠, 𝜀 > 0, 𝑘 > 0 (11) 
 

Therefore, the SMC control signal is designed in (12): 
 
𝑇𝑑

𝐽𝑥
−

𝑅𝑒𝑓𝑓 𝐹𝑥

𝐽𝑥
−

𝑘𝑏𝑇𝑏

𝐽𝑥
− 𝜔̇∗ = −𝜀 𝑠𝑔𝑛( 𝑠) − 𝑘𝑠 ⇒ 𝑇𝑑 = −𝐽𝑥𝜀 𝑠𝑔𝑛( 𝑠) − 𝐽𝑥𝑘𝑠 + 𝑅𝑒 𝑓𝑓 𝐹𝑥 + 𝐽𝑥𝜔̇

∗ +

𝑘𝑏𝑇𝑏  (12) 
 

From (16), SMC for the 4-wheel drive is rewritten as (13): 
 

𝑇𝑖 = −𝐽𝑥𝜀 𝑠𝑔𝑛( 𝑠) − 𝑘𝜔𝑖𝑒𝜔𝑖 + 𝑅𝑒 𝑓𝑓 𝐹𝑥 + 𝐽𝑥
𝑑𝜔

𝑑𝑡
 (13) 

 

The derivative of V is:  
 

𝑇𝑖 = −𝐽𝑥𝜀 𝑠𝑔𝑛( 𝑠) − 𝑘𝜔𝑖𝑒𝜔𝑖 + 𝑅𝑒 𝑓𝑓 𝐹𝑥 + 𝐽𝑥
𝑑𝜔

𝑑𝑡
 (14) 

 

Substituting (16) into (18), the stability shown in (19) demonstrates the method's correctness. 
 

𝑉̇ = 𝑠(−𝑘𝑠 − 𝜀 𝑠𝑔𝑛( 𝑠)) = −(𝜀|𝑠| + 𝑘𝑠2) ≤ 0 (15) 

 

3.2.  Designing the traction force observer 

To effectively control the driving process, the controller must distribute the steering force properly 

to minimize wheel slip. Therefore, accurately estimating the steering force is crucial. Based on the 

mathematical model of the four-wheel drive system during acceleration, (2) can be rewritten as (16): 

 

𝑇𝑑 − 𝑅𝑒𝑓𝑓𝐹𝑥 = 𝐽𝑥𝜔̇ ⇒ 𝜔̇ =
1

𝐽𝑥
𝑇𝑑 −

𝑅𝑒𝑓𝑓𝐹𝑥

𝐽𝑥
 (16) 
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Let 𝑥 = 𝜔, 𝑔 =
1

𝐽𝑥
, 𝑢 = 𝑇𝑑 , 𝑑 = −

𝑅𝑒𝑓𝑓 𝐹𝑥

𝐽𝑥
 be substituted into (20), we obtain: 

 

𝑥̇ = 𝑔𝑢 + 𝑑 (17) 

 

Where 𝑢 is the control variables, 𝑑 represents the steering force, and the estimation error is defined as (18):  

 

𝑑̃ = 𝑑 − 𝑑̂ (18) 

 

With the disturbance estimation, (21) can be rewritten as (19): 

 

𝑑̇̂ =
1

𝜀
(𝑥̇ − 𝑔𝑢 − 𝑑̂) (19) 

 

We have the observation coefficient 1⁄𝜀 as a positive constant. The auxiliary state variable 𝜉 is defined  

as (20): 

 

𝜉 = 𝑑̂ −
𝑥

𝜀
 (20) 

 

From the equation, the derivative of the auxiliary state variable 𝜉 is given by (21): 

 

 𝜉̇ = −
1

𝜀
(𝜉 +

𝑥

𝜀
) −

1

𝜀
𝑔𝑢 (21) 

 

From (24) and (25), the estimation error can be expressed as (22): 

 

𝑑̇̃ = −
1

𝜀
𝑑̃ + 𝑑̇ (22) 

 

 

4. RESULTS AND DISCUSSION 

The simulation results will be conducted using MATLAB/Simulink in conjunction with CarSim, 

with the EV parameters set in the CarSim software, as shown in Table 1. 

 

  

Table 1. The vehicle parameters table used in the simulation 
Quantity Notation Value Quantity Notation Value 

Vehicle mass m 1270 kg  Distance between the two front wheels Bf 1.675 m  

Wheel radius Reff 0.32 m  Distance between the two rear wheels Br 1.675 m  

Wheelbase L 2.91 m  Drag area A 2.2 m2  
Length from front axle-COG Lf 1.105 m  Wheel inertia Jw 2 N.m  

Length from rear axle-COG Lf 1.898 m  Centre height to ground h 0.54 m  

 

 

Figure 3 illustrates the road simulation scenarios for the EV. The concrete road represents a  

high-friction surface with a coefficient of friction of approximately 0.85. In contrast, the snow road 

corresponds to a low-friction surface with a coefficient of friction of around 0.2. 
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Figure 3. Simulated paragraph on carsim software 

 

 

Figure 4 illustrates that the vehicle and wheel speeds have increased gradually over time, indicating the 

acceleration process. Figure 4(a) is the vehicle's linear speed, and Figure 4(b) is the wheel speed. When 
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entering slippery road conditions, the speed fluctuates only slightly and insignificantly, indicating that the 

system operates stably and is not affected by varying road conditions. 

 

 

  
(a) (b) 

 

Figure 4. Vehicle speed and wheel speed: (a) and (b) wheel speed 

 

 

The traction force, torque, and slip responses are illustrated in Figure 5. With a total applied force of 

1500 N in Figure 5(a), the distributed forces closely follow the total applied force, demonstrating that the force 

distribution among the wheels is well-balanced. The traction force and torque shown in Figures 5(b) and (c) 

exhibit changes consistent with the road conditions set. When zoomed in on Figure 5(c), it can be observed 

that the torque of the left wheels decreases while the torque of the right wheels increases as the vehicle 

encounters slippery road conditions. Upon returning to a high-friction road surface, the traction forces and 

torques of the left and right wheels change inversely to maintain the total traction force in alignment with the 

set value. The slip ratio in Figure 5(d) is approximately zero, indicating that the vehicle operates stably without 

wheel slippage when driving on snowy roads. 

 

 

  

(a) (b) 

  

  

(c) (d) 

 

Figure 5. Simulation results: (a) total applied traction force, (b) 4-wheel traction force, (c) 4-wheel 

moment, and (d) 4-wheel slip 

 

 

From Figures 6(a) to (d) showing the traction force responses of the traction force observer:  

Figure 6(a) is the steering force response of the front left wheel; Figure 6(b) is the steering force response of 

front right wheel; Figure 6(c) is the steering force response of rear left wheel; Figure 6(d) is the steering force 
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response of rear right wheel. The observed traction forces of all four wheels closely match the feedback 

traction forces, indicating that the observer's equations can accurately calculate the traction force responses. 

 

 

  
(a) (b) 

  

  
(c) (d) 

 

Figure 6. Four-wheel traction response: (a) front left wheel traction response, (b) front right wheel traction 

response, (c) rear left wheel traction response, and (d) rear right wheel traction response 

 

  

5. CONCLUSION 

This paper successfully presents and validates a method utilizing a traction force observer in 

conjunction with a speed sliding mode controller to significantly enhance the stability of EVs. The efficacy 

of this proposed system was comprehensively demonstrated through simulations conducted on a software 

platform combining MATLAB/Simulink and CarSim. The simulation results conclusively show that this 

integrated method effectively maintains vehicle stability, minimizes wheel slip, and enhances the overall 

control system's response even under complex and varying operating conditions. Specifically, the traction 

force observer proved highly accurate in determining slip by closely matching observed traction forces with 

feedback traction forces across all four wheels, thereby improving the controller's feedback capability. The 

sliding mode controller for speed ensured that the system maintained the desired speed and stability 

throughout the operation, with vehicle and wheel speeds showing only slight and insignificant fluctuations 

even when encountering slippery road conditions (e.g., snow roads with a friction coefficient of 0.2). The 

proposed system achieved well-balanced traction force distribution among the wheels, with distributed forces 

closely following the total applied force of 1500 N, and successfully managed torque adjustments to maintain 

total traction force alignment with the set value when road conditions changed. Critically, the slip ratio 

remained approximately zero even when driving on snowy roads, definitively indicating stable vehicle 

operation without wheel slippage. The achieved results not only open up a promising path for the 

development of advanced control methods in EVs but also lay a strong foundation for further research and 

improvement of other control solutions to optimize the performance and operation of EVs in the future.  
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