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 This paper presents the design of a hybrid intelligent fuzzy sliding controller 

(HIFSC) for a purely electric quarter vehicle (QEV) using a brushless DC 

(BLDC) motor and a PACEJKA tire model. The proposed system processes 

control signals to manage the QEV's dynamic longitudinal behavior.  

The BLDC motor and tire are modeled together to form an in-wheel motor 

system, which is inherently non-linear and subject to uncertainties. To address 

these challenges, an intelligent controller integrating sliding mode control 

(SMC) with fuzzy logic tuning is proposed. While SMC is effective in 

managing non-linearities, it is prone to chattering. The incorporation of fuzzy 

logic aims to mitigate this issue, ensuring stability and maintaining the sliding 

mode. The system and controller were simulated using MATLAB/Simulink. 

Simulation results demonstrate that the fuzzy sliding mode controller 

outperforms the conventional PI controller by reducing chattering and 

enhancing the system's sensitivity to external noise, without overshooting 

across various road conditions. Notably, the slip rate achieves a maximum of 

around 2.1% on wet roads. 
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1. INTRODUCTION 

Environmental protection challenges and the scarcity of energy resources have driven profound 

transformations in all scientific and industrial fields [1]. Advances in electronics and informatics have played 

a crucial role in this transformation [2]. This decade has seen rapid advancements in electric vehicles  

(EVs) [3], and commercial hybrid vehicles have swiftly entered the market [4]. Both academia and the 

automotive industry have focused extensively on the study of EV propulsion systems. They can be categorized 

based on their design, purpose, or energy source, and the electrification of traction systems is recognized as 

one of the most effective and modern solutions to reduce carbon emissions and fossil fuel usage [5]. This shift 

involves replacing internal combustion engines with electric motors, which convert electrical energy into 

mechanical energy to propel the vehicle. 

In this study, the focus is on the brushless DC (BLDC) motor, which is directly coupled to the drive 

wheels to form an in-wheel motor incorporated into a purely electric vehicle, specifically a quarter electric vehicle 

(QEV) [6]-[8]. BLDC motors play a crucial role in electric drives across various industries, including automotive, 

industrial automation, robotics, and aviation [9]. These in-wheel BLDC motors provide enhanced vehicle stability 

and durability due to their independent controllability and quick, accurate response to commands [10]. The 

https://creativecommons.org/licenses/by-sa/4.0/
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interaction tire-road is governed by numerous parameters such as road surface characteristics and tire properties 

[11], with various models like the PACEJKA model [12], the Dugoff model [13], and the Kiencke model [14]. 

Precise control of electric motors is paramount in a wide range of industrial and commercial applications, 

from automation and robotics to transportation and power systems [15]. To meet the rigorous demands of these 

applications, motor control systems must offer high performance and robustness over a wide range of operating 

conditions [16]. Conventional linear controllers, such as proportional-integral (PI) and proportional-integral-

derivative (PID) controllers, while relatively simple to design and implement, are often unable to effectively 

handle the complex, non-linear dynamics inherent in electric motor systems [17]. In response to these challenges, 

sliding mode control (SMC) has emerged as a promising alternative, attracting particular attention due to its 

inherent robustness to parameter variations and external disturbances [18], as well as its good tracking 

performance [19]. However, SMC is susceptible to the problem of “chattering”, a phenomenon that can degrade 

system performance and can be sensitive to noise. Consequently, intelligent and adaptive controllers have become 

increasingly important to overcome this issue [20]. This paper combines fuzzy logic for its advantages, such as 

the ability to handle non-linear systems, flexibility in rule-based decision-making, the ability to incorporate expert 

knowledge, and the ability to handle uncertainties [21], together with the SMC, it forms a hybrid intelligent fuzzy 

sliding mode controller (HIFSC) to regulate and control system speed. This approach improves the design and 

stability of the sliding surface, while HIFSC techniques provide a resilient control system with high disturbance 

rejection and transient performance [22]. It is modeled and analyzed on MATLAB software. 

This article is structured as follows: i) Section 1 covers the modeling of the QEV, including vehicle 

dynamics, the BLDC motor in the wheel, and the PACEJKA tire model; ii) Section 2 designs the proposed 

fuzzy sliding controller; iii) Section 3 presents MATLAB/Simulink simulation results; iv) Section 4 describes 

the controller's performance; and v) Section 5 provides the conclusion. 
 

 

2. METHOD 

This part concerns the modeling of the studied system QEV, including the in-wheel BLDC motor, 

which offers the advantage of reducing vehicle space requirements, and the direct energy transfer from the 

motor to the wheel through a hybrid design consisting of active suspension and braking system, and taking into 

account the PACEJKA tire model. 
 

2.1.  Brushless DC motor modeling: mathematical aspects 

An electric traction system employing a brushless DC motor (BLDC), shown in Figure 1(a), This 

motor is characterized by its ability to deliver performances similar to those of the brushed DC motor. On the 

other hand, the BLDC motor is based on electronic commutation instead of mechanical commutation [23]. 

Which is illustrated in Figure 1(b). 
 

 

(a) 

 

(b) 

 
 

Figure 1. Schematic representation of an in-wheel motor traction system: (a) different components of 

electrical traction chain and (b) bridge driver circuit connected to BLDC motor 
 

 

The following equations represent the voltage applied on the winding's motor for a balanced system 

with symmetrical windings and d the back-EMF waveforms 𝑒𝑖 are functions of rotor shaft angular velocity. 

Kirchhoff's voltage law is used to determine the results for the three-phase stator loop winding circuits. 
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Where 𝑀𝑖𝑗: interphase inductance (i-j), 𝑅𝑖: winding resistance by phase I, 𝐿𝑖: self-inductance by phase I, 𝑒𝑖: 

EMF by phase I, and 𝑉𝑖: voltage by phase i, where i or j refer to phases a, b, and c. 

 

𝑒 = 𝑘𝑒𝜔𝑚 (4) 
 

Where ke: is the back-emf constant. 

The self-inductances are considered identical, especially if the motor is assumed to be surface-

mounted, and all phase resistances are equal, in a balanced three-phase system. Therefore, the matrix equivalent 

of the following expression may be used to model the BLDC motor mathematically as (5). 
 

[
L M M
M L M
M M L

]
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dt
[
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ib
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] = [
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] − [
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0 R 0
0 0 R
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ic

] − [

ea

eb

ec

] (5) 

 

The electromechanical torque is given by (6) and (7). 
 

𝑇𝑒𝑚 = 𝑗𝑟𝜔̇ + 𝐾𝑓𝜔 + 𝑇𝐿 (6) 
 

𝑇𝑒𝑚 =
1

𝜔𝑚 (𝑒𝑎𝑖𝑎+𝑒𝑏𝑖𝑏+𝑒𝑐𝑖𝑏)
 (7) 

 

2.2.  Tire model 

To Evaluate vehicle design more affordably than through physical testing. The interplay of tires and 

terrain is crucially relevant to the vehicle dynamics model, as it can significantly affect how a vehicle moves 

in a simulation [24]. In this paper, it is suggested that the tire be modeled using PACEJKA's tire model, known 

as the magic formula. The global equation of the tire model PACEJKA is illustrated as (8). 
 

𝜇(𝜎) = 𝐷 𝑠𝑖𝑛(𝐶𝑡𝑎𝑛−1(𝐵𝜎 − 𝐸 (𝐵𝜎 − 𝑡𝑎𝑛(𝐵𝜎))))  (8) 
 

Where: B: the stiffness factor; D: the shape factor; C: the peak value; E: the curvature factor. The adhesion 

coefficient and the normal force Fv on the wheel are combined to obtain the longitudinal force Fx, as described 

in (9), also, the longitudinal slip is defined in (10). 
 

𝜇 =
𝐹𝑥

𝐹𝑣
 (9) 

 

𝜎 =
𝑟𝜔−𝑣𝑥

𝑚𝑎𝑥 (𝑣𝑥,𝑟𝜔)
 (10) 

 

Where: 𝑟𝑒𝑓𝑓: wheel radius (m); 𝑣𝑥: vehicle velocity (ms-1); 𝜔: wheel rotational velocity (rad/s). 
 

2.3.  Vehicle modelling 

To determine the vehicle's acceleration and deceleration, by applying Newton's first law, which is 

founded on the equilibrium of the forces acting on the vehicle. Figure 2 describes the QEV longitudinal model, 

considering that the impacts of lateral and vertical forces are neglected, the movement followed is linear. 
 

𝑚𝑣̇𝑥 = 𝐹𝑥 (11) 
 

Where: 𝑚: the masse of the quarter vehicle (kg), 𝑣̇𝑥: the velocity of the vehicle (m/s), 𝐹𝑥: the traction force 

generated between the tire and the road surface acting on the wheel (N). 

Applying Newton's second law, which specifies that the product of the inertia tensor J and the 

rotational acceleration along the axis under consideration, taking into account rolling resistance, yields as (12). 
 

𝑇𝑒 = 𝐽𝛺̇𝜔 + 𝐹𝑥𝑟𝑒𝑓𝑓 + 𝑀𝑟𝑟 (12) 
 

Where 𝑇𝑒: the electromagnetic torque produced by the in-wheel motor (Nm),  𝐽: the moment of inertia of the 

driving wheel (kgm2), 𝛺𝜔: the rotational velocity of the driving wheel (rads-1), 𝐹𝑥: is the traction or braking 

force (N), and 𝑀𝑟𝑟: rolling resistance. 

The force responsible for movement from the central point to a distance drr, max, which is referred to as 

the maximal trail of vertical load, produces a compensatory torque 𝑀𝑟𝑟 that is known as rolling resistance [25], 

which is represented in the (13), Where 𝜇𝑟r is the rolling resistance factor and 𝐹𝑣 the normal force. 
 

Mrr=𝐹𝑣𝜇𝑟𝑟𝑟𝑒𝑓𝑓  (13) 
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The performance of the driver immediately affects the vehicle's safety and efficiency and plays a significant part 

in how the vehicle is controlled. the speed control model deployed in this work is a filtered control to assimilate 

the driver's behavior of the vehicle during either acceleration or deceleration, as represented in Figure 3. 

 

 

 
 

 

Figure 2. Quarter vehicle longitudinal model 

 

Figure 3. Schematic diagram of the driver model 

 

 

2.4.  Design of the controller based on sliding mode and fuzzy logic 

The sliding mode controller (SMC) is a variable structure controller (VSC) [26]. It utilizes different 

continuous functions to relate the system state to a command. The system's state is represented by a switching 

function, which determines the appropriate function to use. In this context, U represents the control input. 

 

𝑈 = −𝐾𝑠𝑔𝑛(
𝑆

𝜙
) (14) 

 

Where, the constant factor 𝜙 is the thickness of the boundary layer, and 𝑆 is the sliding surface. 

In order to attain the sliding surface in a finite time, a positive constant has been chosen. The issue in 

this control mode is chatter if a sign function is used [27]. To remedy this, a saturation function is used to bind 

the sliding surface as shown in (15), which is defined in (16) [28]. The aim of developing a sliding-mode 

controller for plants of all orders is to reduce the derivative and error of these variables to zero. If the sliding 

mode is active, the switching surface regulates the system's transient responsiveness [29]. The structure of the 

switching surface includes the construction of the switching behavior. 

 

𝑈 = −𝐾𝑠𝑎𝑡(
𝑆

𝜙
) (15) 

 

sat (
S

ϕ
) = {

S

ϕ
, |S/ϕ| ≤ 1

𝑠𝑔𝑛(
S

ϕ
), |S/ϕ| > 1

 (16) 

 

The control law allows a trajectory to lean towards the sliding surface S=0 and maintain it regardless 

of the initial condition, provided the condition below is met. 

 

𝑆𝑆̇ ≤ −𝜂|𝑆| (17) 

 

The error of a variable is initiated at zero, and this is where the localization error initially appears. 

 

𝑒 = 𝑉𝑟𝑒𝑓 − 𝑉 (18) 

 

𝑆 = 𝑒̇ + 𝜆1𝑒 + 𝜆2 ∫ 𝑒 𝑑𝑡 (19) 

 

Were 𝜆1, 𝜆2 > 0 as strictly real constants. 

The sliding mode is characterized by non-linear properties and the problem of chattering, which is 

mainly caused by the K gain. In order to reduce the chattering effect and improve system performance, a hybrid 

controller has been proposed that integrates two control modes, SMC and fuzzy, to adjust the Kfuzzy gain value 

according to time. The theory of fuzzy set, originally developed by Zadeh in 1965, is the foundation of fuzzy 

logic [30]. The black box contains a technique to integrate the input data into the output through accurate 

information. The input and output mapping are shown in Figure 4 as payload data. 
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Figure 4. Input-output mapping and knowledge base 

 

 

3. RESULT AND DISCUSSION 

The inputs of the fuzzy corrector are 𝑆 and 𝑆̇, the output is KFuzzy. The fact that 𝑆𝑆̇<0 is a prerequisite 

for the development of a sliding mode surface. The switch gain KFuzzy(t) value ought to always ensure the 

fulfillment of the aforementioned criterion. As a result, the controller will use the value of 𝑆 and 𝑆̇ as its input. 

The output, the switching gain, is denoted by the symbol KFuzzy. Each linguistic variable of a fuzzy set has its 

membership functions illustrated in Figure 5. The fuzzy control rules are shown in Table 1. The variables’ 

fuzzy sets are defined by: 𝑆̇ = {Nb, Ns, Z, Ps, PB}; 𝑆 = {N, Z, P};  KFuzzy= {S, M, B}. 

The model parameters for the understudied quarter vehicle are shown in Table 2 of this study. The 

model was developed using MATLAB/Simulink. The efficiency of the controller will be assessed during 

acceleration and deceleration on various types of roadways (dry and wet), and then it will be compared with 

the system response controlled by the PI controller. 

The simulation was carried out as shown in Figure 6, assuming that the vehicle was already on the 

road at a speed of 60 Km/h, and taking the steps shown in Table 3. The white noise represents 5% of the desired 

speed applied by the driver. The driver’s command is represented in Figure 7. The response of the system 

studied under the PI controller and HIFSMC is shown in Table 3. 

 

 

Table 1. The rule base of KFuzzy 
S 𝑆̇ 

Nb Ns Z Ps PB 

N B M M S B 
Z B M S M B 

P B S M B B 

 

 

Table 2. Parameters for the studied system and the BLDC motor 
Symbol Description Value 

g Gravity acceleration 9.81 m s-2 

J Moment of inertia of the driving wheel 0.75 kg.m2 

M Mass of quarter of the vehicle 270 kg 
reff Wheel radius 0.32 m 

𝜇𝑟𝑟 Coefficient of rolling resistance 0.025 

Motor parameter 

L Inductance 8.5e-4 H 
jr Rotor inertia 1 kg.m2 

R Stator resistance 0.2 Ω 

 

 

Table 3. Simulation conditions on dry and wet road during acceleration and deceleration 
Time interval (Sec) Speed (Km/h) Road type Noise 

0-5 80 Dry 0% 

5-10 60 Dry 0% 

10-15 80 Wet 0% 
15-20 80 Dry 0% 

20-25 80 Dry 5% 

 

 

Figure 8 shows the vehicle and wheel speed in reference to the setpoint given by the driver during 

acceleration and deceleration controlled by the PI controller. The wheel speed tracks the setpoint, but the 

vehicle speed shows a significant delay, influencing wheel slip. Secondly, the disturbances applied to the 

system at 20 sec are not attenuated but seriously affect the wheel speed, which reaches 82.9 Km/h, exceeding 

the 80 Km/h setpoint. 

The vehicle and the wheel speed, and response of the HIFSMC controller, are shown in Figure 9, they 

follow the filtered command of the driver in the different stages: acceleration and deceleration. Furthermore, 
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this model shows good resistance to disturbance applied to the system after 20 sec. According to the simulation 

of the two controllers, the slip ratio of the system controlled by PI reaches a maximum value of 11% on a dry 

road but has no noise resistance, which can negatively affect the wheel's condition while driving, and a minimum 

value of 3.5%, as depicted in Figure 10(a). The HIFSMC performs better in terms of noise resistance than the 

conventional PI controller, so the slip ratio parameter is improved, with 1.9% during acceleration on a dry asphalt 

road and 2.1% on a wet road, and it has a negative value during deceleration which is -1.5%, in addition, it has 

a significant response against white noise, as illustrated in Figure 10(b). The longitudinal force Fx changes from 

1800 N during the acceleration phase to -1500 N during the deceleration phase, as shown in Figure 11. 
 

 

(a) 

 

(b) 

 

(c) 

 

 
 

Figure 5. Membership functions for (a) input variable ‘𝑆̇’, (b) input variable ‘𝑆’, and  

(c) input variable ‘𝐾𝐹𝑢𝑧𝑧𝑦’ 
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Figure 6. System dynamic model in Simulink associated to the in-wheel-motor 
 

 

 
 

Figure 7. The driver’s command in different stages of driving 
 

 

 
 

Figure 8. Speed system's response controlled by PI controller (Km/h) in dry and wet road 
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(a) 

 

(b) 

 
 

Figure 9. System response of the HIFSM controller: (a) response of wheel speed VW [Km/h] and  

(b) response of vehicle speed VV [Km/h] 
 

 

(a) 

 

(b) 

 
 

Figure 10. Slip ratio generated by the QEV: (a) controlled by PI controller and (b) controlled by HIFSMC 
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Figure 11. Measured longitudinal force FX(N) during driving conditions 

 

 

Table 4 depicts a comparison between the method adopted in this work and recent studies. The study [31] 

presents an improvement in the dynamic performance of a semi-active suspension system coupled to an active 

aerodynamic surface but at the expense of a compromise between comfort and grip, which limits its adaptability 

to varied real-world conditions. The work [32] offers the advantage of stable speed control, ensuring smooth 

system response thanks to a fuzzy PID controller; however, its noise resistance remains inferior to that of 

current work. The study [33] highlights a detailed comparison of direct torque control (DTC), fuzzy direct 

torque control (FDTC), and model predictive direct torque control (MPDTC) techniques for reducing torque 

and flux ripples in a PMSM motor. Nevertheless, the MPDTC approach presents notable complexity, posing a 

challenge to its industrial adoption. 

On the other hand, the proposed work, based on an intelligent hybrid fuzzy and sliding mode controller 

(HFSMC), demonstrates remarkable robustness and resistance to external disturbances compared with other 

studies, even under difficult driving conditions (dry and wet roads, during acceleration and deceleration phases). 

With a slip rate reduced to 2.1%, it guarantees enhanced safety and comfort. However, it suffers from considerable 

design complexity, a disadvantage that can be offset by its robustness in a various demanding environment. 

 

 

Table 4. Comparative analysis of the proposed method with recent studies 
Study Methodology Controller Advantages Limitations 

Abbas et al. 
[31]  

Optimum control of a semi-active 
suspension with active 

aerodynamic surface (AAS). 

LQR controller to 
optimize dynamic 

performance. 

˗ Reduced vibration and improved 
adhesion 

˗ Need for a 
compromise between 

comfort and adhesion. 

Baz et al. 
[32]  

Speed control of an electric 
vehicle with a BLDC motor 

integrated into the wheel. 

Fuzzy PID 
control with 

electromechanical 

modeling 

˗ Stable and smooth speed control. ˗ Important number of 
fuzzy rules (49×3 

parameters). 

˗ Low noise resistance. 
Kakouche  

et al, [33]  

Simulation in MATLAB/Simulink 

with NYCC to evaluate ripples for 
PMSM in EVs. 

DTC, FDTC and 

MPDTC for 
PMSM in EV. 

˗ Significant reduction in torque, 

flux, and speed ripples. 

˗ Comple  numerical 

implementation for 
MPDTC. 

The proposed 

work 

Longitudinal control with 

HFSMC of a QEV with 
PACEJKA tire model and 

integrated BLDC. 

HFSMC to 

resolve non-
linearities. 

˗ Stable speed regulation 

˗ Adaptability to road variations. 
˗ High resistance to disturbance and 
reduced chattering noise. 

˗ Chattering phenomena 

on the conventional 
SMC 

 

 

4. CONCLUSION 

The proposed hybrid control strategy, based on a fuzzy sliding mode, has proven highly effective in 

regulating the speed of an electric vehicle equipped with a BLDC motor integrated into the wheel. The model 

incorporates the PACEJKA tire model and employs a filtered control system to represent the driver. 

Implemented in MATLAB/Simulink, the speed controller utilizes a fuzzy sliding mode control strategy. To 

mitigate noise within the control system, the fuzzy theory is applied to adjust the Kfuzzy parameter. The results 

demonstrate exceptional setpoint tracking accuracy, maintaining high steering speed precision on dry and wet 

roads. Moreover, the system exhibits robust performance, remaining unaffected by external disturbances. The 

hybrid control strategy ensures superior dynamic characteristics compared to the conventional PI controller, 

validating the effectiveness of the HIFSMC, particularly in improving the slip ratio. Future research could 
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delve into optimizing controller parameters for diverse driving conditions and exploring hybridization with 

other methods to circumvent the challenges of designing suitable fuzzy rules. These advancements would 

further enhance the performance and driving comfort of electric vehicles. 
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