
Automotive Science and Engineering, Vol. 15, No. 2, (2025),  4739-4754 

*Corresponding Author 

Email Address: n.raesian@shahroodut.ac.ir  

https://doi.org/10.22068/ase.2025.708                                                               

“Automotive Science and Engineering” is licensed under 

a Creative Commons Attribution-Noncommercial 4.0 

International License.   

 

A Novel Parallel Control Architecture for Integrated Electro-Hydraulic Brake to 

Simultaneously Enhance Braking Performance and Vehicle Stability 

Nayereh Raesian 1*, Hossein Gholizadeh Narm 2 

1 Shahrood University of Technology  

2 Shahrood University of Technology  

 

ARTICLE INFO  A B S T R A C T 

Article history:  

Received: 24  Feb 2025 

Accepted: 25 May 2025 

Published: 15 June 2025 

 

 

Emergency braking during cornering is one of the main challenges in 

vehicle dynamics. This paper proposes a novel parallel control architecture 

for Electro-Hydraulic Braking (EHB) systems that dynamically balances 

the priorities of Emergency Braking (EB) and Electronic Stability Control 

(ESC) using a fuzzy-GA optimizer. . The proposed approach achieves 

significant improvements in yaw stability without compromising 

deceleration performance. The proposed control structure consists of two 

parallel branches that adjust the required pressure for each wheel and uses 

two inputs: the steering angle and the position of the driver's foot on the 

brake pedal. The control system is structured in such a way that it 

simultaneously calculates the vehicle deviation value using the sliding 

mode controller and then determines the appropriate pressure to 

compensate for this deviation, while at the same time estimating the 

appropriate brake pressure based on the brake pedal input. To effectively 

apply these inputs to the vehicle braking system this paper introduces an 

innovative approach that uses a fuzzy controller optimized through a 

genetic algorithm. 
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1. Introduction  

Braking while cornering, especially if it is an 

emergency brake, can challenge the control of the 

Electronic Stability Control (ESC) system due to 

the combination of lateral (steering) and 

longitudinal (braking) forces. Emergency braking 

on a straight road may also lead to a disruption of 

vehicle stability control under certain conditions, 

although this is less likely than when cornering. 

Such disruptions usually result from improper 

distribution of brake force due to uncoordinated 

interactions between the braking and stability 

control systems. In addition, activating the stability 

control system can reduce the effectiveness of 

emergency braking during cornering and increase 

deceleration time. This paper presents an integrated 

and parallel architecture for effective control of 

wheel brake pressure when both ESC and 

emergency braking are in use. By monitoring the 

steering angle and pedal travel inputs from the 

driver, the challenge of maintaining vehicle 

stability while ensuring timely deceleration is 

overcome. In addition, the Anti-lock Braking 

System (ABS) control system in this framework 

helps to prevent wheel lockup. 

The Electro-Hydraulic Brake (EHB) System is an 

innovative electronic braking solution (Brake-by-

Wire) that replaces the traditional vacuum booster, 

integrating multiple functions to advance 
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intelligent vehicle technologies. This system 

consolidates key technologies such as vehicle 

stability control, anti-lock braking, traction control, 

and regenerative braking, all seamlessly unified 

within the electronic braking framework. The EHB 

system primarily comprises two main components: 

a servo motor unit and a hydraulic control unit. The 

permanent magnet synchronous motor (PMSM) 

generates high, stable pressure in the master 

cylinder, while the four-channel hydraulic control 

unit ensures precise and independent pressure 

modulation for each wheel cylinder [1-3]. 

Recent research has explored various control 

methods to optimize PMSM performance. One 

approach involves using a fuzzy logic controller 

with direct torque control, shown to enhance 

PMSM performance characteristics [4]. Vector 

control techniques have also gained traction, 

particularly for synchronous motor control, where 

a Neural Network (NN)-based vector controller 

demonstrates robust, adaptive performance in 

dynamic conditions [5],[6]. Additionally, the 

Direct Torque Control (DTC) method, widely 

utilized for electric motor control, has seen 

advancements through Space Vector Modulation 

(SVM-DTC) for improved modulation precision 

and responsiveness [7]. Advanced control 

techniques, such as Model Predictive Control 

(MPC), offer significant advantages by directly 

tuning controllers and managing constraints 

effectively. To address the computational demands 

associated with extended prediction horizons, 

Nonlinear Model Predictive Control (NMPC) has 

been introduced as a refined approach suitable for 

real-time applications, providing precision with a 

shorter prediction horizon [8],[9]. Model 

Predictive Torque Control (MPTC) further 

improves system performance, enabling rapid 

response and efficient real-time operation [10]. 

Several robust control techniques have also been 

developed for PMSM regulation, including 

methods that ensure stability across nonlinear 

electric dynamics [11]. Sliding Mode Control 

(SMC), coupled with low-pass filtering, effectively 

compensates for system uncertainties, while 

combining Sliding Mode Variable Structure 

Control (SMVSC) with fuzzy logic introduces a 

hybrid approach that leverages the strengths of 

both methods [12],[13]. Recently, Continuous Fast 

Terminal Sliding Mode Control (CFTSMC) has 

been employed for high-precision speed regulation 

in PMSMs [14]. 

Position tracking in electronic brake boosters 

remains a significant challenge due to the system’s 

highly nonlinear characteristics and load-

dependent friction. A proposed solution is a three-

loop PI position tracking control structure [15]. 

Research in this area has also suggested an 

advanced control strategy using Maximum Torque 

per Ampere (MTPA) with adaptive current 

weakening for rapid response and precise position 

tracking [16]. Another notable approach includes a 

nonlinear control method for auxiliary braking, 

incorporating signal processing, driver brake 

behavior detection, and precise position control for 

the PMSM [17]. 

Accurate pressure control relative to the master 

cylinder’s shaft positions is crucial for EHB 

systems. To this end, several adaptive controllers 

have been proposed. One adaptive sliding-mode 

hydraulic pressure controller, relying on a 

hydraulic pressure estimator, aims to achieve 

sensor less tracking of the desired pressure [18]. 

Another study developed a robust adaptive 

controller to enhance pressure tracking using a 

continuous friction model [19]. Additionally, 

Fuzzy-PI and Fuzzy control methods have been 

employed to regulate the EHB system’s hydraulic 

pressure cylinder [20],[21]. An adaptive controller 

integrating fuzzy logic to dynamically adjust the 

weighting of a Linear Quadratic Regulator (LQR) 

has also been explored [22]. Furthermore, a feed-

forward control law for pressure tracking aims to 

enhance response speed by controlling the main 

piston rod’s position in the cylinder [23]. 

Incorporating dynamic vehicle stability control in 

EHB systems is another promising direction, with 

recent research highlighting hierarchical control 

architectures. For instance, variable structure 

sliding-mode controllers within hierarchical 

frameworks have shown potential in enhancing 

vehicle stability [1]. A cascade controller based on 

a nonlinear observer was also developed for 

cylinder pressure tracking, effectively handling 

external disturbances and parameter uncertainties 
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[23]. A three-layered stability control structure has 

been proposed to address dynamic vehicle 

instability, consisting of decision-making, 

distribution, and execution layers based on EHB 

systems [24].Recently, in a paper, a H∞ controller 

is used correctly to control the vehicle roll angle, 

and good results have been obtained [25]. 

Hierarchical control on ESC has also recently 

gained interest among researchers [26]. 

In recent years, integrated systems with differential 

braking have been increasingly studied to improve 

vehicle stability. These systems leverage 

differential braking alongside other technologies, 

such as active steering and active aerodynamic 

control, for enhanced stability management 

[27],[28]. 

The use of genetic algorithms in control 

optimization has garnered attention in recent years. 

Recently, it has been implemented in a study on 

fuzzy and PID controllers, fuzzy sliding mode 

controller, aiming to examine the influence of two 

controllers in an active seat suspension system for 

enhancing ride comfort in a semi-trailer truck 

[29],[30]. 

The present paper proposes a parallel structure for 

stability control and emergency braking. The 

particular focus in this paper is to analyze 

emergency braking in curves, ensuring that at all 

times vehicle steering ability and the desired speed 

of deceleration and braking by the driver are 

preserved. A fuzzy control system can detect curve 

emergency braking and decide in each moment 

whether the priority is vehicle stability or 

deceleration and braking. Therefore, the system 

transmits the desired maximum pressure within the 

distribution system to apply a desired pressure on 

each wheel based on the appropriate distribution 

algorithm until the emergency brake and deviation 

conditions for the resolution are achieved. 

Thus, on a straight road without any noticeable 

vehicle deviation, when emergency braking or 

normal braking is applied, the application is made 

using emergency or standard pressure distribution 

algorithms within EHB (Electronic Hydraulic 

Brakes) with accurate pressure control. The fuzzy 

control system is not operational at this stage. 

Similarly, when stability control is the only 

requirement, and emergency braking has not been 

detected, the fuzzy control system remains 

inactive, and the desired pressure is computed and 

applied per the distribution algorithm displayed in 

fig. 7.In all these scenarios, if the pressure applied 

to the wheels leads to their locking, the ABS 

control system intervenes to prevent the wheels 

from locking. 

In the present study, first, the proposed control 

system architecture is given; and simulation result 

and analysis are offered. Finally, the conclusion is 

studied.  

2. Proposed control system architecture  

The control architecture features two parallel 

control systems, as illustrated in fig. 1. The stability 

controller on the right employs a hierarchical 

structure to enhance performance and stability. It 

computes the corrective yaw moment for dynamic 

tracking using a sliding mode controller that 

processes the driver's steering angle input, 

integrates it with the vehicle's dynamic model, and 

determines the desired yaw rate and slip angle. 

Concurrently, the schematic on the left 

incorporates the driver’s pedal movement into the 

dynamic model of the Electro-Hydraulic Brake 

(EHB) to ascertain the necessary brake system 

pressure. Additionally, in this section, the 

emergency brake is identified based on the pedal 

pressing speed (Pedaling speed above 7 mm/s). 

The pressures derived from both systems are 

processed by a fuzzy controller optimized via a 

genetic algorithm, which calculates the appropriate 

pressure coefficients for wheel application during 

braking. This controller activates only when both 

the Emergency braking (EB) and the Electronic 

Stability Control (ESC) system are engaged; 

otherwise, the calculated pressures are applied 

directly. The EHB control section employs a 

cascade controller with two closed loops: an outer 

loop for cylinder pressure control and an inner loop 

for rack position control, aimed at regulating 

external pressure through a desired position signal 

for the internal controller. 

The lower parts of the braking system are critical 

for coordinating the differential brakes to maintain 
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optimal pressure distribution at the wheels. These 

components are essential to ensure vehicle 

stability, prevent wheel lock and timely braking by 

accurately regulating the brake pressure applied to 

each wheel. An anti-lock braking system (ABS) 

controller monitors this complex process and uses 

a self-tuning PID controller with an adaptive 

neuro-fuzzy inference system (ANFIS).This 

integration enhances the system's responsiveness 

and adaptability under varying driving conditions. 

In the following sections, we will provide a 

detailed examination of each component that 

comprises this control structure. 

 

Figure 1. Proposed control system architecture 

2.1. Control Vehicle Stability 

In this section, we calculate the necessary 

correction pressure for the differential braking of 

the wheels based on the degree of deviation of the 

vehicle from the driver's steering angle input. 

2.1.1. Vehicle Dynamic Model 

Fig.2 shows the four-wheel model of the car, in 

which the front wheels were labeled as f and the 

back wheels as r. The right and left edges of the car 

are represented by R and L. The center of gravity is 

represented by the symbol C.G., while the distance 

from the center of gravity to the axle is labeled as 

a, and as the back the axle is as b. The total length 

from the back of the car is indicated by L. 

By assuming that both front and rear wheels are 

paired together and taking the center of gravity as 

the origin of the coordinate system. In this model, 

ωrrepresents the yaw rate, u denotes the 

longitudinal velocity, and v the lateral velocity. 

The complete model includes all motion and 

physical details of the vehicle, such as the effects 

of each component, the relationships between 

parts, and the forces acting on the vehicle. This 

results in much more precise and realistic stability 

analysis [31]. However, in many cases, the full 

vehicle model is highly complex; therefore, using 

a two-degree-of-freedom model is an effective way 

to analyze stability and determine the need for 

appropriate auxiliary torque. It allows for rapid and 

reasonably accurate estimation of the effects of 

auxiliary torque by focusing on two key variables, 

such as the yaw angle and lateral movement. 

Additionally, models with fewer degrees of 

freedom require simpler calculations, which is 

important in the design of controllers and active 

driver assistance systems where fast decision-

making is crucial. So, this section is based on the 

two-degree-of-freedom (2-DOF) vehicle model, 

which serves as the reference model for the car's 

dynamics. 

If we express Newton's laws for this model, we 

have: 

∑ Fy = may (1) 

 

where m is the mass of the vehicle, and 𝑎𝑦 is the 

acceleration of the vehicle in the Y-axis 

direction, determined by the following equation: 

ay = v̇ + uωr 

 

(2) 

In the two degrees of freedom vehicle model, 𝐹𝑦𝑓 

and 𝐹𝑦𝑟  represent the lateral forces on the front and 

rear tires, respectively. In fig.2, the moment of 

inertia around the Z-axis is denoted as  𝐼𝑧, and 𝜔𝑟̇ 

represents the angular acceleration. By expanding 

and combining the aforementioned formulas, we 

obtain: 

Fyf + Fyr = m(v̇ + uωr)  (3) 

aFyf − bFyr + Mc = Iz ωṙ  

 

(4) 
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𝑀𝑐 represents the corrective torque, which is the 

amount of torque applied to the vehicle to keep it 

on the desired path. If the vehicle is steered at an 

angle 𝛿 , we observe that the vehicle moves in the 

direction of a smaller angle. The difference 

between the steering angle 𝛿  and this angle is 

referred to as the tire slip angle 𝛼. The forces acting 

on the tires within the linear range can be expressed 

as follows, with coefficients 𝛼𝑓 for the front tires 

and 𝛼𝑟  for the rear tires. Additionally, 𝛽 represents 

the vehicle's slip angle, as shown in Fig. 2 [27]. 

αf = β +
aωr

u
− δ 

  (5) 

αr = β −
bωr

u
 

 

(6) 

For small slip angles, the tire's lateral force is 

directly proportional to the slip angle. This 

assumption can provide acceptable results in 

normal and reduced extreme maneuvers, but may 

be flawed when dealing with extreme, nonlinear 

maneuvers such as changes in tire stiffness. 

Fyf = Cfαf (7) 

Fyr = Crαr 

 

(8) 

Cf=80000 N/rad ±5% due to tire wear and        𝐶𝑟 =

50000 N/rad ±4% due to temperature effects, 

denote the lateral stiffness values for the front and 

rear tires, respectively.  

By arranging these equations as a system and 

simplifying them, the vehicle dynamic state-space 

equations can be derived as follows: 

β̇ =
Cf + Cr

mu
β + (

aCf − bCr

mu2
− 1) ωr 

(9) 

ω̇r =
aCf − bCr

Iz
β +

a2Cf + b2Cr

Izu
ωr

−
aCf

Iz
δ 

(10) 

The goal of this controller is to ensure the vehicle's 

stability. This component utilizes various internal 

sensor measurements, calculating the desired 

vehicle dynamics and corrective torque for stability 

control. Thus, the desired yaw rate 𝜔𝑑 and lateral 

slip angle 𝛽𝑑 for the vehicle can be determined 

from the steering angle, vehicle speed, road-tire 

friction coefficient, and vehicle parameters as 

following [32]: 

 

ωd

= min (|
u l⁄

1 +
mu2(aCf − bCr)

L2CfCr

δ| , |
0.85μ𝗀

u
|)

× sgn (
u l⁄

1 +
mu2(aCf − bCr)

L2CfCr

δ) 

 

(11) 

βd

= min (|(
b

L(1 + Ku2)
+

mau2

CrL2(1 + Ku2)
) δ| , |tan−1(0.02μ𝗀)|)

× sgn ((
b

L(1 + Ku2)

+
mau2

CrL2(1 + Ku2)
) δ) 

(12) 

 

Figure 2. The vehicle model  

2.1.2. Direct Yaw Moment Control  

Electronic Stability Control (ESC) is a 

fundamental technology for stabilizing two-

dimensional vehicle motion, and Direct Yaw 

Moment Control (DYC) is a practical and effective 

approach for implementing ESC. In this study, a 

sliding mode controller is developed to calculate 

the corrective torque (Mc). The sliding surface is 

defined as follows [28]: 

s = ωr − ωd + ζ(β − βd)     
(13) 

 

Taking the derivative of the above equation: 

ṡ = ω̇r − ω̇d + ζ(β̇ − β̇d)    (14) 

 

As noted in [33]: 

 

 

1

2

d

dt
s2 = sṡ ≤ −ηs2  

(15) 
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Mc = Iz(ω̇d − η(ωr − ωd

+ ζ(β − βd)) − ζ(β̇

− β̇d))

− (aCf − bCr)β

+
a2Cf + b2Cr

u
ωr

+ aCfδ 

(16) 

  
In this context, η and ζ are the control variables 

of the Sliding Mode Controller and are both 

positive. 

2.2. EHB Braking System 

 

Unlike traditional hydraulic brakes, there is no 

mechanical relationship between the brake pedal 

and master cylinder to generate pressure from the 

electro-hydraulic brake system. In addition, the 

braking pressure desired by the driver is sent 

electronically. When the brakes are installed, a 

measuring sensor correctly assesses its position 

and applies the appropriate electronic reaction to 

the actuator to ensure effective braking 

performance. 

2.3. Calculation of Desired Pressure  

 

In fig. 1, two parallel pathways are utilized to 

evaluate distinct pressure signals stemming from 

the steering angle and the driver's pedal input. 

Consequently, the desired pressure, 𝑃𝑑, is 

determined in two ways. The first method occurs 

when the driver actuates the pedal, referred to as 

Desired Braking Pressure ( 𝑃𝑑𝑏 ). The second 

method is through the car's stability control system, 

which calculates the pressure proportionally to the 

required torque needed to compensate for the 

vehicle's deviation from the driver's intended 

steering input, known as Desired Correction 

Pressure (𝑃𝑑𝑐 ). 

In the first mode, the desired pressure is defined as 

a coefficient based on the driver's pedal movement 

(x) relative to the maximum achievable actuator 

pressure (Pmax). In the second mode, the corrective 

yaw moment is initially converted into the desired 

force. This is followed by the calculation of the 

force-to-pressure coefficient,𝑐𝑝, which relates the 

longitudinal forces demanded by the stability 

control system (𝐹𝑑) to the desired pressure. In the 

following equation, Ap,  represents the brake piston 

area, and μ denotes the brake piston friction [34]. 

𝑃𝑑𝑏 = 𝑃𝑚𝑎𝑥 . (𝑥)  (17) 

𝑃𝑑𝑐 =
𝐹𝑑

𝑐𝑝
⁄    ;       𝑐𝑝 = 𝐴𝑝𝜇 (18) 

2.4. Fuzzy Controller Design 

Achieving the desired brake pressure during 

emergency braking is crucial to minimize vehicle 

speed, while effective management of deviations is 

essential to maintain vehicle stability, both of 

which are key control objectives. These objectives 

require careful balancing, especially when 

emergency braking is combined with the need for 

corrective braking to correct lateral yaw. During 

emergency braking, it is necessary to apply 

pressure to all wheels simultaneously, while 

stability control, guided by the differential braking 

algorithm, selectively applies pressure to specific 

wheels. Therefore, it is essential to balance these 

pressures. To navigate this complexity, a fuzzy 

controller optimized through genetic algorithm is 

implemented that allows for an effective 

compromise between the driver’s emergency 

braking and the vehicle’s dynamic response to 

deviations. 

This part of the control system operates only when 

there is both Emergency braking and when the ESC 

system has detected a deviation in the vehicle and 

has become activated. In this case, the fuzzy 

controller will have two inputs based on the desired 

pressures to be applied to the wheels: one is the 

driver’s braking pressure (Pdb) and the other is the 

corrective pressure for the vehicle's deviation (Pdc). 

Additionally, the fuzzy control system calculates 

the final output based on the intensity of these 

computed pressures, using the defined range for 

membership functions and the rules derived from 

the linear combination of these inputs. This output 

indicates the priority and order of applying the 

computed pressures at any given moment. Thus, at 

any moment, an output is activated depending on 

the priority in relation to the applied inputs. As a 

result, the output oscillates between braking and 

reducing the vehicle’s speed and applying pressure 

to all wheels and applying pressure to the wheels 

based on the algorithm in fig.7 until the conditions 

for the simultaneous activation of both the 

Emergency braking and stability control inputs are 

resolved. 
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The proposed control system in this section is the 

Takagi-Sugeno fuzzy controller. The inputs to the 

fuzzy control system are braking pressure, Pdb, and 

corrective pressure, Pdc. Each input has five 

triangular membership functions corresponding to 

Very Low (VL), Low (L), Medium (M), High (H), 

and Very High (VH) values, as illustrated in fig. 3. 

Each rule is formed from the linear combination of 

inputs, resulting in the output of the fuzzy control 

system expressed as Pdesired  through the weighted 

average method. 

To determine the coefficients in the rules (75 free 

parameters) and identify the appropriate locations 

for the membership functions (30 free parameters), 

an optimization algorithm based on a genetic 

algorithm has been employed. Given the number of 

free parameters in the genetic structure, we have a 

chromosome with 105 genes representing our 

variables, and the number of generations is set to 

100. The specifications of the GA are set according 

to Table1. The optimized membership functions 

are displayed in fig. 4. 

This algorithm is designed to optimize cost 

function by minimizing vehicle speed and yaw 

rate, with respecting constraints. 

f = ∑( Kv . 𝑉𝑥
2 + Ke. e2)                   

  

(19) 

where f represents the cost function, 𝑉𝑥 denotes the 

vehicle speed and e signifies the disparity between 

the actual and desired values of yaw rate. In this 

paper, normalized values in the cost function have 

been used, with Kv set to 0.7 and Ke set to 0.3. 

One key constraint limits the corrective torque or 

pressure, and another ensures that the total pressure 

at each wheel does not exceed the maximum 

pressure generated by the master cylinder. 

Additionally, maintaining the order and structure 

of the membership functions is essential 

throughout the process. This offline optimization 

process involves running a genetic algorithm and 

using a simulated model in MATLAB to determine 

the free parameters. Once optimized, the fuzzy 

control system is integrated into the main control 

system. 

 

 

Table 1. Specifications of the GA 

Genetic Parameter Value 

Population size 100 

Number of Generations 150 

Mutation Rate 0.01 

Crossover Rate 0.8 

Population type Bit String 

  

 

(a) 

 

(b) 

Figure 3. Membership functions of desired braking 

pressure (MPa): (a) before optimization (b) after 

optimization 

 

 

(a) 
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(b) 

Figure 4. Membership functions of desired ESC 

pressure (MPa): (a) before optimization (b) after 

optimization 

 2.5. EHB Controller 

To determine the motor position required to 

generate brake pressure in the EHB system, 

effective pressure control and position control are 

essential. As illustrated in fig. 5, a double closed-

loop controller with a cascaded structure is 

employed to regulate the position of the PMSM 

motor based on the required pressure at the 

wheels. This configuration consists of an external 

loop for controlling the pressure of the master 

cylinder and an internal loop for managing the 

position of the rack. 

The objective of this cascaded dual-loop controller 

is to manage external pressure by generating a 

signal for the desired position, xref, specifically 

tailored for the inner controller [36]. 

In the outer pressure loop, an xref virtual control is 

implemented to serve as the command input for the 

inner position control loop. This configuration 

allows the internal state bandwidth to respond 

faster than the external pressure loop, providing 

advantages in promptly addressing disturbances 

caused by nonlinearity and inherent uncertainties 

in the system. The friction force of the system is 

considered as just the viscous friction force. The 

static friction and Coulomb friction is disregarded, 

which is regarded as disturbance and compensated 

by controller .It is assumed that there is no friction 

loss in the pipes, elbows, valves, and other joints 

[36], [37]. 

1.1.2 Pressure Control 

By defining the pressure tracking error as   p̃ = p −

pd ,the error dynamics can be defined as follows 

[36]: 

ṗ̃ = ṗ − ṗd                   

  

(20) 

By substituting (22) in the above relation, we can 

get 

ṗ̃ =
AMCβ

Vmc + Vwc − AMCx
ẋ − ṗd 

                   

  

(21) 

 

In this research, to According to author’s previous 

study [34],  the relationship between pressure and 

position is modeled by a simple second-order 

polynomial as follows: 

p = 0.381x2 

                   

  

(22) 

By calculating the time derivative of p, we can get 

ṗ = 2 ∗ 0.381xẋ 

                   

  

    (23) 

This way, the sliding surface is defined. 

s = p̃ + k0σ = p − pσ 

 

  (24) 

σ̇ = −k0σ + εsat (
s

ε
),   |σ(0)| ≤

ε

k0
 

 

  (25) 

 

The time derivative s can be obtained as follows by 

inserting it into the above equation: 

ṡ = ṗ̃ + k0σ̇ 

   = a1ṗx + a2ṗ − ṗd + k0σ̇ 

                   

  

(26) 

 

So xd controller for x is designed as follows: 

 

Figure 5. Double Closed-Loop Cascade Control 
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xd =
1

a1ṗ
[ṗd − a2ṗ − k0σ̇ − c1s −

c2sat (
s

ε
)]      

 

                   

  

(27) 

where in  𝑎1 < 0 , 𝑎2 > 0 

In which c1 and c2 are both constant and in this 

paper c1=c2=4.5e−4  [36]. 

1.1.3 Position control 

This paper uses dual-layer control architecture for 

a Permanent Magnet Synchronous Motor (PMSM) 

that utilizes a three-phase inverter. The inner loop 

is governed by two proportional-integral (PI) 

controllers responsible for current regulation, 

while the outer loop employs two proportional-

integral-derivative (PID) controllers for managing 

speed and position. 

The output of the position controller serves as the 

reference for the speed controller, with the speed 

controller's output acting as the reference for the q-

axis current controller. The d-axis current reference 

is maintained at zero. The system measures the 

position and currents of the PMSM. Velocity is 

obtained by taking the derivative of the position 

data. The PID controller outputs are produced on 

the dq-axis and then applied to the three-phase 

PMSM through inverse park conversion [38].  

The output of the EHB controller is the desired 

pressure generated by the pressure control system 

via the master cylinder. This pressure is then 

applied to the wheels according to a specified 

distribution algorithm, which will be elaborated 

upon in the next section. Furthermore, we will 

demonstrate in the following section how an ABS 

brake system controller manages wheel slip and 

prevents wheel locking by adjusting the applied 

pressure. 

2.6. Distribution Algorithm  

When the driver applies the brakes while the ESC 

system is inactive, the braking pressure generated 

by the master cylinder in the EHB system is 

uniformly distributed across all four wheels. 

Conversely, when the ESC system is active, the 

braking pressure is allocated to the wheel that is 

deemed most effective based on the vehicle's 

current dynamics. This allocation is facilitated by a 

distribution algorithm that utilizes the corrective 

torque, denoted as  𝑀𝑐,  as informed by the control 

law referenced in equation (16).The overall 

deviation torque resulting from the brake forces 

exerted on all wheels is represented by 𝑀𝑝, as 

illustrated in fig. 6 [27]. 

Mp = [(FfR + FrR) − (FfL + FrL)]
Tw

2
        

 

                   

  

(28) 

 

Figure 6. The lateral forces of the wheels 

Note that the index ij represents the position of 

each tire (𝑓𝐿 = front left, 𝑟𝐿 = rear left, 𝑓𝑅 = front 

right, and 𝑟𝑅 = rear right) as shown in fig. 6. In this 

algorithm, when the moment of corrective, 𝑀c, 

equals zero (𝑀𝑐=0), the forces exerted on the 

wheels are also zero (𝐹𝑖𝑗 = 0). Conversely, in 

scenarios where 𝑀c is non-zero, the brake pressure 

must be adjusted according to the sign of  𝑀c, as 

illustrated in fig. 7. Specifically, the brake pressure 

on the wheels on one side should be minimized or 

maintained at zero, while the pressure on the 

opposite side should be increased to mitigate the 

resultant deviating torque. The associated pressure 

distribution algorithm is detailed in fig. 7. 

It is important to identify that excessive braking 

force can give rise to wheel lock, an event managed 

by ABS, which controls the slip ratio of each wheel 

to prevent this phenomenon. The effective friction 

coefficient between the tire and the road has an 

optimal value that varies with road conditions; 

most manufacturers use a slip ratio set point, λ, of 

around 0.2, which serves as a good compromise for 

various road conditions [39],[40]. 
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Figure 7. Pressure distribution algorithm  

3. Simulation Result and Analysis  

To closely replicate real vehicle dynamics, the 

CARSIM [41] model has been employed, 

providing precise, detailed, and efficient methods 

for simulating passenger vehicle performance. This 

approach includes MATLAB simulations of the 

EHB system along with other integrated control 

systems. Additionally, MATLAB is used to 

simulate the PMSM, implement the master 

cylinder system, and model the caliper-wheel 

components. The mechanical aspects of the EHB 

braking system are also simulated in MATLAB 

[42], with dimensions configured to resemble real-

world models. Vehicle parameters are set 

according to Table2. The communication between 

the MATLAB system and CARSIM is illustrated 

in fig. 1. 

As discussed in Section 2, there are two methods 

for applying pressure to the wheels: one based on 

the driver’s pedal input and the other on the 

required torque to maintain vehicle stability. To 

enhance stability through differential braking and 

optimize pressure application, especially when 

inputs are derived from both the driver and the ESC 

system, a fuzzy controller optimized with a genetic 

algorithm is employed. This methodology aims to 

minimize deviation and stopping time, with 

pressure distribution to each wheel determined by 

the algorithm depicted in fig. 7. It is assumed that  

Table 2. Parameters of the case study vehicle [28] 

Parameter value Description 

m 1231 kg Vehicle total mass 

ms 1111 kg Vehicle sprung mass 

l 2.6 m 
Longitudinal wheel 

base 

a 1.04 m 
Distance of c.g. from 

front axle 

b 1.56 m 
Distance of c.g. from 

rear axle 

Iz 2031.4 kg.m2 
Yaw inertia of the 

vehicle 

R 0.3 m Tire radius 

hcg 0.54 m 
Height of c.g. of the 

vehicle 

Tw 1.33 m Vehicle body width 

wheel pressure is determined via sensor 

measurements. 

To illustrate the impact of these two inputs, we will 

analyze three scenarios that clarify the interaction 

between driver input and vehicle mechanical 

deviation, thereby providing a comprehensive 

understanding of wheel pressure dynamics. 

Scenario 1: Only the Emergency Braking is 

activated 

To conduct more comprehensive tests, we initially 

assess the electro-hydraulic brake control system 

under stable conditions without activating the 

vehicle’s stability control system. In this scenario, 

emergency braking by the driver applies 

appropriate pressure to the wheels based on pedal 

travel, measured by the position sensor x. The 

driver’s pedal press is simulated using a ramp 

input, as shown in fig. 8, which applies a stroke 

from 0 to 30 mm within one second. The motor 

accurately follows this trajectory, transmitting a  
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Figure 8. Brake pedal displacement 

Figure 9. Displacement of the master cylinder shaft 

by the motor 

corresponding stroke to the master cylinder shaft 

and thereby activating the brakes (refer to fig. 9). 

The stroke applied in the master cylinder generates 

pressure on the wheels. Given that the maximum 

stroke of the master cylinder is set to 30 mm and 

the master cylinder's piston area is approximately 

23 mm2, the maximum pressure applied reaches 

around 10 MPa, peaking at 1.6 seconds. This 

pressure is almost equally distributed between the 

two front wheels and the two rear wheels. fig. 10(a) 

shows the controlled pressure applied to the wheels 

through the ramp input, while fig. 10(b) provides a 

clearer view of these pressures. 

 Scenario 2: Only the ESC is Activated 

In this test, we assess the ESC system, aiming to 

achieve the desired yaw rate that is essential for 

effective steering maneuvers. To evaluate the 

effectiveness of the proposed control system, we 

conduct steering tests. During these tests, the 

steering angle is adjusted in a 300-degree in step 

mode, and the vehicle speed is set to 80 km/h. 

When the ESC system is activated, the wheel 

pressure is modified accordingly, as illustrated in 

fig. 11. This figure demonstrates the wheels 

pressure distribution based on the algorithm 

outlined in fig. 7 when 𝑀𝑐> 0. 

Figure 13 illustrates the wheel pressure levels 

required to maintain stability during fishhook 

steering maneuvers like fig.12 and in this test the 

vehicle speed is set to 80 km/h. In this scenario, 𝑀𝑐 

exists in both positive and negative forms, and the 

pressure application algorithm corresponds to fig. 

7. 

According to fig.13, to ensure the vehicle's stability 

according to the algorithm, braking and 

pressurization are alternately applied to the two 

wheels on one side of the car based on the sign 

of 𝑀𝑐. 

 

(a) 

(b) 

Figure 10. The pressure applied to the wheels by the 

ramp input 
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Figure 11. The pressure applied to the wheels 

according to the algorithm 

 

Figure 12. Fishhook steering test 

 

Figure 13. Pressure on each wheel in fishhook 

steering test 

 

Scenario 3: Both the ESC system and the EB 

are Activated together 

One of the main challenges of this research is to 

apply optimal pressure on the wheels when the 

driver engages the brakes while simultaneously 

controlling the vehicle's stability in corners. To 

address this, we conduct a braking test initiated by 

the driver alongside a steering maneuver. In this 

scenario, both the driver's braking input and the 

correction of the vehicle's deviation are activated 

simultaneously. 

As mentioned previously, an optimized fuzzy 

control system utilizing a genetic algorithm is 

responsible for balancing these two types of 

braking. The primary objectives of this optimized 

fuzzy control system are to reduce speed, minimize 

the vehicle's deviation from the desired state, and 

to prioritize the application of appropriate 

pressures. 

Figure 14(a) depicts a test involving a fishhook 

steering angle maneuvers like Fig.12 and in this 

test the vehicle speed is set to 80 km/h., where the 

driver quickly presses the brake pedal (Pedaling 

speed above 7 mm/s). This test demonstrated that 

during emergency braking, the ESC is also 

activated at the appropriate time and maintains the 

stability of the vehicle by applying appropriate 

pressures. 

Simulation results show that the proposed control 

system not only enhances stability, but also ensures 

that the vehicle speed is reduced without deviation 

in a short time. 

As illustrated in fig. 14(a) and more clearly in fig. 

14(b), the activation of the stability control system 

in response to the car's fishhook movement results 

in pressure being applied to the wheels on one side 

of the vehicle according to the algorithm presented 

in fig. 7, while the pressure on the wheels on the 

opposite side drops to zero. 

In fig. 14(b), at 6.75 seconds, the driver initiates 

braking, which prompts an immediate response 

where pressure is applied to all four wheels, with 

the pressures illustrated as superimposed in the 

figure. For a brief period, the ESC system remains 

inactive due to the vehicle's low speed. Around 2.9 

seconds, the ESC system applies a small amount of 

pressure to the left wheels. 

For instance, in fig. 14(c), at 1.55 seconds, pressure 

is applied to the left wheels, starting with the left 

rear wheel, followed by a lesser degree of pressure 

on the left front wheel. At approximately 1.87 

seconds, as dictated by the algorithm in fig. 7,  
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(a) 

(b)

(c) 

Figure 14. Pressure on each wheel in fishhook 

steering test with braking 

pressure is then applied to the right wheels, causing 

the pressure on the left wheels to drop to zero. 

In fig.15, the yaw rate diagram is analyzed for the 

three previously mentioned scenarios: 

a. When vehicle stability has a higher 

priority. 

b. When emergency response to braking has 

a higher priority. 

c. When the fuzzy control system determines 

the priority, which is the focus of this 

study. 

If the emergency braking occurs between 6 and 7 

seconds and the steering angle follows fig. 12, the 

yaw rate for the above three cases will be as shown 

in fig.15. The best stability control is achieved 

when ESC control has a higher priority, while the 

worst yaw rate occurs when the driver’s braking 

response has a priority. 

Figure 16 examines the vehicle speed and shows 

that the largest speed reduction occurs when the 

driver’s braking has a priority. Based on the results 

in figures 15 and 16, to achieve a balance between 

these two critical challenges, it can be beneficial to 

use an auxiliary controller to determine the 

response priority. 

Comparison of the above three scenarios in figures 

15 and 16 shows that the proposed method, (fuzzy 

system determines the priority), in addition to 

performing stability control well to reduce yaw 

rate, also has a good speed reduction during 

emergency braking in corners. 

At the critical point of 8.3 seconds, the analysis 

shows that the fuzzy-GA controller reduced yaw 

rate overshoot by around 16% compared to ESC-

priority mode while maintaining an around 60% of 

the deceleration performance of EB-priority mode.  

To evaluate the performance of the proposed 

method, the obtained results were compared with 

 

Figure 15. Yaw rate in fishhook steering test  

 

Figure 16. Vehicle speed in fishhook steering test  
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those presented in the benchmark paper [43]. In the 

mentioned study, MPC-based ESC was used for 

stability control of vehicle. By comparing the yaw 

rate with the that paper, it is observed that due to 

the smaller steering angle (200 deg) compared to 

the steering angle in proposed paper, the yaw rate 

has  significantly improved. 

4. Conclusion 

The use of the differential brake system to control 

vehicle stability has challenges, especially when 

the stability control system is automatically 

activated simultaneously with driver emergency 

braking. In such scenarios, it is essential to 

maintain vehicle stability and minimize vehicle 

speed to an ideal level. Recently, the EHB has 

replaced the traditional vacuum brake booster and 

offers significant benefits in pressure control and 

maximum pressure production capacity. In 

addition, an ABS is required to prevent the wheels 

from blocking the wheels due to excessive 

pressure. This paper presents an integrated system 

that effectively addresses these challenges. 

The structure described in this paper includes an 

EHB controller that enables rapid pressure increase 

and precise wheel pressure control. In addition, the 

proposed parallel architecture for simultaneous 

stability and brake control ensures that optimal 

pressure is applied to the wheels during emergency 

braking in corners. This allows for timely 

deceleration while maintaining vehicle stability. 

Furthermore, when integrated with the ABS 

system, it prevents wheel locking, which helps 

maintain longitudinal slip of the vehicle. 

In addition, this paper introduces a novel control 

architecture that balances the braking control, 

especially during emergency braking, to reduce the 

speed while maintaining vehicle stability. The 

results show that the proposed control structure not 

only effectively maintains vehicle stability, but 

also provides a responsive performance during 

emergency braking, allowing the vehicle to 

decelerate in the shortest possible time in corners. 

In this paper, the feasibility of simultaneous control 

ESC  and Emergency braking  for vehicle stability 

control  and rapid speed reduction in emergency 

situations is explore in theory. The proposed 

method is verified in software-in-loop (SIL) test, 

which is different with hardware-in-loop (HIL) and 

real driving experiment, e.g., signal disturb or 

delay. To this end, the proposed method will 

implement in HIL platform and a prototype vehicle 

in the future. also, it’s recommended to integration 

with active steering.  
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