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In the cars industry, to control slip rate from wheels and help drivers to 
avoid accidents on road, an integrated antilock braking and guided 
steering (AB-GS) system has been developed for vehicles especially 
cars. The brake and steering system are devices to slow down or stop 
the movement of the wheels on the vehicle and have ease of control and 
directional stability. Because the wheels are slowed down, the vehicle’s 
motion automatically slows down. The lost kinetic energy is con-verted 
into heat due to friction. The three purposes of the AB-GS brake 
controller are to reduce stopping time, limit slip ratio, and improve 
control system performance (by reducing time ratio and overshoot). 
For that, we build a model based on the equations of motion, which are 
affected by forces and moments for each axis. This research utilized 
MATLAB as a tool for modeling the system dynamics and simulating the 
performance of the AB-GS brake controller. In the ABS system, there is 
an influence of force or moment towards the lateral (X), longitudinal 
(Y), and vertical (Z) axes. At the time of braking, there will be a change 
in directional force (X, Y, and Z) as well as moments that affect the 
direction of rolling motion, yaw and pitching.  When braking forcefully, 
it is equally important to maintain vehicle stability and steering control 
as it is to minimize stopping distance. Changes in motion along the Z-
axis, as well as moments affecting yaw and roll, are not considered in 
this study. Then, from the system’s equations of motion, we can control 
it using PID control. By controlling the system, it is expected to prevent 
the vehicle from experiencing sudden locking, which can result in 
overturning. In this research, control performance was also tested 
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using PID, which can improve vehicle driving ability, safety, and 
operating stability. To fully maintain vehicle direction stability, its 
integration with other control systems is needed. Simulation results 
validating the integrated antilock-braking and steering system not only 
obtain better optimal braking distances and excellent predictability but 
also show that the integrated control system outperforms the stand-
alone braking and steering system. 

1. Introduction  
During the 20th century, a range of electrically controlled methods and systems, including but not limited to anti-
lock braking systems and active suspension systems, were developed, and refined to enhance vehicle 
maneuverability, safety, and operational stability. Nonetheless, many of these control subsystems operate in 
isolation from each other. Traffic accidents are one of the leading causes of injuries and fatalities all over the world 
[1]. Most today's crashes in Indonesia can be attributed to driver error (61%), which primarily consists of 
recognition and decision making (30%), followed by performance errors (9%) and fatality rate in South-East 
Asian countries (12.2 per 100,000 people) [2]. In fact, the sport utilities vehicle (SUV) control system is a complex 
system, and the vehicle's performance is heavily dependent not only on each subsystem, but also on the 
relationships between these subsystems [3]. Despite exhibiting a higher inclination towards overdrafts, reduced 
maneuverability, and lower fuel efficiency compared to other segments of passenger vehicles, SUVs dominate the 
global market share for such cars, with their popularity continually increasing. As vehicle technology has 
progressed, the functions of automobiles have evolved as well. A notable transformation can be observed in 
braking systems, which not only safeguard the vehicle but also empower the driver to respond effectively in 
emergency braking situations. This evolution is attributed to factors such as extended wheelbases, broader track, 
and elevated center of gravity. Highway vehicles could move in all directions without being restricted by lanes or 
tracks in accordance with orders from the vehicle driver. 

The AB-GS primary function is to independently control the brake torque of the four wheels to prevent them 
from locking. Most of these control subsystems, however, operate independently [4]. In fact, the control system of 
a vehicle is a complicated system whose performance depends not only on the individual subsystems but also 
greatly on the relationships among these subsystems. AB-GS typically enhances vehicle safety by minimizing 
lateral wheel slips when encountering intense braking conditions [5-6]. When sliding on the road, the friction 
force on the locked wheel is usually much lower. When braking, if one or more vehicle wheels lock (begin to slip), 
several consequences occur, including increased braking distances, loss of steering control, and tire wheel 
abnormalities. These are unfavorable circumstances. AB-GS, traction control systems, and other safety and 
reliability features are standard in modern automobiles. A well-functioning AB-GS control system should 
effectively maintain wheel slip within an ideal range suitable for prevailing road conditions, thereby averting 
wheel lock-up during braking maneuvers [7]. Various methods, including robust control, describing function 
analysis, sliding mode control, among others, have been effectively utilized in AB-GS control strategies [8]. The 
vehicle's traction control can be taken over entirely or partially by the autonomous ABS system [9]. The AB-GS, on 
the other hand, has strong nonlinear properties [10]. On the contrary, a dynamic four-wheel vehicle model that 
considers the changing normal load on the wheels and generates suitable lateral forces is ideal for designing a 
reliable brake system [11]. The main objective of the AB-GS is to swiftly decelerate a vehicle while preserving its 
maneuverability during emergency braking maneuvers. Its principal aim is to enhance brake efficiency, steering 
response, and overall driving stability. AB-GS has become a mandatory safety feature in nearly every country 
worldwide [6,12].  

A steering system is an apparatus enabling the alteration of a motor vehicle's direction of motion. An 
integrated steering system, therefore, comprises multiple interconnected components that work together. In the 
context of this study, integration denotes the merging of systems that traditionally operate independently with 
mutual agreement [13]. As a result, any subsystem that is used will be developed with the other in consciousness. 
This will be done to optimize area, resources, and performance. This study focuses on the optimal control of both 
braking and steering systems for a vehicle undergoing hard braking while turning. This presents a novel situation 
where enhanced braking effectiveness is sought alongside improved lateral stability. Through this approach, 
traditional ABS can achieve directional stability with only a slight decrease in maximum braking force [14]. Hence, 
a learning control strategy becomes essential to enhance its performance gradually, adapting to diverse road 
conditions. Alongside passive suspension, recent literature explores numerous endeavors to integrate road 
classification with semi-active vehicle suspension, aiming to enhance both ride comfort and handling [10,15]. 
Because the primary goal of a semi-active suspension system is to achieve a good balance of suspension system 
and ability to handle, awareness of the road conditions gives guidance on the implementation of control 
parameters to modify performance of the system [16-17]. Semi-active suspension refers to a form of vehicle 
suspension that adjusts the damping force of the shock absorber in reaction to the continuously varying conditions 
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of the road. It serves as a close approximation to active suspension, featuring a shock absorber with adjustable 
damping force [17-18]. 

In response to wheel decline and slip, ABS is activated and deactivated. It is used in modern automobiles to 
improve safety and consistency [11]. It is primarily an engaged protective measure that is now installed in most 
automobiles and is responsible for preventing the wheels from locking during hard braking [19]. In the automotive 
industry, ABS is a well-known safety feature. To forecast how a vehicle will react when doing the maneuvers the 
driver wants, its characteristics become a very important item for modelling. Vehicles that are safe and 
comfortable according to the requirements can be designed using the results of vehicle dynamic system modelling. 

The PID algorithm is presumed to regulate the ABS system of the examined vehicle, chosen for its 
straightforwardness and minimal processing demands [20-21]. A review of ABS simulation outcomes indicates 
that the proportional electro-hydraulic brake can notably diminish braking distance and address hydraulic 
pressure fluctuations experienced on diverse road surfaces. The investigation suggests the viability of employing 
this proportional pressure control valve in commercial brake systems as a substitute for conventional solenoid 
valves [22]. 

These studies restricted the development of an automatic brake control system using adaptive PID. When an 
obstacle ahead is detected by the controller system, an automatic brake control system will be designed to 
decrease velocity from a predetermined speed. Thus, this research contributes as follows: 

• Proposes a control design for integrating the front steering and braking systems to maintain vehicle stability 
while enhancing lateral responsiveness during emergency collision avoidance 

• Simulate the mathematical modelling of AB-GS designed and compared using MATLAB/Simulink. In this 
study, an adaptive PID controller method was used to tune the proportional, integral, and derivative control 
parameters  

• This controller’s objectives for the AB-GS brake are to reduce stopping time, limit slip ratio, and improve the 
performance controlling system (by reducing settling time and overshoot). The simulation results demonstrated 
that our objectives have been achieved. 

The goal of the most recent study on the interaction between the steering system and the antilock braking 
system (ABS) in automobiles is to maximize vehicle safety. The goal of this research is to create a system that can 
better control a vehicle during emergency braking circumstances by coordinating the responses of the steering 
system and ABS. The objectives of this integration are to reduce stopping distances, improve stability, and 
distribute brake power more evenly across the wheels. This research has the potential to improve the 
dependability of vehicle responses to unexpected braking, lowering the likelihood of accidents, and raising road 
user safety by merging data from ABS sensors and the steering system. These developments reflect the auto 
industry's continuous efforts to combine various technologies to improve the general performance and safety of 
vehicles. 

2. Systematic Modelling 
Systematic modelling in the context of an Antilock Braking System (ABS) refers to the process of creating a 
structured representation of the ABS and its components. This modelling approach aims to understand, analyse, 
and design the ABS in a methodical and organized manner. Systematic modelling involves breaking down the 
complex system into smaller, more manageable parts, and then defining their interconnections and behaviours 
[23].  

Despite significant advancements in automotive safety systems, a notable research gap exists in the 
integration of antilock braking systems (ABS) with steering mechanisms to enhance vehicle control and stability 
under emergency braking conditions. While ABS technology has been widely adopted to prevent wheel lock-up 
and maintain steering control during braking, current systems primarily focus on braking performance alone, 
without seamless coordination with steering inputs. Integrating ABS with steering systems could potentially offer 
enhanced maneuverability and collision avoidance capabilities by optimizing braking force distribution and 
steering response simultaneously. However, the development of such integrated systems poses technical 
challenges related to sensor fusion, real-time control algorithms, and vehicle dynamics modelling, necessitating 
further research to explore the feasibility, effectiveness, and implementation challenges of integrating ABS with 
steering for improved vehicle safety and performance. 

2.1 Vehicle Dynamic Model 
A passenger longitudinal vehicle model is comprising a single sprung mass that represents the vehicle body. We 
use the coordinate system to analysis the vehicle motion as described in Fig. 1. In vehicle dynamics, the equations 
of motion are typically represented as a set of x, y, and z coordinate system equations centered on the vehicle's 
centre of gravity (CG).  
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Fig. 1 Vehicle in a coordinate system 

We use the coordinate system to analysis the vehicle motion as described in Fig. 1. For convenience, vehicle 
motion is defined using the right-hand rule coordinate system [24], the coordinates are defined as follows. The 
vehicle has a fixed coordinate system on the vehicle itself using the right-hand rule. However, the movement of 
the vehicle must be defined into another coordinate system that is fixed or does not change with respect to the 
vehicle, such a coordinate system is called a global coordinate system [25-26]. This global coordinate system is 
used to evaluate the trajectory or trajectory of the vehicle. Most researchers usually use a two-degree-of-freedom 
(DOF) model to investigate the dynamic characteristics of a vehicle, which differs from the precise steering 
condition of the vehicle [27].  

The general equations for resulting force and moment which act on a vehicle are presented by the following 
Eq. (1). 
 

𝐹𝐹 = 𝐹𝐹𝑥𝑥𝚤𝚤+ 𝐹𝐹𝑦𝑦𝚥𝚥 + 𝐹𝐹𝑧𝑧𝑘𝑘�⃗  
𝑀𝑀 = 𝑀𝑀𝑥𝑥𝚤𝚤+𝑀𝑀𝑦𝑦𝚥𝚥+ 𝑀𝑀𝑧𝑧𝑘𝑘�⃗  

(1) 
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Fig. 2 System architecture 

Each wheel can rotate around its axis, and all four wheels can move in the same direction [1]. Our method is 
illustrated in Fig. 2, which describes the whole system architecture. The dynamic bicycle model takes into 
consideration 2D planar motion, including rotation around the reference frame's Z axis (yaw) and translation 
along the X and Y axes (longitudinal/lateral). In some circumstances, such as path tracking, the effort is reduced 
to regulating lateral dynamics and yaw motion, resulting in a 2-DoF model [28-29]. The Vehicle Body 2DOF block 
employs a rigid two-axle vehicle body model to ascertain longitudinal, lateral, and yaw movements. It considers 
factors such as body mass, aerodynamic drag, and weight distribution between the axles, which are influenced by 
acceleration and steering.  

Newton's principles are applied to the straightforward bicycle model [30-31] in Fig. 3 to provide the following 
model Eq. (2) and Eq. (3): 

 

�𝐹𝐹𝑥𝑥 = 𝑚𝑚 . 𝑎𝑎𝑥𝑥  (2) 

�𝐹𝐹𝑦𝑦 = 𝑚𝑚 . 𝑎𝑎𝑦𝑦 (3) 
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Fig. 3 Single track bicycle 

In such cases, the lateral tire forces can be expressed as follows in Eq. (4): 
 

𝐹𝐹𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑓𝑓 .𝛼𝛼𝑓𝑓 
𝐹𝐹𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑟𝑟 .𝛼𝛼𝑟𝑟 (4) 

 
The steering angles Fcf and Fcr for the front and rear wheels are the model's inputs, however as most cars can 

only be turned through the front wheel, r is typically null. The distances between the wheel axles and the center 
of gravity (lf and lr) are the only two factors needed to identify in the kinematic model, making it simple to apply 
the same controller to other vehicles with varying wheelbases. The initial study utilized the vehicle's bicycle 
model, which does not incorporate roll, pitch, or heave movements, and it does not address suspension dynamics 
[32]. As a result, this model cannot accurately represent load transfer during maneuvering and braking. A vehicle 
suffers two motions, i.e., translation motion and rotation motion. The translation-al speed of the vehicle could be 
defined in Eq. (5). 
 

𝑉𝑉𝑇𝑇 = 𝑉𝑉𝑥𝑥𝚤𝚤̂ + 𝑉𝑉𝑦𝑦𝚥𝚥̂ + 𝑉𝑉𝑧𝑧𝑘𝑘� (5) 

 
Furthermore, it could be defined as the angular momentum and angular velocity of the vehicle as follows in 

Eq. (6) and Eq. (7). 
 

𝐻𝐻 = 𝐻𝐻𝑥𝑥𝚤̂𝚤+𝐻𝐻𝑦𝑦𝚥̂𝚥+ 𝐻𝐻𝑧𝑧𝑘𝑘� (6) 

𝜔𝜔 = 𝜔𝜔𝑥𝑥𝚤𝚤̂ +𝜔𝜔𝑦𝑦𝚥𝚥̂ +𝜔𝜔𝑧𝑧𝑘𝑘�  (7) 
 
To derive the dynamic model of vehicle, we could be using the motion equation of vehicles regarding the 

Newton’s second law in Eq. (8). 
 

�𝐹𝐹 = 𝑚𝑚 �
𝑑𝑑
𝑑𝑑𝑑𝑑
𝑉𝑉𝑇𝑇 + (𝜔𝜔 × 𝑉𝑉𝑇𝑇)� (8) 

 
We could be rewritten Equation (8) as Equation (9) as follows. 
 

�𝐹𝐹𝑥𝑥𝚤̂𝚤 = 𝑚𝑚�𝑉̇𝑉𝑥𝑥 + �𝜔𝜔𝑦𝑦𝑉𝑉𝑧𝑧 − 𝜔𝜔𝑧𝑧𝑉𝑉𝑦𝑦�� 𝚤𝚤̂ ⇒�𝐹𝐹𝑥𝑥 = 𝑚𝑚�𝑉̇𝑉𝑥𝑥 + �𝜔𝜔𝑦𝑦𝑉𝑉𝑧𝑧 − 𝜔𝜔𝑧𝑧𝑉𝑉𝑦𝑦�� 

�𝐹𝐹𝑦𝑦𝚥̂𝚥 =  𝑚𝑚�𝑉̇𝑉𝑦𝑦 + (𝜔𝜔𝑧𝑧𝑉𝑉𝑥𝑥 − 𝜔𝜔𝑥𝑥𝑉𝑉𝑧𝑧)� 𝚥𝚥̂ ⇒�𝐹𝐹𝑦𝑦 = 𝑚𝑚�𝑉̇𝑉𝑦𝑦 + (𝜔𝜔𝑧𝑧𝑉𝑉𝑥𝑥 − 𝜔𝜔𝑥𝑥𝑉𝑉𝑧𝑧)� 

�𝐹𝐹𝑧𝑧 𝑘𝑘� = 𝑚𝑚�𝑉̇𝑉𝑧𝑧 + �𝜔𝜔𝑥𝑥𝑉𝑉𝑦𝑦 − 𝜔𝜔𝑦𝑦𝑉𝑉𝑥𝑥��𝑘𝑘� ⇒�𝐹𝐹𝑧𝑧 =  𝑚𝑚�𝑉̇𝑉𝑧𝑧 + �𝜔𝜔𝑥𝑥𝑉𝑉𝑦𝑦 − 𝜔𝜔𝑦𝑦𝑉𝑉𝑥𝑥�� 

(9) 

 
Since it is assumed that there is no motion of sprung mass, then we neglect the forces of z axis (∑𝐹𝐹𝑧𝑧 = 0). By 

considering the lateral force equilibrium, neglecting the road set point, and implementing Newton's second law 
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[33] of motion along the y axis yields the equation for the vehicle's lateral movement then Eq. (9) could be 
mentioned as in Eq. (10). 

 

�𝐹𝐹𝑦𝑦 = 𝑚𝑚�𝑉̇𝑉𝑦𝑦 +𝜔𝜔𝑧𝑧𝑉𝑉𝑥𝑥 − 𝜔𝜔𝑥𝑥𝑉𝑉𝑧𝑧� = 𝑚𝑚��𝑉̇𝑉𝑦𝑦 + 𝛥𝛥𝑉̇𝑉𝑦𝑦� + (𝜔𝜔𝑧𝑧 + 𝛥𝛥𝜔𝜔𝑧𝑧)(𝑉𝑉𝑥𝑥 + 𝛥𝛥𝑉𝑉𝑥𝑥)− (𝜔𝜔𝑥𝑥 + 𝛥𝛥𝜔𝜔𝑥𝑥)(𝑉𝑉𝑧𝑧 + 𝛥𝛥𝑉𝑉𝑧𝑧)� 

�𝐹𝐹𝑦𝑦 = 𝑚𝑚�𝛥𝛥𝑉̇𝑉𝑦𝑦 + 𝑉𝑉𝑥𝑥𝛥𝛥𝜔𝜔𝑧𝑧 +𝜔𝜔𝑧𝑧𝛥𝛥𝑉𝑉𝑥𝑥 + 𝛥𝛥𝜔𝜔𝑧𝑧𝛥𝛥𝑉𝑉𝑥𝑥 − 𝑉𝑉𝑧𝑧𝛥𝛥𝜔𝜔𝑥𝑥 − 𝜔𝜔𝑥𝑥𝛥𝛥𝑉𝑉𝑧𝑧 − 𝛥𝛥𝜔𝜔𝑥𝑥𝛥𝛥𝑉𝑉𝑧𝑧� 
(10) 

 
It is assumed all the initial variables have zero value then Eq. (10) could be written as Eq. (11). 
 

�𝐹𝐹𝑦𝑦 = 𝑚𝑚�𝛥𝛥𝑉̇𝑉𝑦𝑦 + 𝛥𝛥𝜔𝜔𝑧𝑧𝛥𝛥𝑉𝑉𝑥𝑥� (11) 

 
Next, the lateral forces are the total forces at front and rear of vehicle, then it could be mentioned in Eq. (12) 

as follows. 
 

𝐹𝐹𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑟𝑟 ;𝐹𝐹𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑓𝑓 
�𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑓𝑓 + 𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑟𝑟 
𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑓𝑓 + 𝐹𝐹𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑉̇𝑉𝑦𝑦 + 𝛥𝛥𝜔𝜔𝑧𝑧𝛥𝛥𝑉𝑉𝑥𝑥  

(12) 

 
It is defined 𝐹𝐹𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑐𝑐𝑐𝑐 �𝛿𝛿𝑓𝑓 − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝛥𝛥𝑉𝑉𝑦𝑦+𝑙𝑙𝑓𝑓𝛥𝛥𝜔𝜔𝑧𝑧

𝛥𝛥𝑉𝑉𝑥𝑥
��  is the lateral tire forces of the front and 𝐹𝐹𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑐𝑐𝑐𝑐 �𝛿𝛿𝑟𝑟 −

𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝛥𝛥𝑉𝑉𝑦𝑦+𝑙𝑙𝑟𝑟𝛥𝛥𝜔𝜔𝑧𝑧

𝛥𝛥𝑉𝑉𝑥𝑥
��  is rear wheels respectively. So, Eq. (12) could be written as Eq. (13). 

 

2𝐶𝐶𝑐𝑐𝑐𝑐 �𝛿𝛿𝑓𝑓 − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �
𝛥𝛥𝑉𝑉𝑦𝑦 + 𝑙𝑙𝑓𝑓𝛥𝛥𝜔𝜔𝑧𝑧

𝛥𝛥𝑉𝑉𝑥𝑥
�� 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑓𝑓 + 2𝐶𝐶𝑐𝑐𝑐𝑐 �𝛿𝛿𝑟𝑟 − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

𝛥𝛥𝑉𝑉𝑦𝑦 − 𝑙𝑙𝑟𝑟𝛥𝛥𝜔𝜔𝑧𝑧
𝛥𝛥𝑉𝑉𝑥𝑥

�� 

= 𝑚𝑚𝑚𝑚𝑉̇𝑉𝑦𝑦 + 𝛥𝛥𝜔𝜔𝑧𝑧𝛥𝛥𝑉𝑉𝑥𝑥  
(13) 

 
To simplify the derivation, we assume small angle variations in the steered angle 𝛿𝛿. Based on this assumption, 

we linearized the 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿)about an operating region around 𝛿𝛿 = 0such that 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿) ≃ 1. The exact lateral force 
balance is determined as in after determining the specifications for the front and rear tires, ignoring the road bank 
angle and using Newton's second law of motion along the y-axis could be stated in Eq. (14). 

 

𝑉̇𝑉𝑦𝑦 =
2𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑓𝑓
𝑚𝑚 − �

2𝐶𝐶𝛼𝛼𝛼𝛼 + 2𝐶𝐶𝛼𝛼𝛼𝛼
𝑚𝑚𝑉𝑉𝑥𝑥

�𝑉𝑉𝑦𝑦 + �
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓

𝑚𝑚𝑉𝑉𝑥𝑥
− 𝑉𝑉𝑥𝑥�𝜔𝜔𝑧𝑧  (14) 

Furthermore, according to the moment balance of a single-track bicycle is described in Figure 3, it could be 
derived the torque at the vehicle center of mass in Eq. (15). 

𝑀𝑀𝑥𝑥 = 𝐼𝐼𝑥𝑥𝑥𝑥𝜔̇𝜔𝑥𝑥 − 𝐼𝐼𝑥𝑥𝑥𝑥�𝜔̇𝜔𝑧𝑧 +𝜔𝜔𝑥𝑥𝜔𝜔𝑦𝑦� + �𝐼𝐼𝑧𝑧𝑧𝑧 − 𝐼𝐼𝑦𝑦𝑦𝑦�𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 
𝑀𝑀𝑦𝑦 = 𝐼𝐼𝑦𝑦𝑦𝑦𝜔̇𝜔𝑦𝑦 + 𝐼𝐼𝑥𝑥𝑥𝑥�𝜔𝜔𝑥𝑥2 − 𝜔𝜔𝑦𝑦2� + (𝐼𝐼𝑥𝑥𝑥𝑥 − 𝐼𝐼𝑧𝑧𝑧𝑧)𝜔𝜔𝑥𝑥𝜔𝜔𝑧𝑧  
𝑀𝑀𝑧𝑧 = 𝐼𝐼𝑧𝑧𝑧𝑧𝜔̇𝜔𝑧𝑧 − 𝐼𝐼𝑥𝑥𝑥𝑥�𝜔̇𝜔𝑥𝑥 − 𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧� + �𝐼𝐼𝑦𝑦𝑦𝑦 − 𝐼𝐼𝑧𝑧𝑧𝑧�𝜔𝜔𝑥𝑥𝜔𝜔𝑦𝑦 

(15) 

By neglecting the torque toward x and y axis and all of the initial values are zero, then Eq. (15) could be stated 
as Eq. (16). 

𝑀𝑀𝑧𝑧 = 2𝑙𝑙𝑓𝑓𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑓𝑓 − �
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟

𝑉𝑉𝑥𝑥
�𝑉𝑉𝑦𝑦 + �

2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓2 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟2

𝑉𝑉𝑥𝑥
�𝜔𝜔𝑧𝑧 

𝐼𝐼𝑦𝑦𝑦𝑦𝜔̇𝜔𝑧𝑧 + 𝐼𝐼𝑥𝑥𝑥𝑥𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 = 2𝑙𝑙𝑓𝑓𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑓𝑓 − �
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟

𝑉𝑉𝑥𝑥
�𝑉𝑉𝑦𝑦 + �

2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓2 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟2

𝑉𝑉𝑥𝑥
�𝜔𝜔𝑧𝑧  

𝐼𝐼𝑧𝑧𝑧𝑧𝜔̇𝜔𝑧𝑧 = 2𝑙𝑙𝑓𝑓𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑓𝑓 − �
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟

𝑉𝑉𝑥𝑥
�𝑉𝑉𝑦𝑦 + �

2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓2 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟2

𝑉𝑉𝑥𝑥
�𝜔𝜔𝑧𝑧 − 𝐼𝐼𝑥𝑥𝑥𝑥𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧 

𝜔̇𝜔𝑧𝑧 =
2𝑙𝑙𝑓𝑓𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑓𝑓

𝐼𝐼𝑧𝑧𝑧𝑧
− �

2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟
𝐼𝐼𝑧𝑧𝑧𝑧𝑉𝑉𝑥𝑥

�𝑉𝑉𝑦𝑦 + �
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑓𝑓2 − 2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟2

𝐼𝐼𝑧𝑧𝑧𝑧𝑉𝑉𝑥𝑥
�𝜔𝜔𝑧𝑧 −

𝐼𝐼𝑥𝑥𝑥𝑥𝜔𝜔𝑦𝑦𝜔𝜔𝑧𝑧
𝐼𝐼𝑧𝑧𝑧𝑧

 

(16) 
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The longitudinal motion of the vehicle as well as the rotational dynamics of the four wheels are used in the design 
of the wheel slip controller as follows in Eq. (11) and Eq. (12). As we know, the function of steering systems is: 

• Should enable the driver to regulate the vehicle along a desired path. 
• Should enable the control of the vehicle’s trajectory under normal and emergency conditions. 
• Critical system to ensure proper handling of the vehicle.  
The forces suffer on front wheel is described as follows in Eq. (17): 

𝑉̇𝑉𝑥𝑥 =
2𝐹𝐹𝑥𝑥 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿𝑓𝑓

𝑚𝑚 −
2𝐶𝐶𝛼𝛼𝑓𝑓𝛿𝛿𝑓𝑓
𝑚𝑚𝑉𝑉𝑥𝑥

+
2𝐶𝐶𝛼𝛼𝛼𝛼𝛿𝛿𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿𝑓𝑓

𝑚𝑚𝑉𝑉𝑥𝑥
+

2𝐶𝐶𝛼𝛼𝑓𝑓𝑉𝑉𝑦𝑦
𝑚𝑚𝑉𝑉𝑥𝑥

−
2𝐶𝐶𝛼𝛼𝛼𝛼𝑉𝑉𝑦𝑦 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿𝑓𝑓

𝑚𝑚𝑉𝑉𝑥𝑥
 

+
2𝐶𝐶𝛼𝛼𝑓𝑓𝑙𝑙𝑓𝑓𝜔𝜔𝑧𝑧
𝑚𝑚𝑉𝑉𝑥𝑥

−
2𝐶𝐶𝛼𝛼𝛼𝛼𝑙𝑙𝑟𝑟𝜔𝜔𝑧𝑧 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿𝑓𝑓

𝑚𝑚𝑉𝑉𝑥𝑥
 

(17) 

where 𝐹𝐹𝑥𝑥 is the longitudinal force. 

2.2 Half Car Model 
The suspension model for the vehicle is constructed based on a vibrational model incorporating the car's 
suspension and tires with a 2-degree-of-freedom (2-DOF) setup, representing a system comprising masses (both 
sprung and unsprung), springs, and dampers. In the context of vehicles, 2-DOF typically refers to the ability of the 
vehicle to move in two independent directions, such as forward/backward and left/right [34]. This term is often 
used in discussions of vehicle dynamics and control. When the vehicle is subjected to dynamics, the tire loads can 
be calculated in real time (load transfer and aerodynamics). DOFs are depicted in Fig. 4 as follows. 

 

 
 

Fig. 4 Half car model for vehicle suspension 

The equations of motion for this 2-DOF half-car model are as follows in Eq. (18) and Eq. (19). According to 
Fig. 4., in the x-z field, the vehicle body sprung mass is described as follows. 

�𝐹𝐹𝑧𝑧 = 𝑚𝑚𝑠𝑠 �𝑉̇𝑉𝑧𝑧 + �𝜔𝜔𝑥𝑥𝑉𝑉𝑦𝑦 − 𝜔𝜔𝑦𝑦𝑉𝑉𝑥𝑥��

= 𝑚𝑚𝑠𝑠 ��𝑉̇𝑉𝑧𝑧 + 𝛥𝛥𝑉̇𝑉𝑧𝑧�+ �(𝜔𝜔𝑥𝑥 + 𝛥𝛥𝜔𝜔𝑥𝑥)�𝑉𝑉𝑦𝑦 + 𝛥𝛥𝑉𝑉𝑦𝑦� − �𝜔𝜔𝑦𝑦 + 𝛥𝛥𝜔𝜔𝑦𝑦�(𝑉𝑉𝑥𝑥 + 𝛥𝛥𝑉𝑉𝑥𝑥)�� 

2�𝐹𝐹𝑧𝑧𝑧𝑧 + 𝐹𝐹𝑧𝑧𝑟𝑟� − 2𝐾𝐾𝑠𝑠𝑠𝑠�𝑧𝑧 − 𝑙𝑙𝑓𝑓𝜃𝜃 − 𝑧𝑧𝑢𝑢𝑢𝑢� − 2𝐾𝐾𝑠𝑠𝑠𝑠(𝑧𝑧 + 𝑙𝑙𝑟𝑟𝜃𝜃 − 𝑧𝑧𝑢𝑢𝑢𝑢)− 2𝐶𝐶𝑠𝑠 + �𝑉𝑉𝑧𝑧 − 𝑙𝑙𝑓𝑓𝜔𝜔𝑦𝑦 − 𝑉𝑉𝑧𝑧𝑢𝑢𝑢𝑢�
− 2𝐶𝐶𝑠𝑠𝑠𝑠�𝑉𝑉𝑧𝑧 + 𝑙𝑙𝑟𝑟𝜔𝜔𝑦𝑦 − 𝑉𝑉𝑧𝑧𝑢𝑢𝑢𝑢� 

= 𝑚𝑚𝑠𝑠�𝑉̇𝑉𝑧𝑧 − 𝜔𝜔𝑦𝑦𝑉𝑉𝑥𝑥� 

(18) 

where 𝑙𝑙𝑓𝑓and 𝑙𝑙𝑟𝑟  is the distance between front and rear suspension. Symbol 𝑧𝑧,  𝑧𝑧𝑢𝑢𝑢𝑢 and 𝑧𝑧𝑢𝑢𝑢𝑢 are the displacement 
of sprung mass, front sprung mass, and rear sprung mass, respectively. 

Whereas the unsprung mass is described as Eq. (19) for front side and Eq. (20) for rear side. 
 

−2𝐹𝐹𝑓𝑓 + 2𝐾𝐾𝑠𝑠𝑠𝑠�𝑧𝑧 − 𝑙𝑙𝑓𝑓𝜃𝜃 − 𝑧𝑧𝑢𝑢𝑢𝑢� + 2𝐶𝐶𝑠𝑠𝑠𝑠�𝑧̇𝑧 − 𝑙𝑙𝑓𝑓𝜃̇𝜃 − 𝑧̇𝑧𝑢𝑢𝑢𝑢� − 2𝐾𝐾𝑡𝑡𝑡𝑡�𝑧𝑧𝑢𝑢𝑢𝑢 − 𝑧𝑧𝑟𝑟𝑟𝑟� 
= 𝑚𝑚𝑢𝑢𝑢𝑢 �𝑉̇𝑉𝑥𝑥𝑢𝑢𝑢𝑢 +𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑢𝑢𝑢𝑢 − 𝜔𝜔𝑧𝑧𝑢𝑢𝑢𝑢𝑉𝑉𝑦𝑦𝑢𝑢𝑢𝑢� 

(19) 

−2𝐹𝐹𝑟𝑟 + 2𝐾𝐾𝑠𝑠𝑠𝑠(𝑧𝑧 + 𝑙𝑙𝑟𝑟𝜃𝜃 − 𝑧𝑧𝑢𝑢𝑢𝑢) + 2𝐶𝐶𝑠𝑠𝑠𝑠(𝑧𝑧 + 𝑙𝑙𝑟𝑟𝜃𝜃 − 𝑧𝑧𝑢𝑢𝑢𝑢)− 2𝐾𝐾𝑡𝑡𝑡𝑡(𝑧𝑧𝑢𝑢𝑢𝑢 − 𝑧𝑧𝑟𝑟𝑟𝑟) 
= 𝑚𝑚𝑢𝑢𝑢𝑢�𝑉̇𝑉𝑥𝑥𝑢𝑢𝑢𝑢 + 𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑢𝑢𝑢𝑢 − 𝜔𝜔𝑧𝑧𝑢𝑢𝑢𝑢𝑉𝑉𝑦𝑦𝑢𝑢𝑢𝑢� (20) 
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2.3 Load Transfer Vehicle 
Load transfer in wheeled vehicles refers to the quantifiable variation in the load carried by various wheels during 
acceleration (both longitudinally and laterally) [2]. This covers both braking and deceleration, which is an 
acceleration that is happening more slowly.  

 

 
Fig. 5 Vehicle longitudinal model 

The vehicle motion model computes vehicle dynamics and can be utilized to derive parameters such as speed, 
slip, and braking distance during deceleration. Subsequently, a longitudinal vehicle model and a single-wheel 
model are delineated in Fig. 4 and Fig. 5. As depicted in Fig. 5, the vehicle is assumed to decelerate on a level, 
straight road surface, with a constant coefficient of friction [27]. Factors such as air resistance and rolling 
resistance are disregarded. Utilizing Newton's Second Law, the forces acting on the front wheel can be elucidated 
as detailed in Eq. (21). 
 

�𝐹𝐹𝑥𝑥𝑢𝑢𝑢𝑢 = 𝑚𝑚𝑢𝑢𝑢𝑢 �𝑉̇𝑉𝑥𝑥𝑢𝑢𝑢𝑢 − 𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑥𝑥𝑢𝑢𝑢𝑢� 

𝑚𝑚𝑢𝑢𝑢𝑢 �𝑉̇𝑉𝑥𝑥𝑢𝑢𝑢𝑢 − 𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑥𝑥𝑢𝑢𝑢𝑢� = −𝑓𝑓𝑥𝑥𝑢𝑢𝑢𝑢  

𝑉̇𝑉𝑥𝑥𝑢𝑢𝑢𝑢 = −
𝑓𝑓𝑥𝑥𝑢𝑢𝑢𝑢
𝑚𝑚𝑢𝑢𝑢𝑢

+ 𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑥𝑥𝑢𝑢𝑢𝑢 

(21) 

Next, the total torque suffers to front wheel is shown in Equation (22). 
 

𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢
.

=
𝑓𝑓𝑥𝑥𝑓𝑓𝑟𝑟
𝑚𝑚𝑢𝑢𝑢𝑢

−
𝜏𝜏𝑏𝑏𝑓𝑓
𝑚𝑚𝑢𝑢𝑢𝑢

 (22) 

whereas the forces and total torque suffer to rear wheel could be stated as follows in Eq. (23) to Eq. (25). 
 

𝑉̇𝑉𝑥𝑥𝑟𝑟 = −
𝑓𝑓𝑥𝑥𝑢𝑢𝑢𝑢
𝑚𝑚𝑢𝑢𝑢𝑢

+𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢𝑉𝑉𝑥𝑥𝑢𝑢𝑢𝑢  (23) 

𝜔𝜔𝑦𝑦𝑢𝑢𝑢𝑢
.

=
𝑓𝑓𝑥𝑥𝑟𝑟𝑟𝑟
𝑚𝑚𝑢𝑢𝑢𝑢

−
𝜏𝜏𝑏𝑏𝑟𝑟
𝑚𝑚𝑢𝑢𝑢𝑢

 (24) 

𝐹𝐹𝑧𝑧𝑧𝑧 =
𝐺𝐺𝑙𝑙𝑓𝑓 − 𝑚𝑚𝑉𝑉𝑥𝑥𝐻𝐻
�𝑙𝑙𝑓𝑓 + 𝑙𝑙𝑟𝑟�

 (25) 

where, 𝑓𝑓𝑓𝑓𝑟𝑟 = 𝑓𝑓𝑥𝑥𝑟𝑟 = 𝜇𝜇𝐹𝐹𝑧𝑧𝑧𝑧 = 𝜇𝜇𝐹𝐹𝑧𝑧𝑧𝑧 and 𝐹𝐹𝑧𝑧 = 𝐹𝐹𝑧𝑧𝑧𝑧 + 𝐹𝐹𝑧𝑧𝑧𝑧 
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Fig. 6 Single wheel braking model 

The importance of tire force is such that it affects how accurate a simulation is. The tire model requires 
consideration of the influence of tire vertical force on longitudinal and lateral forces as well as their interaction. 

The Burckhardt model is utilized to forecast the longitudinal force of a vehicle in deceleration scenarios. This 
is achieved by employing mathematical deformation and simulation analyses that are grounded on the magic 
formula model. The Burckhardt equation [3-4], which is frequently used to represent tire forces, is developed 
using a similar process and uses 𝜇𝜇 as a function of both wheel slip (𝜆𝜆) and vehicle velocity (𝑣𝑣), that shown in Eq. 
(26). 

𝜇𝜇(𝜆𝜆, 𝑣𝑣) = �𝐶𝐶1�1− 𝑒𝑒−𝐶𝐶2𝜆𝜆� − 𝐶𝐶3𝜆𝜆�𝑒𝑒−𝐶𝐶4𝜆𝜆𝜆𝜆 (26) 

 
where 𝐶𝐶1 is the maximum value of the friction curve, C2 is the form of the friction curve, C3 is the difference 

between the maximum value and the value at 1λ = , and C4 is the value representing the characteristics of the 
road. 

Table 1 Friction parameters 
Surface parameters 𝐶𝐶1 𝐶𝐶2 𝐶𝐶3 𝐶𝐶4 

Asphalt-dry 1.029 17.16 0.523 0.035 
Asphalt-wet 0.857 33.822 0.347 0.035 

 
The longitudinal force diminishes in response to the side slip angle. The foundation for ABS brakes is this 

physical occurrence since it safeguards the vehicle's steering system and lateral stability by minimizing high 
longitudinal slip values while braking. Operating with wheel slip values to the right of any peak in the friction 
curve results in rapid slip dynamics and open loop instability, making manual control challenging. 

3. Pid Controller 
Proportional, integral, and derivative (PID) controllers continue to be widely utilized in industrial applications 
due to their simplicity and robustness, despite advancements in control strategies. In addition to providing 
feedback, PID controllers can eliminate steady-state errors through integral action and predict the future via 
derivative action [5]. In Aksjonov [6], various PID controller structures and tuning rules are described. The 
Ziegler-Nichols tuning rule is the predominant and extensively employed method in PID applications. The system 
consists of three components: proportional, integral, and derivative [35]. Design criteria can be satisfied by 
modifying the parameters of controllers in the control system 𝐾𝐾𝑃𝑃 ,𝐾𝐾𝑖𝑖  and 𝐾𝐾𝑑𝑑. 
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Fig. 7 Single wheel braking model 

Table 2 Single effect of 𝐾𝐾𝑃𝑃, 𝐾𝐾𝑖𝑖  and 𝐾𝐾𝑑𝑑 on system response 
Response Rise time Overshoot Setting time Steady state 

error 
𝐾𝐾𝑃𝑃 Decrease Increase Small effect Decrease 
𝐾𝐾𝑖𝑖  Decrease Increase Increase Gone 
𝐾𝐾𝑑𝑑 Small effect Down Decrease Small effect 

 
From the table above, the proportional controller will reduce the settling time, increase the maximum pass 

percentage, and reduce the steady state. Meanwhile, the derivative proportional controller reduces the   overshoot 
and settling time. In addition, the integral proportional controller decreases with rise time, increasing the maximum 
pass and descent time and will eliminate state errors. The proportional control signal is directly proportional to the 
error signal, as indicated by Eq. (27). 

 
𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝𝑒𝑒(𝑡𝑡) (27) 

 
The PI and PID control signals are represented by Eq. (28) and Eq. (29). 
 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝 �𝑒𝑒(𝑡𝑡) +
1
𝑇𝑇𝑖𝑖
� 𝑒𝑒(𝑡𝑡)𝑑𝑑𝑑𝑑� (28) 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝 �𝑒𝑒(𝑡𝑡)
1
𝑇𝑇𝑖𝑖
� 𝑒𝑒(𝑡𝑡)𝑑𝑑𝑑𝑑 + 𝑇𝑇𝑑𝑑

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑 � (29) 

 
The following relations are used to find the integral and derivative constants. 
The integral gain is 𝐾𝐾𝑖𝑖 = 𝐾𝐾𝑝𝑝

𝑇𝑇𝑖𝑖
; and the derivative gain is 𝐾𝐾𝑑𝑑 = 𝐾𝐾𝑝𝑝𝑇𝑇𝑑𝑑; where 𝐾𝐾𝑝𝑝is proportional gain, 𝑇𝑇𝑖𝑖  and 𝑇𝑇𝑑𝑑  are 

integral and derivative time respectively given in Table 3. The PID controller parameters are obtained by using 
Ziegler-Nichols closed loop method [7]. The values of �𝐾𝐾𝑝𝑝�, (𝐾𝐾𝑖𝑖)and (𝐾𝐾𝑑𝑑) are decided using any standard rule.  .. 
The values of Kp, Ki, and Kd are determined according to the Ziegler-Nichols tuning rule. The value of critical gain 

crK and corresponding period 𝑃𝑃𝑐𝑐𝑐𝑐are determined experimentally or can be calculated using bode plot. 

Table 3 Ziegler-nichols tuning rule 
Gain coefficient PID 
Proportional Gain �𝐾𝐾𝑝𝑝� 0.6 𝐾𝐾𝑐𝑐𝑐𝑐 
Integral Time (𝑇𝑇𝑖𝑖) 0.5 𝑃𝑃𝑐𝑐𝑐𝑐 
Derivative time (𝑇𝑇𝑑𝑑) 0.125 𝑃𝑃𝑐𝑐𝑐𝑐 
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The implementation of this study was conducted using simulation of ABS which is a combination from vehicle 
speed, wheel speed and slip through MATLAB Simulink. For ABS (Antilock Braking System) simulation, several 
parameters can be used to model and analyze the behavior of the ABS system. Some common parameters may be 
included in Table 4. 

Table 4 Parameters used in simulation 
Parameter Description Value 
𝑚𝑚 Vehicle mass 1500 kg 
𝑚𝑚𝑢𝑢𝑢𝑢 Unsprung mass in the 

front suspension 220 kg 

𝑚𝑚𝑢𝑢𝑢𝑢 Unsprung mass in the 
rear suspension 250 kg 

𝐼𝐼𝑤𝑤 Moment of Inertia 1.2 kgm2 
𝑟𝑟𝑤𝑤 Wheel radius 0.28 m 
𝑉𝑉0 Initial Vehicle Velocity 25 m/s 
𝑔𝑔 Gravitational constant 9.81 m/s2 
𝑇𝑇𝑏𝑏 Braking Torque 1500 Nm 
𝑙𝑙𝑓𝑓 Distance between 

centroid and front axles 
1.52 m 

𝑙𝑙𝑟𝑟 Distance between 
centroid and rear axles 

1.83 m 

𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑 Coefficient of friction for 
dry road 0.8 

𝜇𝜇𝑤𝑤𝑤𝑤𝑤𝑤 Coefficient of friction for 
wet road 0.4 

4. Results and Discussion 
The Anti-lock Braking System (ABS) is a pivotal component in enhancing safety and enhancing control in the 
context of braking performance. Braking Distance: one significant aspect of braking performance is the distance a 
vehicle takes to come to a complete stop after the brakes are applied. 
 

 
(a) 

 

 
(b) 
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(c) 

Fig. 8 ABS braking performance without PID controller: (a) Position vs time; (b) Speed vs time; and (c) Acceleration 
vs time 

In the ABS braking performance without PID controller in Fig. 8, an abrupt deceleration occurring at a 
longitudinal displacement of 135 m, lasting for an estimated duration of 10 seconds. Upon the activation of sudden 
braking, the vehicle undergoes a reduction in its initial velocity from 25 m/s to a state of rest, a process that 
requires approximately 10 seconds to complete. This deceleration is achieved through the application of a braking 
acceleration measuring -3.2 m/s2. 

 

 

Fig. 9 ABS braking performance using PID controller in dry road 

 

Fig. 10 ABS braking performance using PID controller in wet road 

In Fig. 9, the vehicle experienced sudden braking in dry road at a vehicle velocity 25 m/s to a complete stop, 
which takes about 2.4 second with a braking force 12000 N and decrease the acceleration in 7.85 m/s2. Besides 
that, in wet road conditions will take around 4.6 seconds to complete stop with a braking force of 8000 N and 
decrease the acceleration in 3.92 m/s2 depict in Fig. 10.   
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This phenomenon above arises when the wheel undergoes a locking motion after the abrupt application of 
the braking force. When the wheels lose traction and experience wheel lock up, they cease to rotate. These issues 
have the potential to result in the driver's loss of control over the vehicle. In response to this issue, a safety 
mechanism was devised with the objective of mitigating the stopping distance by preventing wheel lock-up when 
braking. The system in question is commonly referred to as the Antilock Braking System (ABS). 

A sprung mass that shown in Fig. 11 typically refers to the mass of a vehicle's body or any object supported 
by a spring or suspension system. In the result we find the velocity response with the settling time 2.0 s, overshoot 
value is 1.68, and the displacement response have a settling time 1.6 s with overshoot value 0.29. As the vehicle's 
wheels encounter changes in road conditions, such as bumps, potholes, or uneven surfaces, the unsprung mass 
reacts to these changes by displacing them vertically.  

 

 

Fig. 11 Velocity and displacement response of sprung mass 

In this instance, it is evident that the system experiences a more rapid stabilization, resulting in the cessation 
of oscillations that are known to adversely impact passenger comfort. The size of the displacement of the unsprung 
mass in Fig. 12, is mitigated the velocity response with the settling time 0.2 s, and overshoot value is 6.27, in the 
displacement have settling time response 0.06 s with overshoot value 0.24. 

 

 

Fig. 12 Velocity and displacement response of unsprung mass 

During braking, the vehicle's deceleration generates forces that act on both the sprung and unsprung masses. 
The ABS system modulates the braking pressure on in-dividual wheels to prevent them from locking up, allowing 
the wheels to maintain traction with the road surface. As the wheels slow down due to braking, the unsprung mass 
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responds to changes in the road surface and braking forces more quickly than the sprung mass. When the ABS is 
engaged, it modulates the brake pressure on individual wheels rapidly, creating a pulsing effect. 
 

 

 

Fig. 13 Steering angle during vehicle braking 

In Fig. 13, shown a negative steering angle. As the vehicle's weight shifts forward during braking, the front 
wheels bear a greater portion of the load, leading to an in-creased downward force on the front tires. This results 
in a phenomenon known as "negative steering angle" or "braking-induced steering." The negative steering angle 
means the front wheels tend to angle slightly inward (toward each other) by -3.2 rads at 1.57 seconds, causing the 
vehicle to veer slightly off its original path. 

The integration of the Antilock Braking System (ABS) with the steering system in cars yields several significant 
findings. First, this integration effectively enhances vehicle control during emergency braking by synchronizing the 
responses of both systems. This coordination helps maintain stability, optimize braking force distribution, reduce 
the likelihood of wheel slip, and improve overall braking efficiency. The results also indicate that such integration 
minimizes braking distances, thereby improving the vehicle's responsiveness in critical situations. Additionally, the 
role of sensors in both ABS and steering systems is emphasized, as they provide accurate data essential for informed 
decision-making during braking events. These insights serve as a foundation for further advancements in integrated 
safety systems aimed at improving overall vehicle performance and safety. 

5. Conclusion 
The performance of the vehicle during emergency braking has significantly enhanced, exhibiting superior 
handling and characteristics when executing abrupt, high-speed maneuvers, accompanied by a simultaneous 
decrease in yaw-rate and sideslip angle. During the process of braking, several forces and moments come into 
play, resulting in changes in the direction of motion. When applying sudden and forceful pressure to the brakes, it 
is imperative to prioritize both maintaining vehicle stability and ensuring the ability to steer, in addition to 
achieving rapid deceleration. The consideration of variations in motion along the Z axis or the influence of yawing 
and rolling moments is not accounted for in our analysis. Subsequently, by utilizing the system's equations of 
motion, we may effectively regulate it using PID control. The implementation of system control is anticipated to 
mitigate the occurrence of abrupt vehicle locking, hence reducing the risk of overturning. This study also examined 
control performance through the implementation of a PID controller, which has the potential to enhance vehicle 
driving capabilities, safety measures, and operational stability. To ensure optimal vehicle direction stability, it is 
important to integrate the vehicle's control systems with other relevant components. The simulation results 
demonstrate the validation of the combined antilock-braking and steering system, indicating improved optimal 
braking distances and enhanced predictability. Furthermore, the findings indicate that the integrated control 
system surpasses the performance of the stand-alone braking and steering system. 
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