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Abstract
The modern vehicle uses the mechanism Anti-lock Braking System (ABS) to
maintain vehicle safety by controlling the wheel slip in a stable zone during braking
process conditions. The main aim of the controller of the ABS braking is to give a
controlled torque required to obtain an optimal wheel slip rate. The slip rate is expressed
as a function of automobile linear velocity and the angular speed of the wheels. The ABS
mechanism and many control ways are applied. Applying the braking force to the braking
system, the response is simulated mathematically in Simulink models. Applying control
strategies such as (ON-OFF) Bang-Bang control, PD type and PID type, maintaining the
required slip rate is evaluated. It is concluded that using the Bang-Bang, PD and PID
controllers give good braking performance since the vehicle velocity as well as the wheel
angular speed are controlled at the same time which prevents skidding during braking
conditions. It is also found that stopping time and distance are reduced in the PID
controller to 23.61 m at stopping time is 2.319 seconds compared to without control,
Bang-Bang, PD control.
Keywords: Anti-lock Braking System; linear control strategies; Bang-Bang control; PD
control; PID control.

1. Introduction
The first motor vehicle was built in 1769 and the first road accident appeared in 1770.
Due to this accident engineers determined to improve vehicle safety by reducing road
accidents [1]. The aim of braking systems design is to reduce accidents. The first anti-lock
braking mechanism was in 1930 in the field of aerospace [2, 3]. The ABS mechanism was
utilized for the first time in 1945 in a Boeing B-47; it is commonly used in aircraft [4, 5].
In the 1960s, automobiles firstly used the ABS in the rear wheels only, by developing the
electronic technology the use of ABS increased in the 1980s. Recently ABS is found on
the most recent automotive [6-10].
ABS is considered an important factor for improving road safety as its design keeps a
vehicle steering stable and under control during the maximum braking process throughout
preventing the wheels from locking. During sudden braking, the wheels will slip and lock,
which results in uncontrolled steering and long stopping distance [11-13]. The main ABS
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target deals with the shortage in the traditional braking systems by controlling the wheel
slippage to obtain maximum friction and to maintain the steering system under control
[14].
Design of ABS controllers represent is a complex target to the designer because; i)
The controller must do its function at the unstable point to achieve optimum performance,
ii) Also the controller must be suitable for the various road conditions, iii) Tyre slip
measurement signal is important for performance control[15]. A static feedback control
algorithm for ABS control has been proposed. The robustness of the controller in the face
of the longitudinal force of the tire and the road coefficient was guaranteed thanks to the
fulfillment of a set of linear matrix inequalities. The robustness of the controller versus
actuator delays as well as the controller gains adjusting was discoursed [16]. A new ABS
algorithm with continuous wheel slippage has been proposed. Control based on wheel
speed rules is minimized. The rear wheels independently cycle through the modes of
applying pressure, holding and emptying, but cycling is done by continuous feedback
control [17].
The model of a quarter of a vehicle braking system in MATLAB-SIMULINK was
described. The characteristics and dynamic behavior of the tire on a flat and irregular road
were proposed using the SWIFT tire model [18]. ABS performance with weight variation,
road friction coefficient, road inclination, etc. has been studied. A fuzzy GA PID control
was developed to eliminate these problems. The control system tends to reduce the
stopping distance and also maintaining the desired range of tire slip rate [19]. Using the
feedback controller to the ABS system, there were problems, so they used the adaptive
NN to overcome the feedback control systems [20].
An adaptive fuzzy control approach was proposed and used in the anti-lock braking
systems in [21]. The modeling of the ABS actuator and the design of the control are
described. [22]. the fuzzy model reference learning control (FMRLC) has been illustrated.
Braking efficiency in the case of a transition between icy and wet roads is studied [23].
The fuzzy controller controls the hydraulic modulator and therefore the brake pressure
was used. The hydraulic controller performance and the modulator are evaluated by the
equipment in loop experiments [24]. Recently, the mechanical links connecting the pedal
and the actuator of the brake are replaced by electronic signals and control units [25].
In this research paper, the ABS braking system is examined under the influence of
different control algorithms. The slip rate as a function of the vehicle speed and the
angular wheel speed is examined. The results are induced by using Simulink models and
applied the biased braking force system. The effectiveness of holding the required slip
rate is assessed by different linear control strategies such as Bang-Bang control, PD type
and PID type.
2. ABS Dynamic Modelling
2.1 Automobile Dynamic
The actual automotive model must contain all characteristics that are too
complicated to be used in the design of the braking control system. So, a simple model
contains the basic characteristics will be considered for the controller design. The
proposed quarter vehicle model used to design the ABS controller is illustrated in Figure
1.
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Fig 1 Quarter car braking model
The vehicle linear speed and the wheel rotational speed constitute the degrees of
freedom for this model. The equations governing of the vehicle movements as following
[26] as shown in Eqs 1 to Eq.5:
𝒎 𝒂𝒙 = −𝝁𝑭𝑵 → 𝒎

𝒅𝒗𝒙
= −𝝁𝑭𝑵 … … … … … … . (𝟏)
𝒅𝒙

The torque at the wheel center:
𝑱𝝎 𝜶𝝎 = 𝝁𝑹𝑭𝑵 − 𝑻𝒃 → 𝑱𝝎 𝝎̇ = 𝝁𝑹𝑭𝑵 − 𝑻𝒃 … … . . . (𝟐)
The slip ratio is presented as:
𝑺=

𝒗𝒙 − 𝝎𝑹
… … … … … … … … … … … … … … … … . . (𝟑)
𝒗𝒙

Differentiating the equation (3) with respect to time (t),
𝑺̇ =

𝒗̇ 𝒙 (𝟏 − 𝑺) − 𝝎̇𝑹
… … . … … … … … … … … … … . . (𝟒)
𝒗𝒙

𝒗𝒙 = linear vehicle speed
𝒂𝒙 = linear vehicle acceleration
ω = wheel angular speed
𝜶𝝎 = wheel angular acceleration
𝑻𝒃 = Braking Torque
𝑺 = Slip ratio
𝝁 = Friction Coefficient
𝑹 = tire radius
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𝒎 = quarter vehicle mass
The friction coefficient and the wheel slip ratio relationship shows the ability of
the ABS to maintain the steering and stability of the vehicle while reducing the stopping
distances. The friction coefficient is considered as a function of the automotive speed and
the tire slip rate [5]. The factors, such as; the road condition (dry or wet), slip angle, type
of tire, vehicle speed, and the wheel slip ratio cause the friction coefficient to change
more.
𝝁(𝑺, 𝒗𝒙 ) = [𝒄𝟏 (𝟏 − 𝒆−𝒄𝟐𝑺 ) − 𝒄𝟑 𝑺)] 𝒆−𝒄𝟒𝒗𝒙 … . . (𝟓) .
Where:𝒄𝟏 : The friction curve the maximum value
𝒄𝟐 : The friction curve shapes;
𝒄𝟑 : The difference between the maximum value and the value at 𝑺 = 1 in friction curve
𝒄𝟒 : The road wetness characteristic value.
The parameters for dry asphalt are showed in table 1:
Table 1: The value of C1, C2, C3 and C3 as ref. [5]
The type of road

C1

C2

C3

C4

Dry asphalt road

1.2801

23.99

0.52

0.03

Wet asphalt road

0.8570

33.822

0.347

0.04

Snow-covered road

0.1946

94.129

0.0646

0.04

The coefficient of friction between the tire and road optimum value at a certain value at a
wheel slip ratio of 1 (when the wheels locked up). So, the ABS controller is designed to
control the wheel slip ratio (S) to the optimum value (0.2) to obtain the maximum
frictional coefficient (µ) for any road irregularities as shown in Fig.2.
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Fig. 2 Road surface friction coefficient versus wheel slip ratio [5].
3. Braking Control Systems
Closed loop feedback control system is the system in which a sensor measures the output
signal and sends it to the controller which regulates the system to obtain the desired input.
The feedback control system block diagram is shown in Figure 3. The used controller is:
1. Bang-Bang Control
2. Proportional Derivative (PD) Control
3. Proportional Integral Derivative (PID) Control

Fig. 3 Block diagram of control system
3.1 Proportional Derivative Feedback Control (PD-type)
This controller used the error gain (Kp) and the error differentiation gain (Kd) to
the system to maintain the output at the desired point as in Eq.6.
𝒖 = 𝑲𝒑 𝒆 + 𝑲𝒅

𝒅𝒆
… … … … . . (𝟔)
𝒅𝒕

3.2 Proportional Integral Derivative Feedback Control (PID-type)
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This type of controller, the system input is the summation of error with constant
gain (Kp), integral of error with constant gain (Ki), and differential of error with constant
gain (Kd) as in Eq.7.
𝒖 = 𝑲𝒑 𝒆 + 𝑲𝒅

𝒅𝒆
+ 𝑲𝒊 ∫ 𝒆 𝒅𝒕 … … … … … . . (𝟕)
𝒅𝒕

3.3 Bang-Bang Control
The ABS braking system that employs the bang-bang control is depending upon
the error between actual slip ratio and desired one. Where, the desired value of the slip
ratio is considered as the value at which the 𝝁 − 𝑺 curve gives the maximum value, which
is the value that reaches the minimum braking distance.
4. Quarter vehicle Simulink model
Fig. 4 shows the quarter vehicle Simulink model during braking process in
straight line without control.

Fig 4 Quarter vehicle Simulink model without controller
ABS Simulink model using Control systems
Fig. 5 to represent modelling of controlled ABS system using Bang-Bang and
PID control systems.
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(a)

(b)
Fig 5 Quarter vehicle model with feedback control (a) PID and (b) Bang-Bang control)

5- RESULTS
The quarter vehicle parameters are indicated in table 2.
Table 2 quarter vehicle parameters
Symbol

Value

R

0.32 m

m

300 kg
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Jw

1 kg m2

Initial linear velocity

100 km/hr

λd

0.2

Kp

100

Kd

5

Ki

10

5.1 Vehicle braking without control
The vehicle performance during braking in a straight line without a controller is
shown in Fig.6 to Fig.8. The Figures show the braking torque, vehicle velocity, stopping
distance, wheel speed, and wheel rotational speed respectively versus time. From Figures
[6:8], it is found that the stopping distance is 50 m and the stopping time is at 4.145
seconds.

Fig. 6 Vehicle speed versus time in vehicle braking without controller.
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Fig. 7 Stopping distance versus time in vehicle braking without controller

Fig.8 Wheel rotational speed versus time in vehicle braking without controller.
5.2 Control Systems:
5.2.1 Bang- Bang Control
The vehicle performance during braking in a straight line using the Bang-Bang
controller is shown in Fig.9 to Fig.12.The Figures describe and plot of the braking torque,
vehicle velocity, stopping distance, wheel speed, and wheel rotational speed respectively
versus time. It is found that by using the Bang-Bang controller the stopping distance is
reduced to 31 m at 2.6 sec for a straight line braking conditions.
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Fig. 9 Brake torque versus time in vehicle braking using Bang-Bang controller.

Fig. 10 Vehicle speed versus time in vehicle braking using Bang-Bang controller.
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Fig. 11 Braking distance versus time in vehicle braking using Bang-Bang controller.

Fig. 12 Wheel speed versus time in vehicle braking using Bang-Bang controller.
5.2.2 Proportional Derivative Control
The vehicle performance during braking in a straight line using the PD controller
is shown in Fig.13 to Fig.16. The Figures describe the plot of braking torque, vehicle
velocity, stopping distance, wheel speed, and wheel rotational speed respectively versus
time. It is found that by using the PD controller at a straight line braking the stopping
distance is reduced to 24 m at 2.4 sec.
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Fig. 13 Brake torque versus time in vehicle braking using PD controller.

Fig. 14 Vehicle speed versus time in vehicle braking using PD controller.
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Fig. 15 Braking distance versus time in vehicle braking using PD controller.

Fig. 16 Wheel speed versus time in vehicle braking using PD controller.
5.2.3 Proportional Integral Derivative Control
The vehicle performance during braking in a straight line using the PID controller
is shown in Fig.17 to Fig.20.The plot of braking torque, vehicle velocity, stopping
distance, wheel speed, and wheel rotational speed respectively versus time. It is found that
stopping time and stopping distance are reduced in the PID controller compared to
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without control. It is obtained that the stopping distance is 23.61 m at stopping time is
2.319 seconds.

Fig. 17 Braking torque versus time in vehicle braking using PID controller.

Fig.18 Vehicle speed versus time in vehicle braking using PID controller.
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Fig.19 Braking distance versus time in vehicle braking using PID controller.

Fig.20 Wheel rotational speed v/s time in vehicle braking using PID controller.
6. Discussion
From Table 3, it is clear that controlled ABS improves the automobile braking
performance compared to the uncontrolled. The stopping distance is 50 m and the
stopping time is 4.5 seconds with the ABS without a control system. Applying the bangbang control system improves the stopping time and distance. The stopping time and
distance in the ABS system controlled by bang-bang are 2.668 sec and 31.21. Using the
PD and the PID types also improves the braking performances. The stopping time and
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distance of the abs controlled using PD are 2.4 sec and 24m. The stopping time and
distance of the abs controlled using PID are 2.319 sec and 23.61 m.
Table 3 Braking performance results
ABS (Type)

Stopping time

Stopping distance

Without control systems

4.5

50

Bang-Bang Control

2.668

31.21

PD control Type

2.4

24

PID control type

2.319

23.61

7. Conclusion
In this paper, the ABS system is modeled using Simulink software. Various types
of controllers are applied for controlling the ABS system. The time-domain of the vehicle
stopping distance and braking time is plotted. The controller used is Bag-Bang, PDcontroller, and PID-controllers. From the simulation results, it can be concluded that the
Bang-Bang, PD and PID controllers have better braking performance compared to the
uncontrolled system because the wheel speed and the vehicle speed are controlled at the
same time in order to avoid the vehicle skidding during the panic braking. It is recorded
that the stopping distance is 50 m and the stopping time is 4.5 seconds with the ABS
without a control system. Meanwhile, the stopping time and distance in the ABS system
controlled by bang-bang are 2.668 sec and 31.21. In addition, the stopping time and
distance of the ABS controlled using PD are reduced to 2.4 sec and 24m. It is found that
the most reduction values for stopping time and distance of the ABS controlled using the
PID are 2.319 sec and 23.61 m.
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