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Abstract

In this study, a mathematical model of Anti-Lock Braking System (ABS) has been developed and
simulated in MATLAB/Simulink environment using bang-bang, fuzzy logic and PID controllers. The
controllers were used to control the braking force to be applied based on various parameters like
relative slip, road condition and coefficient of friction between road and tire. The simulated result was
compared and analyzed. The simulation result showed that a PID controller would take 9.665 seconds
to stop the vehicle at the distance of 434.902 ft at an initial velocity of 88 ft/s. The Fuzzy Logic, Bang-
Bang and no controllers offered 935.298 ft at 16.76 seconds, 696.996 ft at 13.751 seconds and
1421.327 ft at 24.217 seconds, respectively for the same initial velocity and road surface. From
analysis, it was concluded that the PID controller had better performance compared to fuzzy logic and
bang-bang controllers for application of ABS in a vehicle.

Keywords: ABS, optimal slip, relative slip, PID, fuzzy logic, MATLAB/Simulink.

1. Introduction: vehicle and the obstacle, the state of the other
lanes (being occupied or not), the road surface
conditions, etc. A vehicle without an Anti-Lock
Braking System (ABS) is safe only when there is
sufficient clearance before the obstacle, the road
is straight, and the friction coefficient is same for
the both vehicle sides. If any of these conditions
do not apply, single or multiple vehicle crashes
may occur. Even with an ABS with only
longitudinal motion control capability, single
vehicle crashes are not a far risk. The anti-lock
braking system (ABS) has been introduced to
prevent the locking of vehicles during braking and
hence prevent the vehicle from skidding and

Braking system has been one of the most
sensitive, essential and significant system in
automotive world. It is not only required to cease
the motion of any vehicles, but it is also directly
linked with safety of the driver and any mishaps.
We have seen and heard of many accidents that
have occurred due to failure in braking system,
and some cases due to inadequate braking time
and braking distance.In most of the accidents, an
obstacle appears in front of the vehicle and the
driver has to take action after recognizing the
danger [1]. This action depends on many
parameters such as the distance between the
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minimize the stopping distance and stopping time
[2]. Most studies and experiments have shown
that it is effective for sustaining steerability and
stability of vehicle, but the stopping distance and
time may not be reduced in all instances. The
modern system is controlled electronically for
better efficiency and comfort.

The Anti-Lock Braking idea emerges far back
since 1930s. In around 1950s, the early examples
appear in aerospace applications. During initial
1970s, ABS was experimented on passenger cars.
Automobile drivers were assisted with enhanced
stability and capability of braking also increased.
This made antilock braking a standard system
most of the vehicles.

A number of published articles have noticeably
shown that skidding of tires during braking or
cornering of vehicle has been a major cause of
accidents. To overcome and minimize the
occurrence of accidents, a braking system has
been developed with electronic controls and
components that is called Anti-Lock Braking
system (ABS) [1, 3, 4].

Anti-Lock Braking System (ABS), also called
anti-skid braking system, for preventing the
skidding of vehicles, is believed to reduce the
braking time, braking distance and sustain the
steerability and stability of the vehicle [5-7]. The
conventional braking system locks the wheels
during braking, due to which the steerability and
stability of the vehicles are lost. To prevent the
mishaps to occur and sustain the steerability and
stability of vehicle, the wheels should be
prevented to get locked. The conventional braking
system is not flexible for this, however some
experienced and skilled drivers apply threshold
and cadence braking, that reduces the speed of
wheels to some extent but doesn’t let them to get
locked completely [8, 9].

The key function of ABS is to prevent
uncontrollable slip of the wheels during braking
and thus avoiding the wheels locking up [10]. The
main aim is to keep steerability of the braking
vehicle as well as the effective braking process.
The effective braking means to achieve the
shortest possible braking distance by following
optimal value of the friction coefficient without
loss of overall maneuverability of a vehicle.
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Receiving the low speed signal from the wheel
speed sensor provided, the Anti-Lock Braking
System (ABS) module commands the brake
control unit (BCU) to reduce that braking force on
the wheel. This means the pressure acting in the
brake line on the wheel is lowered with the help
of valves provided in the system. As the braking
force reduces, the wheel is free from locking and
the steerability of the vehicle remains intact. This
means that the vehicle can be controlled by the
driver without skidding. Once the vehicle speed is
restored to normal condition, the Brake Control
Unit raises pressure on the brake line.

In today’s motorcycles, cars and other vehicles,
the applications of automotive safety have
become very common. ABS and -electronic
stability control types of vehicle stabilization
systems are becoming standard in almost all
passenger cars [11].The control of wheel slip is a
problem that is very challenging [12]. This is
because of the model uncertainties, nonlinear
dynamics of braking process and a complex
behavior of tire-road interaction [13]. Behavior of
tire force saturation results in a high degree of
nonlinearity. Changing of the vehicle parameters,
un-modelled dynamics and coefficient of tire-road
friction are additional main sources of
uncertainties which exist in vehicle dynamics.
Degradation of the control performance is
significant due to these uncertainties. While
designing the controller for an ABS, key issue is
the achievement of robustness.

The uncertainties and high nonlinearities that exist
in mathematical model make it difficult to design
an ABS. In nonlinear systems control framework,
ABS therefore, is becoming an attractive area to
research due to these difficulties.

The various controllers or logics adapted for the
application of Anti-Lock Braking System has
offered different performance and results.
Oudghiri et al. in 2007 proposed use of Robust
Fuzzy Sliding Mode Control for application of
ABS in their study [4]. Oniz Y ef al. proposed a
SMC and grey SMC for tracking reference wheel
slip in which the grey predictor estimates the
forthcoming value of wheel slip and the SMC
takes the necessary action to maintain wheel slip
at the desired value [14]. Jiang F ef al. concluded
that nonlinear PID controller has shorter stopping
distance and lower stopping time than the
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conventional PID controller [5]. Similarly, Ali H.
et al. showed the robust stability and better
performance for the ABS, and shorter stopping
distance with minimum braking torque has been
achieved for different types of surface using PI-
PD controller [15]. Consequently, Mokarram M.
et al [16] proposed the application of ABS using
FL controller with CMOS circuit. They concluded
that the optimised FL controller offered better
lateral staility and steerability of a vehicle by
keeping slip at minimum value and lessening the
oscillations than that of fuzzy logic and PI
controller. Shah et al. compared the performances
of ABS using FL controller with the ABS that uses
Bang-Bang controller [9]. We found that plenty of
studies have been conducted on ABS system
using various controllers. Yet, the system is still
evolving and requires many researches and
optimizations. In this study, we intend to compare
the performances of an Anti-Lock Braking
System that uses various logic controllers at
similar braking condition and road surface.

2. Methods and Materials:
2.1. Mathematical Model:

The dynamic equations of ABS are based on
Newton's second law of motion applied to wheels
and vehicles. The model considers a single wheel
(one-fourth of a four-wheeler, with mass m. To
further simplify the model, secondary factors are
neglected and following assumptions have been
considered:

o The tires are rigid.

e The system ignores the influence of lateral
wing.

e Aerodynamic drag is ignored.

The dynamic equations for the motion of vehicle
are:

ma = —p(A) *m=*g (1)
Jo = r+xp)*mx*g — T 2)

where,
m = mass of vehicle
a = linear acceleration of vehicle

u(4) = coefficient of friction between road
and tire (nonlinear function of slip ratio and
road dynamics)
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J=moment of inertia of wheel

o. = angular acceleration of wheel

A = wheel slip ratio

Ty, = Braking torque acting on wheel

The slip ratio is defined by:
wr
A=1-— 3)

v = linear speed of vehicle
o = angular speed of wheel
r = radius of wheel

The slip value of 4 = 0 characterizes the free
motion of wheel and 2 = 1 means the wheel is
locked (i.e. w = 0).

2.2. Tire Modeling:

For calculation of friction force of the wheel or
tire transferred to the road, Burckhardt's tire
modeling has been adapted. This model has been
widely used due to its better accuracy in the
explanation of friction coefficient [4, 17]. The
equation governing this tire model is given by:

uQ) = Cy(1—e %)~ ¢, “4)
where,

Ci, (> and Cs are constants which depend on road
conditions. The wvalues of the Burckhardt's
constants for various road conditions are shown
in the following table.

Table 1: Coefficients of Burckhardt Equation
Road Surface

Condition C1 C Cs
Dry Asphalt 1.2801  23.990 0.52
Dry Concrete 1.1973  25.186 0.5373
Wet Asphalt 0.86 33.82 0.35
Cobblestone 1.37 6.46 0.67
Snow 0.1946 94.129 0.0646

Ice 0.05 306.39 0

The relation between coefficient of friction and
slip ratio is shown in the following Fig. 1.

From this figure, we can see that the value of
coefficient of friction is highest when the slip is
around 0.2 for all road conditions [18]. This value
of slip is hence called optimal slip.
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Figure 1: Relation between slip ratio and coefficient
of friction for different road conditions

2.3. MATLAB/Simulink Model:

Figs. 2, 3 and 5 illustrate the Simulink models
developed for control of ABS. The controllers
used for the simulation are Bang-Bang, Fuzzy
Logic and PID controllers.

A Bang Bang controller (Fig. 2), also called 2-
step or on-off controller, is a feedback controller
that takes slip error signal as input and determines
the required brake force to be applied to minimize
the slip and avoid locking of wheels. Due to the
control of vehicle speed and wheel speed at the
same time, braking performance with bang-bang
controller is better for application of ABS than no
use of any controllers [19].

b Si Brar £ ) [ Signal Spocd
i + rror  Signal » igna
_Slip - g Controlled Signal g ﬂﬁsnu;lﬁgrﬁ
- b Tire Wheel Speed (Angular)
Desired Bang Bang Torque
Optimum ABS Frictional T Toraue
Sli Ww
P I Controller Foree () Radius Brake Actuator - B
+ of wheel
=
2 > Wheel &
2 ehicle Vehicle Speed
g Speed Angula
E] {Angular) (Angular)
2 |
5] mu-slip
< Converter
>
1
B
k-]
=
8
(]
w 1 »(J
. - I|' Vehicle S
Vehicle 8 J Speed .
Acceleration (Linear) Stopping
Mormal Mass  (Linear) Distance
Force of vehicle
v» R_Slip J @
Relative Sli

Actual Relative Slip

1-u(1)/(u(2)+{u(2)==0)"eps)

Figure 2: : Block Diagram of ABS Control System using Bang-Bang Controller

Fuzzy Logic (FL) Controller (Fig. 3) has been
using as alternative way to solve automatic
control problems over the last few decades. FL is
a well-recognized perception in mathematics and
engineering as it offers unique capabilities to
capture nonlinearities and uncertainties that
cannot be depicted by particular mathematical
model [20]. In real life, situations are often
described in linguistic terms. Fuzzy logic is an
approach computing based on the degree of truth
rather than the usual truth or false. It is similar to
human decision making methodology. It is used
to solve the real world problems. For example,
traditional digital logics are capable of describing
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only black or white, whereas the fuzzy logic can
also describe the vast grey region between the
black and white [21]. And this is exactly how the
human decision making methodology works.

A PID controller (Fig. 4), also called three-term
controller, is a control loop mechanism
employing feedback that is widely used in
industrial control systems and a variety of other
applications that require continuously modulated
control. The PID controller’s core purpose is to
force feedback to match a set point, for instance,
a climate control system.
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Figure 4: Block Diagram of ABS Control System using PID Controller

a) Brake Actuator:

The function of the brake actuator is to pass the
hydraulic pressure through the ABS circuit as per
the input signal received from the respective
controllers. A schematic model of brake actuator
is shown in Fig. 6.
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b) Mu-slip Converter:

The mu-slip converter is a subsystem that
calculates the coefficient of friction between the
tire and the road surface with respect to the
relative slip that is calculated from the
instantaneous vehicle and wheel speeds. The
model of mu-slip converter is shown in Fig. 7.
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Figure 7: mu-slip converter subsystem

3. Result and Discussion:

The simulation results from the models with
fuzzy logic and PID controllers were obtained
and compared with the simulation results of a
model using BangBang controller and a model
without any controllers. The use of controllers
delivered better performance of ABS compared
to absence of any controllers. The following
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figures shows the Speed vs Time curve of the
simulated models.

From Fig. 8, we can see that there is no
fluctuation in the wheel and vehicle speeds
during braking when no controllers are used. The
steerability and stability of the vehicle is retained
and the time taken for the vehicle to cease was
found to be 24.217 seconds at a distance of
1431.327 ft.
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Figure 8: Speed Vs Time for model without any
controllers

Using a BangBang Controller, as shown in Fig. 9,
we can see that the vehicle comes to stop in
reduced time but the fluctuation in the wheel
speed has increased which indicates that the
controller is repeatedly locking and releasing the
wheels. The stopping distance was found to be
696.996 ft at time period of 13.751 seconds. We
can hence conclude that use of BangBang
Controller can offer better outcome for
application of ABS compared to no use of
controllers.

80

— Vehicle speed/radius of wheel
70 g~ Angular wheel speed
60

Radian/seconds
o
o

Time (seconds)

Figure 9: Speed Vs Time for model using Bang-
Bang Controller

The stopping time and stopping distance of the
vehicle using Fuzzy Logic Controller was found
to be 16.76 seconds and 935.298 ft respectively.
The relation has been shown in Fig. 10. The
vehicle and wheel speed are smooth and there are
almost none fluctuations in the speeds. The
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steerability is better but comparing the distance
and time, this controller could not yield better
performance than the BangBang controller. The
performance of the fuzzy logic controller can
further be improvised by changing the input
parameters or changing the membership
functions of the controllers.

80
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70 [—gpo- Angular wheel speed
60

Radian/seconds
=
o

0 I 1 i 1 i 1 i "

0 2 4 6 8 10 12 14 16 18

Time (seconds)

Figure 10: Speed Vs Time for model using Fuzzy
Logic Controller

From Fig. 11, we can see that the vehicle comes
to stop in lesser time when using PID controller
whereas the fluctuation in wheel speed is present.
The total distance covered was found to be
434902 ft in 9.665 seconds. Among all the
controllers, the PID controller has been found to
offer better performance.
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Figure 11: Speed Vs Time for model using PID
Controller

The curve of relative slip and stopping distance
of different models are illustrate in Figs. 12 and
13, respectively.
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Figure 12: Comparison of Relative slip of different
ABS models

Table 2: Performance of different ABS Models

. Stopping
S.N. Model %rt:)nl:‘l:l(lg)g Distance
(ft)
1 No 24217 1421.327
controllers
,  BangBang 13.751 696.996
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Controller
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Figure 13: Comparison of Stopping Distance of
different ABS models

The curves for relative slip were found to be
smoothly rising for no controller and FL
controller whereas the curves were fluctuating for
BangBang and PID controllers. It can be seen that
the control over steerability and stability of the
vehicle would be better for FL controller and no
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use of controllers. In case of BangBang and PID
controllers, these parameters would have
compromised but they wouldn’t be totally absent.

Table 2 given above illustrates the performance
of different ABS models.

4. Conclusion:

This paper has intended to study the performance
of different controllers in application of ABS. A
model of ABS has been developed and the
controllers are used to control the braking force
to be applied in different instances of time
regarding the relative slip and vehicle and wheel
speeds as input parameters. Considering the
stopping distance and stopping time during
braking, we can conclude that PID is the best
among the controllers that has been used for
simulation of the Anti-Lock Braking System. The
stopping distance and stopping time taken by the
PID controller are found to be 434.902 ft and
9.665 seconds respectively. For the same initial
velocity and road surface, the distance and time
taken by a Fuzzy Logic Controller are 935.298 ft
and 16.76 seconds. Similarly, a Bang-Bang
controller took 13.751 seconds to cover 696.996
ft whereas a model without any controllers took
24.217 seconds. The FL controller showed better
control over the relative slip, hence providing
better steerability, although the stopping time and
distances are higher than that for a PID controller.

This model can further be modified or optimized
by adding more input parameters to the
controllers and also to the vehicle and wheel
subsystems.
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