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ABSTRACT —'This paper describes the degign of an antilock braking system (ABS) control for a QSJ;S:;E IggTAc:)IE?(mm
passenger vehicle that employs an electronic wedge brake (EWB). The system is based on a two- Revised: 7 Sept 2021
degree-of-freedom (2-DOF) vehicle dynamic traction model, with the EWB acting as the brake Accepted: 15t Dec 2021
actuator. The developed control structure, known as the Self-Tuning PID controller, is made up of
a proportional-integral-derivative (PID) controller that serves as the main feedback loop control and KEYWORDS
a fuzzy supervisory system that serves as a tuner for the PID controller gains. This control structure Self-tuning PID controller;
is generated through two structures, namely FPID and SFPID, where the difference between these Fuzzy; ,

Antilock braking system;

two structures is based on the fuzzy input used. An ABS-based PID controller and a fuzzy fractional
PID controller developed in previous works were used as the benchmark, as well as the testing
method, to evaluate the effectiveness of the controller structure. According to the results of the
tests, the performance of the SFPID controller is better than that of other PID and FPID controllers,
being 10% and 1% faster in terms of stopping time, 8% and 1% shorter in terms of stopping
distance, 9% and 1% faster in terms of settling time, and 40% and 5% more efficient in reaching
the target slip, respectively.

Electronic wedge brake

INTRODUCTION

Over the last decade, the electronic wedge brake system (EWB) has been on the radar of automotive research. It is a
pure electronically controlled brake actuator that has been extensively studied in automotive applications by many
researchers. Despite this, studies in ABS brake testing are still underutilised. Recent studies have primarily focused on
examining the functionality of the EWB system, which is primarily dependent on the low layer actuator control, while
ABS control development has received less attention. Most researchers used conventional Bang-bang controller [28], PID
controller [9,10,18,30,39], Fuzzy logic controller (FLC) [9,10,22], and Sliding Mode Control (SMC) [21] as ABS
controller in EWB systems. The majority of earlier works claimed to attain superior dynamic performance than their
respective counterpart controllers. Furthermore, it can be noted that the conventional PID and FLC controllers are two of
the most popular ways for managing ABS-based EWB. It is a well-known fact that those controllers have some
limitations, such as linearity in PID [2,29], static rules in FLC [28], and poor learning speed in SMC [15-16], which
correspond to the requirement for controller development.

In terms of improving vehicle stopping time and stopping distance, the use of a Bang-bang controller in ABS, such as
that presented in [27], outperforms the passive system. Nonetheless, the ABS has a flaw in that the Bang-bang controller
is unable to track the required tire slip well due to the controller’s discontinuous control [27]. Nevertheless, the
disadvantage of using the Bang-bang controller in the ABS has been overcome by using the PID controller. According to
[3,9,10,18,30,39], the usage of PID controller in ABS has resulted in higher performance compared to the Bang-bang
controller in terms of the ability to track the needed tire slip with faster response time, which enhances the vehicle’s
stopping distance. This is due to the PID controller’s ability to continually calculate the error values between an actual
and desired tire slip and apply a correction based on proportional, integral, and derivatives terms. However, the PID
controller has a significant shortcoming, which is linearity in the controller, which limits the efficiency of EWB over
varied vehicle speeds.

To address this issue, automobile designers have placed a greater emphasis on ABS, with a variety of control methods
being developed as well as rapid continuous improvement in control schemes [42]. PID controllers [21,33,37,46], fuzzy
logic controllers [5,6,11,13,34,38,46], and sliding mode controllers [8,16,19,20,33,39,41] have gotten a lot of attention.
Additionally, researchers are investigating ABS controllers based on Lyapunov stability theory [26,44,47] and other
theories to create ABS controllers like adaptive time-varying restriction control [25], multiple-model switching observer
(MMSO) algorithm [23], Artificial Neural Network (ANN) [13], and on-board controllers [7]. The ABS proposed in this
study is based on a system that employs EWB. Previous research on this study has focused on PID controllers that operate
on the basis of target slip control [18,31]. Ahmad et al. [1,3] developed the torque tracking control of the system using a
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PID controller. The controller strategy was created, including three control loops (actuator position control loop, actuator
speed control loop, and brake torque control loop). Aparow et al. [10] created an ABS controller that uses PID to greatly
reduce stopping distance and control longitudinal slip during heavy braking.

Further research in ABS-EWB controllers includes intelligent controllers such as the fuzzy logic scheme [9,37]. The
fuzzy logic system has been compared to conventional PID, and adaptive PID aims to establish an appropriate control
scheme for ABS-EWB by assessing the model’s performance in terms of wheel longitudinal slip and vehicle stopping
distance. Some research, such as Ahmad et al. [4], incorporate fuzzy logic with PID schemes within the ABS-EWB
control strategy. In this study, the fuzzy fractional PID (FFPID) controller is applied to an antilock braking system using
an electronic wedge brake mechanism to explain the need for such controllers for more efficient system control.

In ABS-EWB systems, the sliding mode controller has also been used as a controller strategy [22,40]. The controller’s
goal is to achieve optimal wheel slip control, and the control results show significantly shorter braking distances when
compared to other conventional braking systems, such as a PID controller. Existing control techniques, such as PIDs,
have implementation constraints [42]. Because of the PID controller’s linearity, the EWB’s performance cannot be tested
at different vehicle speeds. Despite the rapid development of fuzzy logic control, there is still an opportunity for
improvement [45]. For greater accuracy, the fuzzy logic controller requires more fuzzy grades, resulting in an exponential
increase in the rule. Sliding mode causes control signal oscillations, which can lead to system instability and actuator
disruption [7]. As a result of the speed variation, the sliding mode controller demonstrates a lack of system performance.

The EWB fifth-order linear state space form model was used to create an ABS in this study. The proposed ABS-EWB
is a hydraulic-free active braking system that prevents wheels from locking during hard braking, assisting people in
preserving vehicle control and stability. In addition, the ABS-EWB model employs brake-by-wire technology.
Meanwhile, in this research for the ABS-EWB model, two control mechanisms are constructed and compared. Traditional
PIDs and Self-Tuning PIDs through the development of two control structures, namely fuzzy logic PID (FPID) and self
tuning fuzzy PID (SFPID), are among the devices available. The suggested control system’s major goal is to determine
which ABS-EWB controller is more important by evaluating the model’s performance in terms of longitudinal slip, wheel
speed, vehicle speed, and stopping distance of the vehicle.

Furthermore, as a result of the proposed control technique, attention is also placed on the vehicle ride comfort. PID
control offers benefits such as a simple structure, good control effect, fast calculation time, robustness, and ease of
implementation [34]. Moreover, the fuzzy logic controller can detect data imprecision, allowing it to simulate truth better
than typical digital logic [11]. The advantages of fuzzy logic and the PID controller have been merged in these works to
provide the PID controller with the capacity to modify its parameters when problems happen. The following is how the
paper is structured: the dynamic model of the vehicle in the longitudinal direction is presented in the second section. The
EWRB system is presented in the second section, and the ABS’ proposed control structure is presented in the following
section. The fourth section evaluates the performance of proposed ABS control systems. The conclusion of this study is
presented in the final section.

QUARTER VEHICLE MODEL

In this study, a validated vehicle dynamic model developed by Haris et al. [24] is used to simulate the effectiveness
of an ABS control strategy. The model is based on a two degree of freedom (2-DOF) quarter vehicle traction model, as
shown in Figure 1, and has been experimentally validated using a Malaysian national car, the Proton Iswara. Haris et al.
[24] detail the model’s derivation, the validation procedure, and the validation results of the vehicle’s wheel slip, wheel,
and body speed. Table 1 lists the vehicle parameters.

Total vehicle mass,

Figure 1. Quarter car model.
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Table 1. Quarter Vehicle Parameters [24].

Parameter Value
Total quarter vehicle mass 240 kg
Rolling radius 0.2 m
Wheel moment inertia 1.4 kgm?
Gravity acceleration 9.81 m/s?

ELECTRONIC WEDGE BRAKE SYSTEM

Figure 2 depicts the design of the EWB system, which includes the brake actuator and heart brake mechanism. The
EWRB is powered by a direct current motor that is directly connected to the heart brake mechanism, which comprises a
wedge mechanism, a calliper, and a brake pad coupled with a lead screw (single style start). The lead screw is then
connected to the heart mechanism via a no-loss planetary reduction gear to produce the requisite actuation force. The lead
screw converts the angular motion of the DC motor to the axial motion of the wedge in the core of the brake.

The fifth-order linear state space form is used to derive the full EWB model, which includes the motor configuration,
lead screw with gear, and EWB (brake heart) structure, as Eq. (1), where X,, denotes wedge movement, V, denotes wedge
velocity, 6, denotes motor angle, @,, denotes angular velocity, /,, denotes motor current, and F. denotes clamping force.
The Simulink model of EWB is illustrated in the appendix. Table 2 describes the physical parameters used to evaluate
the EWB model, such as DC motors, brake pads, wedges, and others.

X =Ax + Bu
{y = Cx + Du (1)
with
x = [X, Vi, Oy @O, Im]T
y=FK
0 1 0 0 0 7
_Ka - a1a42 _Da Kaa3 Daas 0
a2a42 a2a42 QAy04 A,y
0 0 0 1 0
A=\ Keas  Deas —Kua5® —Dum Daas® K,
N/mas Nm@s  Nm Jm Mm  Im
0 0 0 K B
L L
g K.qitan (a)]T
0
B = g and C = | 0 [
1 0 J
L 0
where
a; = Kqtana(tana — p)
a, = My, (tan? a + 1)
Nglq
azs = — =
a, = cosp,
{0 , for normal actuation EWB
g a , for optimised actuation EWB
Table 2. The EWB parameters [17].
Parameter Value Parameter Value
Motor resistance, R, 0.4781 Q Axial viscous friction constant, D, 9.3279¢-05
Motor inductance, L, 0.0230 H Roller screw efficiency, 77 0.63
Electromotive force constant, K, 0.0158 N.m/A Roller screw pitch, L, 3e-3m
Torque constant, K; 0.0156 N.m/A Wedge weight, M,, 0.3 kg
Motor moment inertia, J,, 7.094¢-3 Kg.m2/s2 Wedge angle, a 24.5 degree
Motor viscous friction constant, D,,  1.9175e-5 N.m.s  Motor axial angle, S 24.5 degree
Gear reduction, N, 1/24 Calliper stiffness, Kea 44.8385e¢6 N/m
Axial stiffness, K, 750e6 N/m Brake pad coefficient, u 0.35
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Outer Brake Pad
Lower Wedge

Upper Wedge

Figure 2. EWB system design.
The EWB Control Structure

Figure 3 depicts the torque tracking control of an EWB, which consists of a single control loop, the torque control
loop. To keep the gap distance between the pad and the disc brake constant, this control loop employs a proportional-
integral (PI) controller. The output of the control loop, which is the actual torque, would then regulate the DC motor’s
position in order to track the desired torque. The Ziegler-Nichols method was used to tune the controller parameters,
which are proportional gain, k,, which is 1.3333x10%, and integral gain, k;, which is 55.77.

Torque PI EWB _ Actual
Demand Controller Model " Torque

Figure 3. EWB control structure.

ANTILOCK BRAKING SYSTEM CONTROL STRATEGY

Figure 4 depicts the general structure of a conventional PID control system for ABS using EWB. The error signal e(t)
obtained from the differences between actual tire longitudinal slip (s,.;) and desired tire longitudinal slip (54.5) triggers
the PID controller’s control action. The s,4,¢ value of 0.2 is used because it is the critical tire longitudinal slip ratio that
indicates a road with very low friction.

By multiplying the error by the controller weighted signals, a controller signal, u(t) is produced that corresponds to
the ideal torque that must be tracked by the EWB actuator. The PID controller action for the ABS and the generation of
the control signal u(t) can be written as u(t) = k,(t)e(®) + k;(t) [ e(®)dt + kd(t)%e(t), where the [e(t) and %e(t)
represented the integral and derivative of the error respectively, k,, is proportional gain , k; is integral time constant; and
kg is derivative time constant. By using Ziegler-Nichols tuning method [46], the parameters for k,, k; and k, are set to be
4000, 100 and 1, respectively.

Sdes e(t) PID u(t) | Torque Tracking .| Vehicle | Sact _
error ideal | Control of EWB | actual | Model "
torque torque

Figure 4. PID controller.
Self-tuning PID Controller (Structure 1)

A supervisory system with a fuzzy logic controller (FLC) is used to increase the rigidity of the PID controller and
make the controller gains self-tuneable. Figure 5 depicts the control structure, specifically the Fuzzy PID controller
(FPID), which consists of a PID controller that functions as the primary feedback loop control to observe the actual
vehicle’s tire longitudinal slip and a fuzzy supervisory system that functions as a tuner for the PID controller gains. Self-
tuning PID controller (structure 1) is named as a fuzzy PID (FPID) controller to simplify the description.

In this structure, the tire longitudinal slip error (e) and error rate (e) are chosen as the input variables of the fuzzy
controller, while the outputs of the controller are the 4, ki, and ks which are the values for the PID controller. Figure 6
depicts the fuzzy supervisory system’s input and output channels graphically.
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Figure 5. Fuzzy-PID controller structure.
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Figure 6. Fuzzy-based PID controller structure.

For the antecedent, a Gaussian-type membership function is used, and both fuzzy inputs are set to have five
membership functions, namely Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS), and Positive Big
(PB). This membership function was used to assign each of them a qualitative category, such as low, normal, or high.
Figure 7(a) and 7(b) show the membership functions for error and error rate, respectively. The universe of discourse for
the error, e are set to be —0.45 to 0.45, while for the error rate, e are -0.03 to 0.03.
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Membership Function
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0.4
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(b)
Figure 7. (a) Error (slip), and (b) error rate membership function.

The rule-base, also known as the fuzzy knowledge-decision base’s matrix, is composed of expert IF THEN rules that
convert the input variables into an output that indicates the likelihood of operational issues. Defuzzification is the process
of converting the fuzzy set membership degrees into a specific argument or actual values for k,, k;, and kq.

The proposed fuzzy system is deployed in each region, allowing each area to determine its own appropriate gain value.
Assume there are 7 rules, each of which takes the form:

rulei:IF x is 4, THEN u is b; 2)

where x is the fuzzy system’s input variable, u is its output variable; x is the Gaussian membership function and b; is the
singleton control action fori =1, 2, ..... n.
The following is the mathematical relationship for a Gaussian membership function:

9j

i_ )2
uyy = exp™ 2 {u} 3)
where, the x]‘ is the input to the membership function; the c]-i and o'ji are the center and spread of Gaussian antecedent
membership function at rule i and input j, respectively.
Aparow et al. [9] proposed a method for establishing controller rules. Based on expert hands-on knowledge and skills,
the controller tunes on a regular basis in accordance with the error and error rate variance. Table 3 shows the controller
rules for k,, ki, and k.

Table 3. Rules of controller.

error rate
F/ki/ka NB NS 7 PS PB
NB PB/NB/Z Z/NS/PB NS/PB/NB NB/Z/PS PS/PS/NS
NS PS/NS/NS PB/NB/Z NB/PS/PB 7/PB/NB NS/Z/PS
error z 7/PB/PS PS/PS/NB PB/Z/NS NS/NB/PB NB/NS/Z
PS NS/Z/NB NB/PB/NS Z/NS/PS PS/PS/Z PB/NB/PB
PB NB/PS/PB NS/Z/PS PS/NB/Z PB/NS/NS 7/PB/NB

The defuzzification overall output is obtained because each rule has a crisp output, as shown in Figure 8(a) to 8(c).
These figures depict the relationship between error, error rate, and k,/ki/ks output in a 3D surface, with output fuzzy
variables are singletons ranging from 1x10* to 4x10%, 2000 to 8000, and 0.2 to 0.8, respectively. The fuzzy PID output is
defuzzified using the central gravity method, which can be expressed as follows:

i\ 2
1(%—¢
)
R TIn 1(%=¢ i
Zi=1]_[j=18xp ) Uji

f(x|6) = “
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error_rate -0.4 error

(c) ka.
Figure 8. Defuzification ouputs.

Self-tuning PID Controller (Structure 2)

Another self-tuning PID controller designed for this ABS is the Self Tuning Fuzzy PID (SFPID) controller, as shown
in Figure 9. This controller is also supervised by a fuzzy logic system and follows the rules outlined in Eq. (2), (3), and
(4). The structure of the controller is nearly identical to that of the previous FPID controller, with the exception of the
fuzzy controller’s input variables.

In this structure, the tire longitudinal slip error (e) and delta speed which is the relative velocity between body speed
and wheel speed, are chosen as the input variables of the fuzzy controller, while the outputs of the controller are still the
Kp, K; and Ky which are the values for the PID controller. The rationale for using delta speed as additional input to the
fuzzy controller, according to Ahmad [4], is that there is a significant change in the relative velocity between the body
velocity and the wheel velocity during changes in road conditions. At the same time, the relative velocity character of the
wheel and the body determines the maximum braking torque that an ABS can generate. As a result, in this investigation,
delta speed as a controller input is sufficient. The input and output channels for the SFPID supervisory system are
graphically depicted in Figure 10.

delta
speed V-V

>
in /XX\ out —-]

e Update k,, k; & k.
Fuzzy Systerql P v ¢

K, >
T X
1
. Torque 174
Sdes, e ].< X P f dt Trackin | | Vehicl |1, Vv
w
" g R
+ error I Canteal l Sact
K >
- ! < 4 ideal actual
‘ At torqu torque

Figure 9. Self tuning fuzzy PID control structure.
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Fuzzification Defuzzification

™ X “\>(" Rule Base filu)
) _ _ \ / kp

error Self Fuzzy ABS
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ki

o flu)

delta_speed kd

Figure 10. Self tuning fuzzy PID controller structure.

As with the previous FPID Controller, the membership function of this SFPID controller is configured in five
membership features: Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS), and Positive Big (PB).
Figure 11(a) and 11(b) show the membership functions of both error (slip) and delta velocity (relative velocity),
respectively. According to these figures, the universe of discourse for the error, e, is set to —0.02 to 0.02, and the universe
of discourse for the delta speed is set to —0.35 to 0.35.

Membership Function

T Z P PB
1 -
0.8 / B
06 i
2
£
5
©
£
£ 04 i
£
s
?
14
5
g o2
~—
0 e
I I I I I I I
0.02 0015 0.01 -0.005 0 0.005 0.01 0015 0.02
error
(a)
Membership Function
NB T Ns T Z PS PB

0.8

0.6

0.4

Degree of membership

/
02 i

Figure 11. (a) Error (slip) and (b) delta speed (relative velocity) membership function.

SFPID controller rules for k,, ki, and ks parameters are shown in Table 4. The controller rules, like those of FPID
controllers, are established and tuned on a regular basis based on the direct knowledge and abilities of specialists in
response to error and delta speed variations. This controller’s control rules also produce a crisp output, as illustrated by
the overall defuzzification results in Figure 12(a) to 12(c). On a three-dimensional surface, these figures depict the
relationship between the error and delta speed inputs and the k,/ki/k; output. As can be seen, the singleton range of output
fuzzy variables were 200 to 800 for £, 10 to 30 for 4;, and 10 to 40 for k..
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Table 4. Rules of SFPID controller.

Delta speed
F/ki/ka NB NS 7 PS PB
NB PB/NB/Z 7/NS/PB NS/PB/NB NB/Z/PS PS/PS/NS
NS PS/NS/NS PB/NB/Z NB/PS/PB 7/PB/NB NS/Z/PS
error Z Z/PB/PS PS/PS/NB PB/Z/NS NS/NB/PB NB/NS/Z
PS NS/Z/NB NB/PB/NS Z/NS/PS PS/PS/Z PB/NB/PB
PB NB/PS/PB NS/Z/PS PS/NB/Z PB/NS/NS 7/PB/NB

02 T m

delta_speed 0.02 error delta_speed -0.02 error

(a) k. (b) k.

delta_speed -0.02 atror

(c) ka
Figure 12. Defuzzification outputs.

PERFORMANCE OF THE PROPOSED ANTILOCKING BRAKING SYSTEM CONTROL STRUCTURE

To evaluate the performance of the proposed SFPID controller, the previous control structure, fuzzy fractional PID
controller developed by Ahmad et al. [4] is used as a benchmark. The test is carried out by simulating speeds of 40, 60,
and 90 km/h. These speeds were chosen in accordance with the Malaysia Road Transport Act (1987), which specifies a
speed limit of 40 km/h for residential zones, 60 km/h for urban areas, and 90 km/h for federal highways. Several features,
including relative velocity between the vehicle and the wheel, longitudinal tire travel, and stopping distance travelled by
the vehicle, have been studied and compared with other controllers, such as PID and FPID. Furthermore, the assessment
is carried out in order to archive the desired slip 0of 0.2, 0.4, 0.6, and 0.8. Typically, in ABS research, the target longitudinal
slip is set at 0.2 to provide optimal braking performance without skidding, but this study examined different desired
longitudinal slip values to examine brake performance across a range of road surface conditions, like snow, wet asphalt,
and dry concrete.

Figures 13 and 14 depict the evaluation at a speed of 40 km/h. During the simulation, sudden braking is applied after
1 second of vehicle travel. In terms of relative velocity between the vehicle and the wheel and slip, the SFPID controller
outperforms the FPID and PID controllers. SFPID requires 1.196 s to archive zero velocity for a slip of 0.2, whereas FPID
requires 1.201 s and PID requires 1.416 s. The same pattern can be predicted for slip value of 0.4 whereby SFPID = 1.294
s, FPID = 1.287 s and PID = 1.292 s, slip 0.6 SFPID = 1.421 s, FPID = 1.424 s and PID 1.43 s, and slip 0.8, SFPID =
1.544 s, FPID = 1.572 s and PID = 1.619 s, respectively. When compared to FPID and PID, SFPID effectively improves
braking stability by preventing jerking during braking, as shown in Figure 13(c), 13(f), 14(c) and 14(f), where the SFPID
has a faster response to approaching the steady-state condition. While SFPID in longitudinal slip reveals that it has a
relatively overdamp behaviour when compared to FPID, the SFPID still has a better condition to archive faster settling
time. The effectiveness of SFPID can also be seen in the stopping distance condition. Among the other controllers, the
SFPID has the shortest stop distance in slip 0.8, 0.12 m less than the FPID and 0.38 m less than the PID. SFPID’s stopping

9341 journal.ump.edu.my/ijame



S. |. Haris et al. | International Journal of Automotive and Mechanical Engineering | Vol. 18, Issue 4 (2021)

distances are between FPID and PID in slips 0.2,0.4, and 0.6, but the values are still within acceptable limits. As a result,

in the range of 0.01 m to 0.02 m, the stopping distances are slightly longer than the FPID and slightly better than the PID
in the range of 0.02 m to 1.4 m.
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Figure 13. Responses of the proposed controller at speed 40 km/h for (a),(b),(c) targeted slip 0.2 and
(d),(e),(f) targeted slip 0.4.
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Figure 14. Responses of the proposed controller at speed 40 km/h for (a),(b),(c) targeted slip 0.6 and
(d),(e),(f) targeted slip 0.8.

The evaluation was continued at 60 km/h speed, as shown in Figure 15 and 16, with target slips of 0.2, 0.4, 0.6, and
0.8. According to the figures, the SFPID controller can achieve acceptable control performance when compared to the
FPID and PID controllers with the fastest zero-reach speed. According to all slip conditions, the SFPID outperforms the
others in that in the targeted slip 0.2, the SFPID requires 1.708 s to completely stop compared to the PID = 1.715 s and
the PID = 1.739 s. SFPID gives 1.848 s to stop in the 0.4 targeted slip, which is a quiet delay when compared to FPID =
1.837 s and PID = 1.847 s. This is due to a slight excess of SFPID, which causes the settlement time to archive a stable
state to be delayed. This problem would be solved by fine-tuning the SFPID controller. With slips of 0.6 and 0.8, SFPID
performance improves. The results show that SFPID takes time 1.996 s to stop during 0.6 slip, compared to 2.033 s for
FPID and 2.043 s for PID, and that SFPID requires 0.034 s faster than FPID and 0.09 s less faster PID controllers in 0.8
slip. SFPID has the outstanding performance in slip 0.2, 0.6, and 0.8 when compared to others, but it has a much longer
stopping distance, 0.09 m longer than FPID but 0.06 m shorter than PID controllers. The SFPID has a stopping distance
0f30.92 m in a slip of 0.2, compared to 30.98 m for the FPID and 31.18 m for the PID. The results of SFPID =33.27 m,
FPID = 33.61 m, and PID = 33.65 m are shown in slip 0.6, while SFPID gets the best result in slip 0.8, 0.34 m shorter
than FPID, and PID controller is the worst at 35.9 m. SFPID demonstrated superior slip control in all expected slips except
0.4 slip. When compared to FPID and PID controllers, SFPID results show less jerking when reaching the stable state
condition. This is because SFPID has a faster settling time event, despite having a slightly overdamped condition when
compared to FPID. The opposite is true for slip 0.4, where slip monitoring indicates a relatively late settling time due to
minor overshoot when compared to FPID and PID controllers, but the jerking is still less than with others.
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Figure 15. Responses of the proposed controller at speed 60 km/h for (a),(b),(c) targeted slip 0.2 and
(d),(e),(f) targeted slip 0.4.
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Figure 1 Responses of the proposed controller at speed 60 km/h for (a),(b),(c) targeted slip 0.6 and
(d),(e),(f) targeted slip 0.8.

To evaluate the proposed controller’s effectiveness in providing a reasonable tracking slip, vehicle velocities are
increased to up to 90 km/h for each targeted slip by 0.2, 0.4, 0.6, and 0.8, as shown in Figure 17 to Figure 18. Despite
changes in speed and targeted slip, the SFPID controller can still approach the targeted slip with a faster settling time and
less jerking than the FPID and PID controllers. Furthermore, the results of the relative velocity between vehicle speed
and wheel speed for each targeted slip showed that SFPID has the best stop time, which could be reached by SFPID at
slip 0.2 is 2.560 s compared to FPID =2.572 s and PID =3.014 s. For slip 0.4, SFPID =2.754 s, FPID = 2.756 s and PID
=2.778 s. SFPID also performed better in slip 0.6, with a stop time of 3.006s compared to FPID = 3.051 s and PID =
3.067 s. Finally, in slip 0.8, the SFPID controller has a 0.036 s faster stop time than the FPID controller and 0.141s faster
than the PID controller. Meanwhile, the SFPID controller indicates that the vehicle can stop within the minimum stopping
distance from the other control structure in terms of distance travelled. In comparison with FPID = 57.13 m and PID =
64,09 m, the distance travelling by the controller is approximately 57.05 m for a targeted slip of 0.2. The stopping distance
for SFPID = 59.37 m, FPID = 59.46 m and PID = 59.77 m in a targeted slip of 0.4. Furthermore, the SFPID controller
achieves 62.62 m of stopping distance travel for slip 0.6, whereas the FPID controller achieves 63.13 m and the PID
controller achieves 63.30 m. Nonetheless, with a targeted slip of 0.8, the distance travelled to stop by the vehicle is about
66.72 m better than FPID, which is nearly 67.23 m, and the worst distance is approximately 68.32 m by PID controller.
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Figure 18. Responses of the Proposed Controller at Speed 90 km/h for (a),(b),(c) targeted slip 0.6 and

(d),(e),(f) targeted slip 0.8.

Table 5 summarises the values obtained from the assessments performed at each speed and the target slip previously

plotted on each graph.
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Table 5: Comparison of the values of stopping time, stopping distance and longitudinal slip for each controller.

Velocity (km/h) Slip Controller Stopping time (s) Stopping distance (m) Longitudinal slip
PID 2.416 20.01 0.122
0.2 FPID 2.201 18.64 0.182
SFPID 2.194 18.66 0.196
PID 2.294 19.24 0.411
0.4 FPID 2.287 19.18 0.388
40 SFPID 2.292 19.22 0.386
PID 2.430 19.99 0.601
0.6 FPID 2.424 19.94 0.589
SFPID 2.421 19.95 0.585
PID 2.619 21.10 0.861
0.8 FPID 2.577 20.84 0.791
SFPID 2.554 20.72 0.760
PID 2.739 31.18 0.166
0.2 FPID 2.715 30.98 0.186
SFPID 2.708 30.92 0.195
PID 2.847 32.12 0.408
04 FPID 2.387 31.97 0.388
60 SFPID 2.848 32.06 0.401
PID 3.043 33.65 0.602
0.6 FPID 3.033 33.61 0.589
SFPID 2.996 33.27 0.555
PID 3.310 35.90 0.861
0.8 FPID 3.254 35.40 0.791
SFPID 3.220 35.14 0.761
PID 3.881 61.77 0.124
0.2 FPID 3.572 57.13 0.187
SFPID 3.560 57.05 0.196
PID 3.778 59.77 0.411
0.4 FPID 3.756 59.46 0.388
90 SFPID 3.754 59.37 0.385
PID 4.607 63.20 0.604
0.6 FPID 4.051 63.13 0.590
SFPID 4.006 62.62 0.569
PID 4485 68.32 0.864
0.8 FPID 4.380 67.23 0.791
SFPID 4.344 66.72 0.771
CONCLUSION

This study proposed an ABS control mechanism centred on the EWB system. The control mechanism is developed
through the self-tuning PID control system by two control structures: fuzzy PID (FPID) and self-tuning fuzzy PID
(SFPID). The difference between these two control structures lies in the fuzzy logic input used. The SFPID performance
is then compared with the traditional PID controller and the FPID controller to determine which controller is more
effective. The primary goal of this research is to calculate the output of an ABS-EWB controller in terms of longitudinal
slip, the relative speed between vehicle and wheel, and vehicle stopping distance. To manage and test the effectiveness
of the developed controllers, a validated quarter car model was used as the target system. Several speeds of 40 km/h, 60
km/h, and 90 km/h are attempted, with slip targets of 0.2, 0.4, 0.6, and 0.8. The findings revealed that the proposed SFPID
control technique effectively controlled the ABS by reviewing the responses of the SFPID structure to other FPID
controller and conventional PID controller results. The performance of SFPID demonstrates this, as it is 10% and 1%
faster in terms of stopping time and 8% and 1% shorter in terms of stopping distance than PID and FPID, respectively.
Furthermore, SFPID has a faster time settlement than PID and FPID, with 9% and 1%, respectively, and is more effective
in achieving the target slip of 40% and 5%, in both, than PID and FPID.

In comparison to other controllers, overall performance reveals that the SFPID controller can approach reasonable
slip tracking with the fastest stoppage, fastest settling time, shortest stopping distance, and ability to attain a steady-state
position soon. Finally, the SFPID controller could be used as a control method in an ABS. Furthermore, by combining it
with another smart controller, the existing control system may be improved to allow it to be used on genuine EWB test
rigs for future development.
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