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Abstract
Article Info The brake system is one of the most critical parts of a vehicle's technology for avoiding

Submitted: accidents. The ultimate focus of the braking system is to guarantee that adequate stopping
06/02/2022 force is available to stop the vehicle's longitudinal movement. Therefore, the ability of a brake
Revised: system to stop a vehicle must be examined in terms of analyzing the brake system's
21/07/2022 performance and the implementation of the brake system on actual vehicles. This study offers
Accepted: a performance evaluation of the Electronic Wedge Brake based on the Cone Wedge Shape
23/07/2022 (CW-EWB) on the vehicle brake systems. The evaluation was carried out through dynamic
Online first: assessments, namely sudden braking tests at constant speeds of 40, 60, and 90 km/h using the
06/07/2022 MATLAB Simulink software simulation method and an experimental study using hardware-

in-loop simulation (HILS). In the simulation study, the performance of the vehicle brake
system using CW-EWB was compared with the brake performance of the vehicle using the
conventional hydraulic brake (CHB). The results showed that CW-EWB behaved similarly to
the hydraulic brake in terms of required brake torque output but with a faster response time,
ie, between 0.5 — 1 s. The HILS experimental study was conducted to evaluate the
performance of the CW-EWB on actual vehicles. This method confirmed the HILS results
against the simulation results with a variable response time of less than 6%. Vehicle body
speed, wheel speed, longitudinal tire slip, and stopping distance experienced by the vehicle
were all evaluated. The study's findings show that the proposed CW-EWB is quite effective
and sufficiently dependable to be used as a vehicle brake system, notably in Antilock Braking

Systems.
Keywords: Performance evaluation; Cone wedge shape; Electronic wedge brake; HILS;
Sudden braking test

1. Introduction with intricate changes is the brake system. The

necessity for better brake systems has prompted a
shift in system control from mechanical to
electrical. As a result, Brake by Wire (BBW) is
invented, which includes Electronic Hydraulic
Brake (EHB), Electronic Pneumatic Brake (EPB),
and Electronic Mechanical Brake (EMB). Later, the
BBW system was improved based on the need to

Automotive technology trends are now more
concerned with the safety measures that are an
inherent aspect of a modern automobile.
Following that, active safety elements are
intended to prevent accidents or to limit the
number of inevitable accidents [1]. One of the
active safety systems that is frequently increased
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produce high-torque brakes with faster response
by using a 12 V power source, resulting in the
development of the most recent braking system
known as Electronic Wedge Brake (EWB) [2]. The
EWB system is a non-hydraulic braking system.
Consequently, issues such as brake fluid leaks and
evaporation that were once common with
hydraulic brakes can be avoided [3], [4]. In
addition, the EWB system is easier to operate and
has a more reliable system model than the EHB
and EPB braking systems [5].

Although it is known that EWB can give an
immediate braking effect with only 12 V power, it
still needs to be tested for its performance on the
vehicle's brake system. The ability of a brake
system to provide a sufficient value of torque in
stopping the vehicle ensures that the brake system
is truly effective [6], [7]. The performance of the
EWB system on vehicles braking system had been
evaluated using simulation and experimental
methods. Instead of simulation, some researchers
evaluate the performance of this EWB by using
software in the loop simulation (SILS) method [8]-
[11]. The evaluation results show relatively
effective performance but the data obtained still
needs to be validated with data from actual
testing. Due to these constraints, some researchers
had done experimental testing on actual vehicles
[12], [13] and mini trailers as an experimental
medium [8], [14]. However, the results obtained
from the experimental studieds were slightly
mismatch with the theoretical expectation and
show some response delay due to the malfunction
of the system and the safety issues during
experiment [8], [12]-[14]. Testing on real vehicles
also poses a high safety risk and requires a fail safe
system for support in the event of a system failure
[15]. Some researchers developed test rigs or test
benches to evaluate the effectiveness of EWB
systems on vehicle brake systems [16]-[25].
However, the method can also not ultimately
determine the brake effectiveness because the
analysis parameters only focus on the EWB as the
actuator.

These findings indicate that there is another
step is needed before the experimental study in a
real vehicle can be conducted. Recently, a new
testing method namely hardware-in-the-loop-
simulation (HILS) has been proposed to test a
system that has a critical safety issue before being
used in a real system. This well-known technique
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helps to reduce the cost to develop full
safety
concerns [26]. Some successful experimental
studies using HILS reported in [3], [5], [27]-[30]
and stated that the system tested using HILS has
higher

experimental models and removing

confident level in representing the
behavior of a real system.

Of that reason, in this study, a new EWB
namely Cone Wedge Shape based Electronic
Wedge Brake (CW-EWB) had been developed and
tested as a vehicle braking system through
simulation and experimentation using the
Hardware in the Loops Simulation (HILS). To
evaluate the level of capability and efficiency of
the CW-EWB, a series of simulations have been
conducted using Matlab Simulink Software by
comparing the braking performance of vehicles
using CW-EWB with the vehicles

conventional hydraulic brakes. While to assess the

using

compatibility of the data between simulation and
real, the HILS had been conducted with the aid of
a test rig developed by including CW-EWB
hardware in a loop that was coupled to a vehicle
simulation model via sensing components and an
input/output (I/O) device.
considers longitudinal tire slip, vehicle speed,
wheel speed, and distance traveled of the vehicle.

This paper is organized as follows: The first
section is the introductory section that provides

The evaluation

the overview of the study. The second section
describes the study's methodology including the
CW-EWB design, the CW-EWB model, the CW-
EWB control structure as well as the quarter
vehicle traction model. The third section covers
the results and discussion of vehicle model
validation and performance evaluation of CW-
EWBs in vehicle braking systems in both
simulation and HILS, while the final section
contains the conclusion.

2. Method

2.1. The Electronic Wedge Brake Design

Figure 1 depicts the design of the CW-EWB
system, which includes the brake actuator and
heart brake mechanism. The CW-EWB is powered
by a direct current motor that is connected directly
to the heart brake mechanism, which consists of a
wedge mechanism, a calliper, and a brake pad
connected by a lead screw (single style start). The
lead screw is connected to the heart mechanism
via a no-loss planetary reduction gear to provide
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the required actuation force. The lead screw
converts the angular motion of the DC motor to
the axial motion of the brake wedge in the core.

The details design of CW-EWB are stated in
Appendix 1.

2.2. The Electronic Wedge Brake Model

Figure 2 depicts the body diagram of a CW-
EWB wedge mechanism, which is based on [19].
Note that a is the wedges angle, Fi is the motor
force, F.is the clamping force between the disc and
the brake pad, F» is the stopping force generated
from the relative motion between the pad and the
disc surface and F:is the wedge friction force that
occurs between the upper and lower wedges. In
this case, the angle of the driver screw f is set to
be equal to a in order to amplify the force coming
from the motor.

The actuator in this study was a permanent
magnet direct current (PMDC) motor. Essentially,
the PMDC motor is modelled by taking electrical
and mechanical components into account. Here
(Jm) is the inertia of the motor, (K:) is the constant
torque, (K) is the electromotive force constant,
(Dm) is the viscous friction motor constant, and (T)
is the load torque. Noting that (K:) = (K.) if there is
no electromagnetic loss in the motor, the electrical
power dissipated by the EMF back in the armature
is directly converted to mechanical power.

The mathematical equations of the PMDC
motor are shown as follows Eq. 1. For the
armature circuits.

Brake Caliper—
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Driver Screw \

Pad Holder

Brake Caliper

—Brake Pad

~Lower Wedge

Upper Wedge
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By considering the mechanical load, the
rotational acceleration of the DC motor shaft is
described as Eq. 2:

D,, K, 1
Ewm+EIm—];Tl (2)

Here, a single lead screw-type start connects
the PMDC motor directly to the brake mechanism.
The required actuation force is then obtained by
attaching the lead screw and a lossless planetary
reduction gear to the heart mechanism.

Referring to Figure 2, the necessary motor drive
force (Fm) can be calculated by considering several
parameters of the lead screw such as the
steadiness of the lead screw, (K:), the viscous
damping of lead screw, (D.), the reduction of the
lead screw gear ratio, (N.) and the screw lead, (La).
The lead screw plays an important role in turning
the engine angle, (Om), engine speed (wm), and
engine torque screw, (Tsrew) into wedge position,
(Xw), wedge speed, (Vw), and motor force, (Fum).
Remember that when viewed from the motor side,
the motor torque screw, (Tsrew) is an engine load,
(Th).

The torque delivered to the screw can be
represented by Eq. 3 and Eq. 4.

/~DC Motor

Bracket
\\ Motor Axle Shaft Coupler
R Lead Screw

\ Flange Nut
“-Block Driver

\ Driver Screw
\ Pad Holder

Figure 1. CW-EWB Design
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Figure 2. Basic body diagram of CW-EWB
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By substituting (3) into (4), the motor force (Fm) can be defined as:

Nebpm X Nobm

F=K<L—‘”"— W) — = 5

moeae\" 2w cosp A\ 2m cosp ©)

as Equation (3), with the assumption that the
planetary reduction gear mass is very light and
the gear mechanism is less frictional. The lead
screw output value ranges from 0 to 1. This is
primarily determined by the geometry of the
contact surfaces, their finishing, and the lead
screw thread]s helix angle. It is also affected by
operational factors such as load, speed, and
lubrication. Although the efficiency of a lead
screw is a true measured value, objective testing is

The dynamic of a wedge in x-direction:
E,cosp + uF, — F.sina = M, Vi,

By dividing with tan «, yields,

F, cos B + uF. — MV,
tana

F.cosa =

the best way to determine the results. According
to [13] and [24], the output of the lead screw used
varies within a certain tolerance from its nominal
value. As a result, the efficiency of the lead screw
has been estimated to be 0.65 in this case.

Consider the CW-EWB with the angle of the
motor shaft, f as in Figure 2, the relationship
between the wedge actuation forces (Fw), reaction
forces (Fr), and clamping forces (Fc) to the disc are
derived based on force balance as follow:

(6)

@)

Besides that, the dynamic of a wedge in y-direction can be stated as:

Fpsinf + FE.cosa—F, =M,V, tana

)

where Mw and V. are wedge mass and wedge velocity in x-direction, respectively. Substituting

equations (7) into (8), produces:
E,(u—tana) FE,(sinBtana+ cospf)

Vo=
Yo M, (tan?a + 1) M, (tan? a + 1)

)

Automotive Experiences

436


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

From equation (9), we want to simplify the
complex multiplier formula of motor force (Fu),
which is a function of the motor actuation angle
and the wedge angle f (8, a ). To maximise brake
factor multiplication, the motor shaft angle should
be the same as the wedge angle, rather than a zero
angle as on a standard CW-EWB. Assuming the
two angles are equal, this function can be
summarised as follows Eq. 10.

f(B,a) = cos B +sinB tanf (10)
thus,
fB ) = (11)

cos f3

Thus, the simplified wedge dynamic model can be
described as:

vV, =

=—— |F(u—tana) + —=| (12
M, (tan? a + 1) el = tana) (12)

En
cos B
Meanwhile, the clamping force depends on the
calliper stiffness (Kai), wedge displacement, and
wedge angle given by:

© Sharil I1zwan Haris, et al.

Table 1 lists the physical attributes used to
evaluate the CW-EWB model, such as DC motors,
brake pads, wedges, and etc. The Appendix 2
contains the CW-EWB Simulink model.

2.3. The EWB Control Structure

Figure 3 depicts the torque tracking control of a
CW-EWB, which is comprised of two primary
controller loops namely torque control, which
governs the entire output torque from the CW-
EWB, and position control, which regulates the
motor position in tracking the target torque. To
obtain the appropriate response and to provide
adequate tracking performance for the specified
brake torque, a proportional-integral-derivative
(PID) controller is employed in the torque control
loop. While position control with the
proportional-integral (PI) controller is used to
adjust the position of the DC motor in order to
keep a constant pad-to-disc brake gap distance.
According to root locus depicted in Figure 4, the
poles location were +47758i, -47758i, -9-6i, -9+6i,
and 4 which located at the stable region. Here, the
overshoot is limited to 30% with the fastest

F. = KX, tana (13) feasible reaction of rising time and settling time as
well. The actuator input is monitored to avoid
Substitute (13) into (12) produces Eq. 14. saturation which is limit to 12 V. Based on this
- K.y tana (u — tan a) 4 [ 1 k. (14)
M, (tan? a + 1) M, (tan? a + 1) cos B
Table 1. The CW-EWB Parameters [31]
Parameter Value
Motor Resistance, R 0.4781 Q3
Motor Inductance, Ln 0.0230 H
Electromotive Force Constant, K. 0.0158 Nm/A
Torque constant, K: 0.0156 Nm/A
Motor moment inertia, [ 7.094 x 10 kgm?/s?
Motor viscous friction constant, Dm 1.9175e-5 Nms
Gear Reduction, N. 1/24
Axial stiffness, Ka 750 x 106 N/m
Axial viscous friction constant, D. 9.3279 x 10-05
Roller Screw efficiency, 7 0.63
Roller Screw Pitch, La 3e-3m
Wedge Weight, M 0.3 kg
Wedge Angle, o 2450
Motor axial angle, 2450
Calliper stiffness, Ke 44.8385 x 106 N/m
Brake pad coefficient, u 0.35
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F = brake force;
o= wheel speed.

Figure 3. Control Structure of CW-EWB

consideration, the controller parameters shown in
Table 2 are established which are fine-tune using
the Ziegler-Nichols approach.
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Figure 4. The root locus of the CW-EWB control
structure

Table 2. Controller parameters

Controller Kr Ki Kb
Position 0.000223 0.0005577 -
Torque 0.0002087  0.00068318 1.435 x 10

2.4. The Vehicle Models

Figure 5 shows the vehicle model employed in
this research, which is based on the two-degree-
of-freedom (DOF) quarter vehicle traction model.
The dynamics mathematical equations of the
vehicle model can be derived from this figure,
where m represents the quarter vehicle mass, v
represents the vehicle velocity, Fx represents the
tire longitudinal force, =z represents the wheel
torque, = represents the braking torque, F:
represents the normal force, and o represents the
wheel angular velocity. Several assumptions are
established in the development of the vehicle
model, which comprises of the longitudinal
dynamics of the vehicle with a constant velocity v

and the contact with the road represented by a
wheel traction model. Other hypotheses include:

The vehicle model is made up of a single body
(sprung mass) coupled to a wheel (unsprung
mass). Aside from that, the vehicle was always
planted, and the tyre never lost contact with the
ground when maneuvring. The drag force
produced by the vehicle during acceleration and
the
Furthermore, the rolling resistance force is
neglected because it is insignificant during
braking.

braking is neglected in simulation.

Figure 5. Quarter Vehicle Model

The simplified vehicle motion equation can be
stated using Newton’s second law as follows:
F, =-mv (15)
The tyre friction force, Fx, can also be expressed
as:
Ee = pF, (16)
where p is the road adhesion coefficient the
normal force, F; may be expressed as:

E, = —-mg 17)
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where g is the gravitational mass.
By inserting Equation (15) and (16) into (17) and
the equation (18) can be defined as:
b= ug (18)
During deceleration, braking torque is applied
to the wheels, causing the wheel and vehicle to
slow down. Simultaneously, the wheel rolling
resistance force was ignored because it was
insignificant in comparison to the friction force
between the wheel and the road. Using Newton's
second, the wheel motion equation can be
expressed law as follows:

Ty — Tp = Jw® (19)
where J,, and w are wheel inertia and angular
acceleration, respectively.
The wheel torque tw can be described as:
Ty = FRy (20)
where Rw denotes the wheel radius.
By inserting Equation (16), (17) and (19) into
(20), equation (21) can be derived as:
. _ HmgR,, — 15
W=——

T (21)

Given that a vehicle travels at a constant speed,
the wheel rotational velocity corresponds to the
forward direction vehicle velocity. When the
brake is applied, braking force is generated at the
point of contact between the wheel and the road
surface, resulting in a reduction in wheel speed.
As the force on the wheel grows, there is slippage
between the wheel and the road surface, which
causes the wheel velocity to be less than the
vehicle velocity [32]. Wheel slip, S, is defined as
the difference in velocity during braking.

v — wR,

- max(v/wR,,) (22)
2.5. Hydraulic Brake Model
The performance of the CW-EWB was

evaluated by comparing the proposed brakes to
the CHB. This evaluation employs the same
methodology as as [3], [26], [34], in which the
hydraulic brake is described as a first-order linear
system with a pure time delay. All vacuum power
aids, dynamic airflow, and static control valve
well as the

mechanisms, as modelling

assumptions, are considered. The mathematical

© Sharil I1zwan Haris, et al.

formulas for the model of hydraulic braking are
available in [34] and [35].

A handling test method, which consisted
primarily of straight-line braking, was conducted
for validation. Experimentation should now be
conducted under three speed limit conditions: 40
km/h for residential zones, 60 km/h for a federal
highway, and 110 km/h for an interstate highway
[36]. However, due to track restrictions, which
have a maximum distance of about 200 m, the
experimental validations were conducted at
speeds of 40 km/h and 60 km/h, which correspond
to the speed limits in residential zones and federal
highways, respectively. This is due to the longer
distance required to achieve and maintain a
vehicle speed of more than 60 km/h. Another
reason the 110 km/h speed validation test is not
performed is the vehicle's limited capacity to
produce a high-speed dynamic within the
allowable distance. It should be noted that the
vehicle features a 1300 cc engine, a five-speed
manual gearbox, anda four-cylinder in-line
engine.

3. Result and Discussion

This section addresses three sets of findings:
vehicle model validation, CW-EWB braking
performance through simulation research, and
CW-EWB braking performance within the HILS
environment. The validation of the vehicle model
is used to evaluate the validity of the vehicle
model by comparing the modelling performance
to experimental data acquired from the actual
vehicle. Simulation tests of vehicle braking using
the CW-EWB are conducted in order to compare
the performance of the brake system to that of a
vehicle employing the CHB. In contrast, the HILS
investigations are intended to test experimentally
the performance of the CW-EWB hardware in
delivering the needed brake torque to stop the
vehicle in comparison to the simulation.

3.1. Validation of Vehicle Model

This section verifies the vehicle model using
actual system measurements by comparing
simulation results to experimental data from the
vehicle [33]. In general, model validation entails
determining how accurately the model and its
accompanying data represent the actual vehicle
system [37]. Nevertheless, the results from the

vehicle model may not always correspond
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precisely to the simulated responses, but they
provide assurance that the model accurately
represents the vehicle's behaviour.

Figure 6 depicts the model validation results for
the 40 km/h brake test which includes speed
comparison, tire longitudinal slip, stopping
distance and brake torque. Based on the Figure 6
(@) the patterns of speeds between simulation
results and experimental data are comparable,
with minor deviations in transient responses
accounting for a 4.6% discrepancy. At 2 s, the
maximum braking force is applied, bringing the
wheel to a complete stop at 2.49 and vehicle speed
is fully stop at 3.63 s. The vehicle stops relatively
late compared to the wheels due to the moment of
inertia acting on the vehicle [38]. As seen in Figure
6 (b), the difference in stopping time causes the
wheel to drag on the road surface, resulting in slip
to +1. This condition shows that the simulation can
reproduce the behaviour of a real vehicle system
in the transient state with a slight error of roughly
2.7%. The variance occurs because the driver
cannot maintain a constant brake input during the
experiment, unlike a simulation that assumes the
brake input is always constant. The road profile of
the test field having an uneven surface was also
ignored by the simulations [3]. Despite minor
variance in the previous conditions, the stopping

‘ Vwheel CHB

| == == \/vehicle CHB
107 / | \\ Vwheel @ Ahmad et al. (2014) i
7\”\ | \ \— — — - Vvehicle @ Ahmad et al. (2014)
IS Brake NN\
-\5 applied | \\\
o 5¢ @25 | AN ]
® | 550 S\\ 3635
249 \\* N J 371s
|
. | W
1 2 3 4 5
Time (s)
(a)
40 Sim | T '
Exp @ Ahmad et al. (201‘”
|
1S + I |
‘a” 30 Sim 23.34 m>»y
5] Exp 23.27 m>{
T . [€<—32.70m
- topping Distance N
5201 | Sim=936m T
| Stopping Distance | 32.80m
! Exp=9.53m
10 i 1 L .
1 2 3 4 5
Time (s)

©
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distance response between the simulation and the
experiment, as shown in Figure 6 (c), was very
close, with a similarity of up to 99%. The CHB
model's ability to simulate a real CHB system by
providing enough braking torque to stop the
vehicle typically contributes to the excellent
simulation that mimics the
experimental response. Figure 6 (d) depicts the
brake torque used in the simulation.

To further investigate the validity of the
vehicle model, a brake test at a constant speed of
60 km/h was performed. Figure 7 (a) depicts the
comparison of wheel and vehicle speeds between
simulation and experiment data. The results
indicate that the experimental data and simulation
results correspond quite well, with only a 4% data
discrepancy in the transient response. In contrast,
as shown in Figure 7 (b), the tire's longitudinal slip
response showed a 2.7 % difference between
simulations and experimental data, particularly
between the intervals of 2.0 and 4.5 s. The
validation results for the vehicle stopping distance
are shown in Figure 7 (c). The values obtained from
simulations and experiments show a small
deviation, with the stopping
distance only 0.18 m longer than the simulation
distance. Figure 7 (d) shows the brake torque used
by the simulation, which is 730 Nm.

performance

experimental

Sim
Exp @ Ahmad et al. (2014)

1 2 -3 4 5
Time (s)
(b)
800 T T -
| = = [——— = — —
|
EGOO* | — — —-Input ]
z I' 730 Nm
o 400 | 1
3 |
=4 I
o
= 200 | 1
I
0 J :
1 2 .3 4 5
Time (s)

(d)

Figure 6. Validation results of the sudden braking test at 40 km/h constant speed; (a) Speed comparison; (b) Tire
longitudinal slip; (c) Stopping distance; and (d) Brake torque
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Based on the validation results, it can be
concluded that the discrepancies between the
simulation and experiment are due to the
simplification and idealisation of the simulation
model, as well as the driver’s difficulty in
maintaining the same desired speed as the
simulation while manoeuvring. During the
simulation’s manoeuvre, it is also assumed that
the vehicle travels on a level road. Uneven road
profiles in the test field may also contribute to
variance [33].

3.2. Simulation Results of The Brake-Based CW-
EWB

Figure 8 shows the simulation framework for
braking tests using EWB. There are two model
blocks in this instance: the CW-EWB model and its
torque monitoring controller, and the vehicle
dynamic model. The brake torque demand (=) is
sent into the CW-EWB model, while the actual
braking torque (=) is fed into the vehicle dynamic
model. In this study, the real tyre longitudinal slip
(S), vehicle speed (Vv), wheel speed (Vw), and
vehicle stopping distance (Sq) are evaluated using
speeds at 40 km/h, 60 km/h, and 90 km/h. The
brake torque input for braking testing is set to 730
Nm as same to vehicle validation stage.

- Vwheel Sim
15+ == == Vvehicle Sim E
N W Vwheel @ Ahmad et al. (2014)
0 N \— — — - Vvehicle @ Ahmad et al. (2014)
€ 1ol Brake | \\\
- applied : S
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Figure 9 illustrates the simulated outcomes of a
CW-EWB based braking test conducted at 40
km/h. As presented in Figure 9 (a), the CW-EWB
achieves the desired braking torque with a faster
rise time and settling time than the CHB. This
caused the vehicle equipped with the CW-EWB to
stop completely 0.30 s faster than the vehicle
equipped with the CHB as shown in Figure 9 (b).
Monitoring the longitudinal slip reactions of the
tyres is also used to determine braking
performance alongside stopping time. As shown
in Figure 9 (), the tyre longitudinal slip value of +1
indicates that the CW-EWB can give the vehicle
the maximum braking torque required until the
vehicle stops, which is faster than the vehicle with
CHB. As a result, the stopping distance recorded
by the vehicle equipped with the CW-EWB is 1.49
m shorter than the stopping distance recorded by
the the CHB, as
demonstrated in Figure 9 (d).

Figure 10 shows the simulation results for the
60 km/h brake test. As shown in Figure 10 (a), the
CW-EWB theoretically behaves as expected in
supplying the required braking torque at this
speed, where the CW-EWB has a faster response
time than the CHB. As a result, the vehicle can
stop approximately 0.47 s faster than a vehicle

vehicle equipped with

I
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Figure 7. Validation results of the sudden braking test at 60 km/h constant speed; (a) Speed comparison; (b) Tire
longitudinal slip; (c) Stopping distance; and (d) Brake torque.
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equipped with a CHB, as shown in Figure 10 (b),
the ability
maximum tire longitudinal slip in Figure 10 (c). As

without

illustrated in Figure 10 (d), a vehicle equipped with

© Sharil I1zwan Haris, et al.
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shorter than a vehicle equipped with a CHB.
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The planned CW-EWB capacity in the vehicle’s
braking system is also evaluated in terms of the
vehicle’s maximum permitted speed
maneuver on a federal highway, which is 90 km/h
[36]. Figure 11 (a) shows that the applied braking
torque enables the CW-EWB to stop a vehicle
travelling at 90 km/h with excellent performance.
It is capable of stopping a vehicle about 0.7 s faster
than a CHB-equipped vehicle, where a CW-EWB-
equipped vehicle stops completely after 4.76
seconds, while a CHB-equipped vehicle stops
completely after 5.46 seconds, as illustrated in
Figure 11 (b). As a result, CW-EWB-equipped
vehicles achieve maximum tire longitudinal slip
faster than CHB-equipped vehicles, as shown in
Figure 11 (c). A significant reduction in stopping
distance occurs in CW-EWB-equipped vehicles,
up to 6.31 m less than the required stopping
distance for a vehicle equipped with a CHB, as
shown in Figure 11 (d).

Based on the simulation comparison between
CW-EWB and CHB vehicle brakes, it is possible to
conclude that CW-EWB performs better than
CHB, with a response time of 0.5-1 s faster. The
results also show that the CW-EWB on the vehicle
brake system can produce behaviour similar to the
CHB brake system in braking torque production
of around 730 Nm and achieve a +1 tyre

800

600

m)

Torque (N

© Sharil I1zwan Haris, et al.

longitudinal slip. The resulting distance is also
approximately 15% shorter than CHB. In terms of
performance, the CW-EWB demonstrates that it
can be used to replace the CHB on vehicle brakes.
This statement could be supported by a study on
the potential of EWB by [39], which clearly shows
that it has several advantages over conventional
braking systems.

3.3. HILS Results of The Brake-Based CW-EWB
Figure 12 displays the basic HILS configuration
for CW-EWB brake testing. It consists of a CW-
EWB actuator, a data gathering device, a force
sensor, a speed sensor, and a built-in encoder. As
indicated in Figure 12, the vehicle is retained in
simulation mode on the host PC, and the actual
CW-EWB hardware is used as the brake actuator.
Integrating the simulation with the CW-EWB
hardware, I/O devices such as encoders, force
sensors, speed sensors, and a National
Instruments PCI 6221 DAQ card coupled with a
National Instruments CB-68LP were used. In the
simulation, the encoder detects the rotational
input to the calliper transmitted via the driveshaft
and provides feedback to the brake controller.
This input contains data on angular position and
angular velocity. The force sensor, attached to the
brake calliper, is used to calculate the braking
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Figure 11. Braking test at 90 km/h using CW-EWB; (a) Brake torque; (b) Speed comparison; (c) Tyre longitudinal
slip; (d) Stopping distance
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Figure 12. HILS Setup

torque created by the braking system and provide
the brake input signal to the simulated vehicle
through the National Instrument PCI 6221 DAQ.
In contrast, the speed sensor is used to calculate
the wheel speed.

Figure 13 shows the HILS brake test at 40 km/h
using a CW-EWB actuator. The HILS pattern and
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the simulated response are quite similar but differ
slightly in response time, where the HILS
response is slower than the simulated response.
Figure 13 (a) shows that the ability of the CW-EWB
hardware to achieve the desired braking torque is
0.14 s slower than the simulation. As illustrated in
Figure 13 (b), the delay in braking torque generated
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Figure 13. HILS braking test at 40 km/h using CW-EWB; (a) Brake torque; (b) Speed comparison; (c) Tyre
longitudinal slip; and (d) Stopping distance
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by the HILS has resulted in the ability of the HILS
actuator to stop the vehicle more slowly than
simulated. HILS requires 3.44 s to stop, while
simulations require only 3.30 s. This condition has
caused the HILS reaction to reach a +1 value for a
relatively slower longitudinal slip than the
simulation, as shown in Figure 13 (c). At the same
time, the HILS stop distance increased by 1.92 m
compared to the simulation, as shown in Figure 13
(d).

Figure 14 compares the HILS evaluation and
simulation results for the 60 km/h braking test.
Observations indicate variances between the
simulation and HILS for duration
responses. This circumstance is again caused by
the CW-EWB hardware’s delay in generating the
necessary input torque, as seen in Figure 14 (a). As
a result, the time required by the vehicle to stop
using HILS is 4.00 s, compared to 3.85 s in
simulation, as shown in Figure 14 (b). The time

results

required for the longitudinal slip of HILS to arrive
at the +1 value is also slightly delayed compared
to that shown by the simulation in Figure 14 (c). As
presented in Figure 14 (d), the HILS stopping
distance is 2.62 m longer than the simulation due
to the delay in stopping time.

Figure 15 depicts the HILS findings of the
braking test at a speed of 90 km/h. The trend
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between HILS and simulation data is comparable,
with a slight divergence in the duration responses.
As indicated in Figure 15 (a), the delay in brake
torque created by HILS to obtain the appropriate
braking torque has resulted in HILS stopping time
and distance being 0.16 s slower and 3.98 m longer
than the simulation, as shown in Figure 15 (b) and
Figure 15 (d). The torque delay caused by the HILS
reaction also causes a delay in reaching the +1 slip
value compared to the simulation, as shown in
Figure 15 (c).

According to the results of the HILS test, the
proposed CW-EWB system performs well in
demonstrating its potential for use in actual
vehicle applications. This condition is supported
by the HILS performance results obtained in
parallel with the simulations results. Although
there was a difference in response time between
HILS and the simulation, the difference was small
and insignificant. The average delay of the HILS
response compared to the simulated response was
less than 6%. This shortcoming is caused by
friction in the hardware system, particularly
between two rough contact surfaces, as well as the
inertia of the internal components of the DC
motor, which slows the HILS system's response.
The hardware finishing and DC motor limits can
also contribute to slower system response [5], [40].
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Figure 14. HILS braking test at 60 km/h using CW-EWB; (a) Brake torque; (b) Speed comparison; (c) Tyre
longitudinal slip; and (d) Stopping distance
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Figure 15. HILS braking test at 90 km/h using CW-EWB; (a) Brake torque; (b) Speed comparison; (c) Tyre
longitudinal slip; and (d) Stopping distance

According to [38] and [41], the model response
trend is the essential feature of a control-oriented
model. The results can be accepted upon as long
as the model response pattern is similar to the
observed response with acceptable degrees of
divergence and error. According to [42] and [43],
the permissible variance between the observed
response and the simulation is less than 10% of the
time delay. Other researchers, such as [28], have
argued that the permissible latency between
simulations and experiments is less than 1 s.
Furthermore, according to [44], the maximum
error permitted to indicate the believability of a
simulation is 10 %. Due to these facts, it is feasible
to demonstrate the validity of HILS's results.

4. Conclusion

In this study, the CW-EWB performance
evaluation on the vehicle brake system was
conducted using a dynamic test known as the
sudden braking test at constant speeds of 40, 60,
and 90 km/h. The assessments were made through
simulation methods and experimental HILS in
evaluating various vehicle behaviours, including
body and wheel speed, longitudinal tire slip, and
vehicle travel distance. The simulation results
show that CW-EWB on a vehicle brake system can

produce similar behaviour to a CHB brake system,
with a response time of around 0.5-1 s faster than
CHB. The CW-EWB performance assessed
through experimental HILS, in turn, showed
satisfactory =~ overall = response,  acceptable
performance, and stability. The experimental
results confirm the simulation results with slight
variations in the reaction time of less than 6%. The
delay in the reaction time is due to friction in the
mechanical system, which is not taken into
account during the simulation. Overall, the
proposed CW-EWB is sufficiently accurate to be
used in the future as a vehicle’s braking system,
particularly for anti-locking braking systems. For
future research, any disturbances that affect the
performance evaluation of the CW-EWB should
be taken into account either in simulation studies
or experimental studies to ensure that the braking

system is truly effective.
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Appendix 1. Detail Drawing of CW-EWB
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Appendix 2. CW-EWB Model
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