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Abstract. The Anti-lock Braking System (ABS) has become an essential safety feature in modern vehicles due to its capabi-
lity to prevent wheel lock during braking, thereby preserving vehicle stability and steering controllability. As a typical mecha-
tronic system, ABS integrates hydraulic, mechanical, and electronic subsystems governed by an electronic control unit (ECU).
This study proposes a multidisciplinary co-simulation framework for investigating the braking performance of a passenger
vehicle equipped with ABS. The hydraulic behavior of the system is modeled using AMESim Simcenter, while the vehicle
longitudinal dynamics and control strategy are implemented in MATLAB Simulink. In the AMESim environment, a four-
channel hydraulic ABS modulator is developed, where the ECU control signal serves as the input and the brake circuit pres-
sure is generated as the output. This pressure signal is subsequently transmitted to the Simulink model, which utilizes it to
evaluate wheel slip behavior under braking conditions at a specified tire—road adhesion coefficient, forming a closed-loop
simulation architecture. To enhance braking efficiency under varying slip conditions, a hybrid control strategy combining
a conventional PID controller with fuzzy logic is introduced. The proposed co-simulation structure enables real-time bidire-
ctional interaction between the physical hydraulic subsystem and the control module: pressure outputs from AMESim are
fed into Simulink, while control signals generated in Simulink are used to actuate the solenoid valves within the AMESim
model. An experimental test rig was established to validate the proposed model and to assess the effectiveness of the control
algorithm under real operating conditions. Experimental results demonstrate that the vehicle can decelerate from an initial
speed of 90 km/h to a complete stop without wheel lock in approximately 2.54 seconds, corresponding to a braking distance
of 30.48 meters. Compared with a conventional hydraulic ABS, the proposed control strategy reduces braking time and stop-
ping distance by approximately 8.5 % and 6.5 %, respectively. Furthermore, a close agreement between simulation and expe-
rimental results is observed, with deviations of 4.4 % in braking time, less than 0.5 % in stopping distance, and 3.9 % in
deceleration, confirming the accuracy and reliability of the developed model. The results indicate that the integration
of PID control with fuzzy logic significantly enhances ABS performance, ensuring stable and effective braking under emer-
gency conditions across varying road adhesion scenarios.
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u obecrieunBas TpeOyeMbIlf ypOBEHb aKTHUBHOM 0€301acHOCTH TpaHCIIopTHOTO cpencta. ABC mpencrasiseTr co0oi CI0KHYIO
MEXaTPOHHYIO CUCTEMY, OOBEIUHSIONIYI0 THIPABIMIECKUE, MEXaHUIECKHE U JIEKTPUIECKHE KOMIIOHEHTHI IO/ YIPaBICHUEM
OTAENBHOTO IEKTPOHHOTO MOAYJS. B TaHHOM MCCIemoBaHUM NMPEACTaBICH MYIbTHANCIUIUTHHAPHBIA MOAXO0] K KOMILIEKC-
HOMY MOJIeTupoBanuio paboThl ABC JerkoBoro aBToMOOHIIS C HCIOIB30BaHUEM MPOrpaMMHBIX nakeToB AMESim Simcenter
JUISL aHANTM3a IMHAMHUKH ruapasindeckux mpoueccoB ¥ MATLAB Simulink aj1st oneHky IpogoabHON AUHAMHUKA aBTOMOOMIIS
B TOPMO3HOM pEXHME U aHaJM3a JIOTUKH YIPaBICHHS HCIIONHUTENbHBIMA MEXaHH3MaMH. YeThIpeXKaHAIBHBIA TI'HIpa-
Bianyeckuil Moayisitop ABC cMmonenupoBan B nporpamMmmaoM nakere AMESim, rie BXOAHBIM CHTHAIOM Ha 3JICKTPOMArHHuT-
HBIE KJIANaHbl SBISETCS YMPABISIONIMN CHUTHAT 3JIEKTPOHHOTO OJIOKA YNPaBIEHHsS, a BBIXOZHBIM — JABIECHHE B KOHTYpax
TopMo3HOHU cucteMbl. Cyomonens Simulink moiydaer B kadecTBe BXOAHBIX JAHHBIX MH(OPMAIMIO O BEJUYMHE IABICHHS
B TOPMO3HBIX KOHTYpPax U HCIIOIB3YET €€ JUIS PacueTa BEPOSTHOCTH OJOKHMPOBKU U MOCIETYIOMIETO CKOJIBKEHUS KOJIEC TIPU
ompezeneHHOM Kod(dumnuente cremieHnus, o0pas3yst 3aMKHYTYyI0 CHCTEMy KOMIIIEKCHOTO MOJEIHMpOBaHHA. s auHaMu-
YECKOr'0 PEryJIHpOBaHHs TOPMO3HBIX CHJI B 3aBHCHMOCTH OT YCJIOBHH CKOJIBKCHUS IPEIIOKEH TMOPHUAHBIA aIropuTM
ynpasienus MonyisitopoM ABC, coderatromuii kinaccudeckuii [T /I-peryisarop ¢ 3meMeHTaMH MaTeMaTHYeCKOro ammapara
HeueTKoH Joruku. [IpennoskeHHast CTpyKTypa KOMIUIEKCHOTO MOJETHPOBAHHS 00ECIIEUNBAET B PEXKUME PEaNbHOTO BPEMEHH
B3aHMOJIEHCTBUE MEXIy MexaHHueckoi yacTeio ABC 1 ee nmporpaMMHO-anmnapaTHBIM MOMYJIEM YNIPaBIEHHUS, T1e BHIXOAHOE
nasieHne ot cyomonenn AMESim noctymaet B cyomonens Simulink, a ynpasnsromuii curaan ot Simulink npuBoaur B gei-
CTBHE OIPEICICHHYI0O KOMOWHAIMIO AJIEKTPOMArHUTHBIX KJIAaHOB Mopayisitopa cyomonmenu AMESim. [{ns Bamupamym
MOJZIETIM ¥ OUEHKH 3()(HEKTHBHOCTH «HEYETKOro» KOHTpOJUIepa pa3paboTaHa IKCIEPUMEHTalbHAs YCTAHOBKA M IIPOBEICH
HaTypHBIH KCIIEPUMEHT. Pe3yIbTaThl SKCIIEpUMEHTAIBHBIX HCCIICIOBAaHMI TIOKa3aH, YTO CHCTEMa 00ECIIeUBaeT TOPMOKE-
HHUE aBTOMOOMIIS co ckopocTH 90 kM/4 Oe3 OJOKUPOBKH Kouiec 3a 2,54 ¢ Ha TopMo3HOM nyTH 30,48 M, 4TO MPHUOIN3UTEIHHO
Ha 8,5 1 6,5 % COOTBETCTBEHHO MEHBIIIE aHAJIOTUYHBIX TOKa3aTelel MPH KIIACCHIECKOH CXeMe YIpaBICHUS THAPABIHICCKIM
moxayssitopom ABC. Pe3ynbraTel MOmenupoBaHMS IPAKTHYECKW COBIAIM C OKCIIEPUMEHTAIBHBIMH IAaHHBIMY, IIOKa3aB
norpemmHocTs 4,4 % 1o BpeMeHH TopMoskeHust, MmeHee 0,5 % mo TopMo3HOMY ITyTH U 3,9 % 110 3aMeJIEHUI0 aBTOMOOHJIS, 4TO
CBHJIETENILCTBYET O BHICOKOH TOYHOCTH MAaTEMaTHYECKOH MOJIENH U ee afeKBaTHOCTH. IlomydeHHbIe TaHHbIE MOATBEP)KAAIOT,
yro wuHterpanus ITMJI-perynstopa ¢ HEYETKOH JIOTMKOH B ILIeIb YIPaBICHHUS KOHTPOJUIEpA 3HAYMTEIBHO YIIydIlaeT
xapakrepuctukd ABC, obecrieunBast 3¢ peKTHBHOE U CTaOMIIBHOE TOPMOXKCHUE B aBAPUIHBIX YCIOBHUSIX HPH Pa3UYHBIX KO-
3¢ GUIHEHTaX CIEIUICHUS C JOPOTOH.

KiroueBble cjioBa: NpojoJibHas AuHaMuKa aBToMoOwmwisi, ABC, ruapaBIu4ecKuii MOAYJIATOp, KOIPOULIMEHT CLCIICHHS,
koMIuiekcHoe MozenupoBanne AMESim/Simulink, nens ynpasnenus, neuetkuit [IM]J-perynstop, 3¢ GeKTHBHOCTH TOPMO-
KEHUS

Jas mutupoanusi: Hryen, U. X. lccinemoBaHwe TuIpaBIMYecKUX aHTHOIOKMPOBOYHBIX TOPMO3HBIX CHUCTEM IIPH
Pa3NUYHBIX KO((HUIMEHTaX JOPOXKHOIO CLEIICHNUS Ha OCHOBE KOMIUICKCHOTO MOZIEJIHPOBAHUSA M 3KCIICPUMEHTAJILHBIX JJaH-
veix / Y. X. Hryen, Y. K. Hryen // Hayxa u mexnuxa. 2026. T. 25, Ne 3. C. 212-221. https://doi.org/10.21122/2227-1031-
2026-25-3-212-221

Introduction

The Anti-lock Braking System (ABS) has been
researched for over a hundred years, starting in
the 1930s [1, 2] by many automotive brands and
researchers. Today, ABS has become a crucial fea-
ture, adopted by car manufacturers in all vehicles
due to its proven effectiveness in enhancing vehi-
cle safety during braking. By keeping wheel slip
within an optimal range, ABS helps prevent loss of
directional control during braking and reduces
stopping distances. Consequently, numerous stu-
dies on ABS are still ongoing today. Research on
ABS generally focuses on three main areas: modu-
lator hardware design, control algorithms deve-
lopment, and vehicle braking dynamics investiga-
tion. Additionally, some studies may integrate
these research objectives simultaneously [3—11].

ABS controlling process involves regulating
the slip at each wheel to an optimal value. To opti-
mize this control process, various studies have been
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conducted on different control algorithms[12, 13].
In a study [12], the authors have built the formulas
and model block needed for a Nonlinear PID con-
trol. Moreover, a cascade structure for the ABS
had also been built to help the readers visualize
this system. Lastly, the simulation results recorded
in this article also show the braking distance, ve-
locity, and time, which proves the reliability of the
simulation model. Similarly, in [14, 15], the PID
control has also been used to simulate an ABS, but
with a more specialized method in which PID con-
trol and Fuzzy control [16-18] have been com-
bined. In this method, controlling the ABS is not
only based on the pressure in the braking system,
but it is also dependent on the wheel slip ratio be-
tween the tire and the road surface. This makes the
ABS control process more effective and sensitive.
In this paper, the authors propose a control algo-
rithm combining PID and Fuzzy logic to achieve
optimal performance for the ABS system. The eva-
luation of this algorithm’s effectiveness is carried
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out through a combination of simulation and real-
world experimentation. Matlab Simulink is well-
suited for simulating complex control algorithms
like the one proposed [19, 20]. and thus, this soft-
ware is used in the paper to develop and assess the
performance of the proposed controller.

Another research by the authors' group of [13]
has made useful the understanding of one of the
most modern simulation software — AMEsim soft-
ware [9] to build the model for the Hydraulic sys-
tem and ABS. Each important block in an ABS
braking system has been simulated in a very de-
tailed way by the authors, including the brake mas-
ter cylinder model., the low-voltage accumulator
model, the hydraulic pump model. the pressuriza-
tion, decompression valve, solenoid valve model,
the one-way valve model, and wheel brake cylin-
der model. Then, they compared the simulation
results and concluded that the model is effective in
studying Vehicle Hydraulic ABS. However, simu-
lating control algorithms in Simcenter can be more
challenging and complex compared to Simu-
link [19, 20]. On the other hand, simulating
the operations of systems with complex structures
can be more easily performed in Simcenter [9, 13,
21, 22]. So this paper chooses to simulate the oper-
ation of the ABS Modulator unit in Simcenter.

After analyzing the simulation effectiveness,
the authors have combined both popular simulation
software Simulink-Simcenter and the PID-Fuzzy
controllers to build a computer model for the ABS
hydraulic system. The study has also been based
on the physical braking process, the vehicle’s lon-
gitudinal dynamics model, ABS control algorithm
to build the simulation model for the passenger
car’s hydraulic braking system. The content of the
article has three main parts, including building the
dynamic model for the car’s body and wheels:;
simulating the working process of the ABS hy-
draulic brake system with the combination of
the two simulation software mentioned, and expe-

%X Wheel Slip [227P
3 Controller 'I'_

X

Brake Pressure L2 Brake Torque I
Controller

riments on the real road to validate simulation re-
sults.

Modeling

General Model. The ABS control method sets
a desired value for the wheel slip A, which means
controlling the desired value of the relative diffe-
rence between the wheel speed and the vehicle
speed [23, 24]. This issue is referred to as slip con-
trol. Among all the braking methods that have been
implemented. slip control is considered the most
extensively researched method in various theoreti-
cal and practical applications [25]. In this study,
the structure of the simulation blocks is presented
in Fig. 1. The wheel slip controller block (Fig. 1) is
constructed using Simulink software, based on
equations that calculate wheel slip in practice. The
real slip could be estimated [26]. Its task is to as-
sess the current wheel slip 4 against a predeter-
mined reference value %, and generate a corre-
sponding reference pressure p,,z The brake pres-
sure controller block is also primarily built on the
Simulink platform but integrates additional com-
ponents Fuzzy-PID controller and a hydraulic
modulator, simulated using Simcenter Amesim
software. The brake pressure controller receives
the reference pressure p,, as an input parameter
and sends a control signal to the hydraulic modula-
tor to ensure that the output pressure of the hydrau-
lic modulator equals the reference pressure. While
brake torque estimator, wheel dynamics, vehicle
dynamics, and wheel slip estimator are all con-
structed in Simulink based on fundamental calcula-
tion equations. They take missing input parameters
from the preceding blocks, perform calculations,
and provide the necessary parameters to refine the
ABS brake system control strategy.

Vehicle Dynamics. Based on the initial objec-
tives of the study, a mathematical model describing
the vehicle dynamics (Fig. 2) and wheel dynamics
(Fig. 3) was developed.

Wheel
Dynamics

Estimator

W

Wheel Slip

Estimator

v Vehicle F
Dynamics

Fig. 1. Brake system control strategy with ABS
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Fig. 2. Forces acting on the vehicle when braking

The equation of the vertical motion of the
vehicle can be expressed by using Newton’s
second law [27-30] and is presented in the equa-
tion below. Where « is the vehicle acceleration,
F, 1s the traction force of each wheel, 7, is an
aerodynamic force acting on the vehicle, Az is the
total mass of the vehicle, and Az, is the equivalent
mass of rotating parts, M, = 0.05 M;.

a_Fxl+Fx2+Fx3+F;4+Fw

M, +M, W

During braking, the forces acting on the axles
will be redistributed, with an increase in force on
the front axle and a decrease in force on the rear
axle. The aerodynamic force and the forces acting
on the axles are determined by the following for-
mulas [29-31]:

E,=0.5pCBv*; )
Fp = PMyg N Myhg P Fyhy :
2 2L 2L
(3)
M Myh F h
Fz34:q Vg_ cha+ ww,

2 2L 2L

where p is mass density of the air, C is vehicle
drag coefficient, B is vehicle frontal area and v is
vehicle speed. While p, ¢ is the weight distribution
coefficient on the front and rear axle respectively
when the vehicle is in a static state with a full load,
g 1s the acceleration due to gravity, /. is the height
of the vehicle gravity, L is the wheelbase of the
vehicle and #,, the height from aerodynamic force
to the ground.

Wheel Dynamics. The force diagram acting on
the wheel during braking is shown in Fig. 3.

Similarly, when simulating the wheels, the arti-
cle used the following equations [29]:

o = (Fx,- +F§ )Rw ~T ; @

oi
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where o, is the rotational speed of each wheel,
F; 1s the rolling resistance force at each wheel,
R, is wheel radius, T;, is the braking torque of each
wheel, J,; is wheel moment of inertia, p is the road
adhesion coefficient. The road adhesion coefficient
depends on the wheel slip ratio A and can be calcu-
lated through the interpolation function between
the slip ratio and adhesion coefficient, which is
shown in Fig. 4.

Fig. 3. Forces acting on the wheel when braking

1.0
0.8
0.6
0.4
0.2
0
02
F-04
._g—0.6
<-0.8
-1.0 R
-1.0 08 06 04-02 0 02 04 06 08 1.0
Slip Ratio

Fig. 4. The function from the sliding degree
to the adhesion coefficient

n Coefficient

Wheel Slip Controller Block. The objective of
this module is to determine the reference pressure
based on the wheel slip error, which is the differ-
ence between the actual slip and the reference slip
(desired slip value). The input variables of the
fuzzy controller are the wheel slip error e, = 2% — A
and its change Ae;. ¢, particularly is the slip error,
which can be determined by the reference slip ratio
() and the actual slip ratio (1), while Ae, is the
change of ¢, within in a time step 7. The output

variable is the reference pressure p,-
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The paper proposes the use of a PID-type fuzzy
controller employing a Takagi-Sugeno-Kang (TSK)
fuzzy system to regulate the wheel slip to a desired
value because of some outstanding points of this
controller mentioned in research [12, 13]. This hy-
brid control approach combines the intuitive design
and computational efficiency of a Fuzzy Inference
System (FIS) with the well-established PID control
theory. This study also used a PID-type fuzzy con-
troller, which is demonstrated in Fig. 5.

The classification as a PID-type controller is
since, before entering the FIS, both input variables
are scaled by the gains K, and K,,, which are ana-
logous to the proportional and derivative gains of
a PID controller. Conversely. the output of the FIS
is scaled by the gain K,, before integration.

were initially adjusted to ensure that the signal va-
lues entering the FIS fell within the normalized
interval of [-1 1]. Regarding the output gain K,,.
the initial value for the first iteration was selected
based on the modulator limits for pressure in-
crease/decrease rates (Table 3).

Rule Set
Table 2
Consequent function parameters for output Ap,,r[16]

Vi Fuzy Set Cy Description

Decrease the reference pressurc

1 | Decrease-fast | —1 .
rapidly

Decrease the reference pressurc

2 |Decrease-slow| —0.5
slowly

3 Hold 0 |Hold reference pressure

Increase reference pressure
4 | Increase-slow | 0.5 P

Fuzzy sefs. The membership functions (MFs) slowly
for the input variables are defined using Gaus- Increase reference pressure
. . 5 | Increase-fast 1 .
sian curves. The preferences for Gaussian curves, rapidly
as opposed to triangular or trapezoidal MFs, ensure
a smoother transition between fuzzy sets (Table 1). Table 3
Table 1 The fuzzy rule for wheel slip control [14, 16]
Fuzzy sets and MFs parameters for inputs ¢, and Ae, [14] e \Ae; Decreasing Steady Increasing
Fuzzy Set c Description Negative Hold Decrease-slow | Decrease-fast
A Negative <0 [-1 A>T Zero Increase-slow Hold Decrease-slow
A, Zero =0 |0 A>ard Positive | Increase-fast | Increase-slow Hold
A; Positive >0 |1 A>T

B Increasing Ag, <0 |1
B, Steady Ay =010

B; Decreasing | A >0 | 1

A is increasing

A is steady

A is decreasing

This results in a continuous output signal
(Table 2). The MFs for each fuzzy set, are evenly
distributed within the normalized interval [-1 1].
This choice guarantees that the controller dynamics
can be easily adjusted by tuning the PID gains out-
side the FIS. The input and output gains K, and K,

. , [-11]

TSK Fuzzy

Inference
System

Brake Pressure Controller Block. The brake
pressure controller block is tasked with adjusting
the command signal u directed to the hydraulic
modulator. This adjustment aims to align the
pressure on the caliper p.,; with the reference pres-
sure p,,s established by the wheel slip control-
ler (Fig. 6). Given that there are no highly specific
requirements, the preference lies with the design
simplicity and familiar principles of a PID-type
controller. Using the Tuner tool for automatic
tuning further streamlines the design process, en-
hancing its simplicity and intuitiveness.

(-1 1] Aprer Wl Pro

Fig. 5. Control strategy for Fuzzy-PID control
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Fig. 6. Pressure control strategy and modulator model

The hydraulic modulator constructed on
AMESim (the block is within the red dashed line
in Fig. 6) including the master cylinder model
(modeled by a stable pressure source, assuming the
driver always applies full brake force, low-pressure
reservoir model, two solenoid valves controlling
pressure increase and decrease, and two one-way
spring valve. The hydraulic modulator solely re-
ceives binary signals for the inlet and outlet valves,
the valve is open when the command signal is 1,
while it is closed when the command signal is
equal to 0. Therefore, the pressure controller’s ana-
log control signal u needs to be transformed into
two binary signals denoted as [u;, tn). When the
command signal u is positive/negative, the outlet
pressure p will correspondingly increase/dec-
rease. This also indicates that the pressure satura-
tes at py,c or 0.

The behavior of the hydraulic modulator is
simply modeled as follows:

u > 1 (pressure increase): Uy = 1, gy, = 0:

—1 < u < 1 (pressure hold): s =0, tpu = 0:

u <—1 (pressure decrease): t;; =0, g = 1.

Based on the theory, set the model parameters,
and establish the electrical pulse control signal for
the ABS solenoid valve, which is the control signal
u derived from a simulation model. The control
signal u;, is used for the inlet valve, while the con-
trol signal u, is used for the outlet valve. The so-
lenoid valve only receives two signals [0 1], cor-
responding to the open and closed modes of
the valve. Initially, the inlet valve is set to open
mode while the outlet valve is set to closed mode.
The brake torque can be calculated from the pres-
sure p.y as follows. Where p is the friction
coefficient, 4 is the wheel cylinder diameter,
and 7y, is the average radius of the brake pad

2

nd
T, = H—z Deailty- @)
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Experiments on the real road. An experiment
was conducted on a Mazda 6 vehicle to obtain in-
put parameters for the simulation process [refe-
rencing the wvehicle's technical specifications],
and to validate both the developed model and con-
trol algorithm. The comparison between simulation
results and experimental data was carried out to
evaluate the model’s accuracy and the performance
of the controller. Key metrics used to assess bra-
king effectiveness included braking distance,
deceleration, and braking time. The Mazda 6,
equipped with disc brakes on both front and rear
wheels as well as an Anti-lock Braking Sys-
tem (ABS), offers a reliable platform for testing
and validation purposes.

The experiment was divided into two parts.
Part 1 involved determining the weight distribution
on the axles and the coordinates of the vehicle's
center of gravity. These are crucial input parame-
ters for the simulation model. To obtain these pa-
rameters, a load weight feature of the shock ab-
sorber test bench (Fig. 7) was used. After obtaining
the parameters for the simulation model, a subse-
quent experiment was conducted to determine pa-
rameters, including vehicle speed, angular velocity
of the wheels, and braking distance. These parame-
ters were used to compare with the simulation re-
sults to evaluate the accuracy of the simulation
model. The equipment and connection diagram are
detailed in Fig. 7.

The experimental process was conducted on the
route shown in Fig. 8 and included the following
steps:

Step 1: The test vehicle moves to location 4 at
a speed of about 40 km/h. The information collec-
tor checks the sensor parameters received from
the vehicle to ensure the connection is working
properly and warms up the brake system.
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Fig. 8. Experimental route

Step 2: The test vehicle moves to position B at
a speed of about 90 ki/h (25 nv/s) and remains sta-
ble. Vehicle speed is observed via the dashboard or
vehicle speed parameters displayed on the screen.

Step 3: The test vehicle maintains a constant
speed from position B to position C. When the ve-
hicle reaches position C, the driver depresses the
brake pedal to perform the braking and stopping
process. The Brake Switch sensor will receive the
brake pedal signal and begin the process of recor-
ding the results on the KiCenter software.

Step 4: When the vehicle stops completely (the
experimenter sets v < 3 kmv/h), the software will
receive a signal, and the recording process ends.

Step 5: Review the results obtained and exa-
mine the wheel skid marks created during braking.
Continue repeating the process for the remaining
times. The results obtained include: braking dis-
tance, length, and braking time.

Step 6: Continue repeating the process for the
remaining times to get accurate results.

The experiments were conducted on a dry
asphalt road with a measured adhesion coefficient

218

of 0.9. Data from experiments and simulations are
presented in the next section.

Results and Discussion

Through survey results in each different road con-
dition, the different slippage and adhesion coeffi-
cients between the wheels and the road surface
were presented. The relationship between slippage
and adhesion coefficient between wheels and road
surface can be shown by the interpolation in Fig. 9.

t

— Experiment
— Simulation

/4 .
0 0.5 10 15 20 25 s 30
Time

Fig. 9. Braking distance comparison graph
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The study also compared and evaluated the ef-
fectiveness and accuracy of the built ABS control
algorithm in case the vehicle speed was 21,6 m/s
(Fig. 10) and the initial pressure measured by the
Onboard diagnostics was 15 MPa. The results and
evaluations are presented in the Table 4 below.

The table shows that the error of the braking
time and braking distance of the simulation results
compared to the experimental results above is all
less than 5 %. In comparison with the results from
some similar research [30], the simulation model
combined two simulation software along with the
reality experiments was able to give more accurate
numbers of the error between the model and the
actual, instead of parameters provided by the simu-
lation model and their working as shown in re-
search [6, 7]. for example. Thus, the braking effi-

ciency obtained through the simulation process has
also been confirmed because the error is relatively
small (Fig. 11, 12).

25
mls —— vMP (m/s)
L — - — wMP (m/s)
20 VIN (w/s) |
— WIN (wls)
Z 15
38
=
10
5.
0 05 10 15 20 25 s 30

Time
Fig. 10. Comparing the vehicle speed and the converted wheel
speed graph vMP and wMP are the velocities of the vehicle
and wheel in the simulation, vIN, and wIN are the velocities
of the vehicle and wheel in the experiment

Table 4
Comparing braking time (t), braking distance (s), and average acceleration (a)
¥30) v () At%) | Swp@) | Swm) | AS(%) | dmar@/s) | amen@/s) | Aa(%)
2.65 2.54 4.41 30.58 30.48 0.33 —7.83 -8.15 3.93
*MP: simulation results; *TN: Experimental data.
t: total time of braking process s: brake distance a: acceleration
0s] 1
Experiment
|====Simulation
0.6 -
L2
% 0.4
8
02
0 05 10 15 20 25 s 30
Time
Fig. 11. Slip Ratio of Front Wheel
$
0.8 T T
Experiment
= Simulation
0 0.5 1.0 15 20 25 s 3.0
Time
Fig. 12. Slip Ratio of Rear Wheel
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In addition, the reliability of the simulation model
can be confirmed by combining the Calculation
and Simulation software (Simulink and AMESim),
which can be shown in the Table 5 below.

Table 5
Error between the simulation
and experimental results

Speed when| Mean Absolute Root Mean Square
braking Error MAE Error RMSE
vo (m/s) A S V| w o, c; | o, Gl
0 (%) | (%) | (%) | (%) |(m/s%) | (m) |(m/s)|(rad/s)

21,6 2,10(0,56(1,90|5,90| 0,65 {0,21]0,27 | 2,06

vo: Initial velocity, a is acceleration, s brake distance,
w is the angular velocity of the wheel.

From the table above, we see that at speed
vo = 21,6 m/s, the simulation model of the ABS
braking system has negligible errors compared to
reality; respectively, the braking acceleration pa-
rameters, braking distance, and vehicle speed have
an average absolute error of less than 3 %, and for
wheel angular speed, it is less than 6 %. For root
mean square error, the error values of acceleration,
distance, and velocity are all so small (less than
one), for wheel angular velocity, it is approximate-
ly 2 (rad/s). Thus, this proves that the simulation
model using simulation software combined with
Amesim Simcenter is highly reliable and can be
applied to many different conditions. However, the
simulation model has not achieved the braking ef-
ficiency as the actual experimental results; this
needs to be further improved. On the other hand,
the slip ratio of wheels in the simulation in Fig. 13
and 14 is similar to the experiment. That de-
monstrates the proposed control algorithm works
effectively in comparison with the classical ABS
in 8.5 % of braking time and 6.5 % of stopping
distance [32].

The study also conducted simulations of the
braking system under road conditions with varying
adhesion coefficients to assess the system's effec-
tiveness in real-world scenarios. The results shown
in Table 6 indicate that the system operates under
different road conditions. A comparison between
road conditions with adhesion coefficients of 0.3
and 0.9 reveals a braking efficiency difference of
approximately 3.7 times. The system also demon-
strates effectiveness in preventing wheel slippage
across various road conditions.
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Table 6
Parameters assessing the braking efficiency
of the system under different road conditions

Friction coefficient | £y (s) Sy (M) | agversp (M/s?)
0.3 10.3 112.6 2.0
0.4 7.8 85.5 2.7
0.5 5.2 58.1 4.0
0.6 47 51.7 4.5
0.7 4.4 49.7 4.7
0.8 3.9 44.1 -5.3
0.9 2.7 30.6 78
CONCLUSION

The experimental results obtained from real-
vehicle testing demonstrated that the ABS equip-
ped with a hybrid control algorithm based on PID
regulation and Fuzzy logic enables a passenger car
to decelerate from an initial speed of 21.6 m/s
without wheel lock on a road surface with a adhen-
sion coefficient of 0.9, achieving a braking time
of 2.54 s and a stopping distance of 30.48 m.
These values are 8.5 and 6.5 %, respectively, lower
than those obtained with the conventional hydrau-
lic modulator control strategy.

The simulation results are in close agreement
with the experimental data, exhibiting a deviation
of 4.4 % in braking time, less than 0.5 % in stop-
ping distance, and 3.9 % in vehicle deceleration.
This confirms the high accuracy and adequacy
of the AMESim/Simulink co-simulation model,
demonstrating its suitability for the development and
refinement of control algorithms, as well as for the
investigation and evaluation of the complete braking
process dynamics and system optimization.
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