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Abstract

Anti-Lock Braking System (ABS) is an important safety feature on vehicles that prevent the
skidding during emergency braking and helps improve the stability and braking distance.
Numerous studies present how well the ABS maintain the slip around optimal value (i.e. 0.2),
using mainly the quarter car model. Existing research lack on providing the full vehicle model
with the physical experiment to proof how well ABS reduce the braking distance. This paper
researched the braking performance of the ABS and CBS systems under different speed and road
condition by means of theoretical modeling and experimental testing. The theoretical modeling
was carried out in MATLAB/Simulink and CARSIM, whereas the real car used for experimental
validation was a Ford Figo 2014 model driving at the speed of 40, 50 and 60 km/hr. A quarter car
model was developed to assess braking performance across different surfaces. The study utilizes
PID and Bang-Bang controllers to optimize ABS functionality, ensuring effective braking force
modulation. CarSim had used to create real world scenario for testing with the full vehicle model
as per the specification of the Ford Figo 2014 model. The simulation and experimental results
confirm that the ABS had significantly reduce the braking distance. Simulation results from
MATLAB/Simulink using PID controller showed that at 60km/hr, braking distances for an ABS-
equipped vehicle were 16.8 m on dry asphalt, 25.13 m on wet asphalt, 17.14 m on dry concrete, and
27.3 m on dry grass. CARSIM showed that at 60 km/h, braking distances for an ABS-equipped
vehicle were 17.5 m on dry asphalt, 26.4 m on wet asphalt, 17.47 m on dry concrete, and 28.3 m
on dry grass. Experimental tests yielded comparable results, with braking distances recorded as
16.9 m on dry asphalt and 24.4 m on wet asphalt. To sum up, it can be inferred that ABS reduce
the braking distance during emergency baking with better precision and stability on wet surface.

Keywords: Anti-Lock Braking System (ABS), CarSim, Non-ABS, MATLAB/Simulink, Braking
Distance
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1. Introduction

Engineering curiosity led to the idea of studying how Anti-lock Braking Systems (ABS) affect braking
distances during emergency braking. With a traditional braking system, wheel lock-up can occur, resulting
in skidding, loss of steering control, and an increased braking distance. Real-world concerns about road
accidents made the study relevant, as braking efficiency is highly concern in preventing accidents, particularly
in Nepal, where road traffic accidents involving four-wheelers have shown a consistent rising trend
over the past decade [17].

ABS has significantly ameliorated the braking system on a vehicle over slippery surface. Efficient mechanism
of preventing the wheel lock helps to maintain the stability of a vehicle during emergency braking on both
dry and wet road surfaces [27]. Proper functioning of the system includes the seamless performance of each
and every part within ABS mechanism. Within ABS, various research can be conducted on different
components and their working mechanisms for better utilization of the vehicle's safety system.
Numerous studies have been conducted on ABS, and a portion of the literature relevant to this
research is presented here.

Zulhilmi et al. [87 conducted real-world experiments using a Malaysian sedan, Proton Persona, to analyze
vehicle dynamics under emergency braking. Their results showed that ABS significantly improved stopping
distances and times across speeds of 30, 50, and 70 km/h, with notable gains at higher speeds. Similarly,
Minh et al. [47 developed a real ABS laboratory platform to validate wheel lock prevention under braking.
Lorenci¢ [27] complemented this with a study of tire aging effects, confirming that ABS enhance braking
efficiency and road grip on both dry and wet surfaces.

In parallel, simulation-based investigations have been instrumental in optimizing ABS performance. Abdul
Majid et al. [57 built a braking model for a Malaysian passenger car, concluding that PI control yielded
accurate and responsive performance. Rohilla et al. [67] implemented and compared various classical
controllers, determining PID control to be most eftective in reducing both stopping time and distance.
Aparow et al. [7] and Mirzaeinejad & Mirzaei [87 used detailed vehicle models to simulate ABS behavior,
showing improvements in wheel slip regulation and braking torque control. Guo et al. [97] enhanced a
sliding mode controller with fuzzy logic, optimizing performance through better slip maintenance.

Comparative studies across diverse road surfaces further clarified the role of controller design in improving
ABS. Ulum & Arifianto Patriawan [107] conducted extensive testing on dry/wet asphalt, soil, dirt, and
gravel. Their results showed that PID-controlled ABS consistently reduced braking distances compared to
non-ABS setups. Xiao et al. [117] and Wafi (127 validated the effectiveness of fuzzy and PID controllers in
handling variable surfaces, with PID proving particularly robust on ice and snow. Bhivate 1387 reinforced
this through simulations showing PID’s superiority in stabilizing vehicle dynamics across multiple friction
conditions.

More advanced control strategies integrated intelligent algorithms and hybrid systems. Bhuiyan et al. (147,
Staputis & Zuraulis [157, and Oudghiri et al. [167 developed and tested fuzzy logic and hybrid fuzzy-sliding
controllers, which yielded faster response, better slip control, and reduced vibrations under emergency
braking. Geleta et al. [177] used MATLAB/Simulink and CarSim to model full-vehicle dynamics with fuzzy-
controlled ABS, validating the system under different road conditions. Their results demonstrated that
intelligent controllers could significantly improve braking efficiency and vehicle stability beyond classical
designs.

Beside these all, Researchers have addressed broader system-level challenges, such as cybersecurity and
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coordinated braking control. Kang & Shen [187] developed an ABS attack detection and mitigation strategy
using real-time vehicle state estimation, showing resilience against sensor and CAN bus attacks. Zhang
et al. [197] proposed a multi-objective control method combining ABS with Active Front Steering (AFS)
under low-adhesion conditions using predictive control. El-Bakkouri et al. [207] introduced an adaptive
output feedback controller that improved robustness under varying road conditions. Complementary work
by Mohebi [217 and Xu et al. [227] highlighted the integration of suspension systems and electric braking
technologies to enhance stability, energy recovery, and braking response, advancing the role of ABS in
comprehensive vehicle safety systems

Cao et al. [237] laid foundational work by developing a simulation algorithm for an automobile braking
system using a single-wheel vehicle model in MATLAB/Simulink. This model included both tire and brake
dynamics to compare systems with and without ABS, demonstrating ABS’s etfectiveness in improving braking
performance and vehicle stability. Yadav [247] extended this approach by simulating ABS for a quarter-
vehicle model in MATLAB/Simulink. Among the tested controllers, the fuzzy logic controller outperformed
the traditional PID controller—reducing stopping distance by approximately 39 meters and maintaining an
ideal slip ratio of 0.2, which improved stability.

Shaikh and Singh further reinforced ABS's advantages through full-vehicle simulations with and without ABS
in MATLAB/Simulink. Their findings confirmed that ABS improves braking efficiency, reduces stopping
time and distance, enhances steering control, and prevents wheel lock, with results strongly influenced by
road surface and brake force distribution. Blancas et al. [257] conducted a focused comparison between PID
and hysteresis controllers using a quarter-vehicle model. Their results favored the PID controller for quicker
stabilization of wheel slip and maintaining optimal slip near 20%, underscoring PID's relevance in modern ABS
design. Qasem and Abdullah [267 added depth by comparing PID, bang-bang, and fuzzy logic controllers.
Their study concluded that while PID minimized stopping distance, fuzzy logic controllers provided better
steerability and slip control, revealing a trade-off between stopping performance and directional stability.

Shah et al. [277] developed an ABS using fuzzy logic (FL) controllers in MATLAB/Simulink and compared
it against a bang-bang system. The FL-based ABS offered smoother and quicker braking (10 seconds vs.
12 seconds), improved slip control, and enhanced steerability. The authors also suggested including road
slope in future models for more accurate brake force modulation. Rohilla et al. [287 focused on optimizing
traditional controllers (P, PI, PD, and PID) using genetic algorithms in a quarter-vehicle ABS model. Among
the options, the PID controller performed best with a stopping distance of 42.62 m and stopping time of
2.998 s, offering precise slip control and strong braking stability.

Chen and Shih [297 introduced an adaptive fuzzy-PID ABS controller that incorporated real-time parameter
tuning and pulse-width modulation. This system was designed to achieve the highest possible braking
force across varying terrains, showcasing adaptability to diverse road conditions. Sahin and Unliisoy [307]
advanced the controller design by proposing a hybrid fuzzy-PID system that estimated reference slip based
on longitudinal acceleration. This controller proved effective under mixed-adhesion conditions, combining
the adaptability of fuzzy inference with the precision of PID control to maintain stability during complex
maneuvers. Gowda et al. [317] presented an ABS design featuring wheel slip estimation using nonlinear
tracking control. Their method was validated with a dynamic pitch model and the Magic Formula tire
model, demonstrating high accuracy in slip regulation and minimal braking distances, highlighting the role
of detailed tire modeling. Unguritu and Nichitelea 827 improved upon the bang-bang control approach by
developing a three-position controller that added a hold state. This modification reduced oscillations and
increased system stability, enhancing responsiveness and braking efficiency.
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Researchers have conducted the various study on the ABS including the ESC system, PID controller HILS
method, longitudinal wheel model, Car tyre model, Burckhardt Friction Model, Bang-Bang control algorithm,
adaptive fuzzy fractional order sliding mode control, fuzzy sliding mode control, CAE methods and also used
different advanced software such as ADAMS, FFuzzy, MATLAB, Simulink, with prior work also coupling
MATLAB/Simulink with CarSim for full-vehicle ABS simulation [177]. However, It was found that there is
minimal research available considering the real world scenario of the road and the vehicle, speed and tire road
coefficient of friction, including studies specific to Nepalese road surfaces [337]. Most of the reviewed studies
also relied on a quarter-car model in MATLAB/Simulink alone, with limited use of full four-wheel vehicle
simulation validated against physical testing. This study aims to address the gap by providing a result of
vehicle braking distance for an ABS and Non-ABS vehicle (Ford figo 2014) performing both the real-world
experiment and the simulation over CarSim for the verification of the result. A key aim is to identify under
which conditions ABS yields the most significant benefits and to determine the main parameters influencing
the braking distance.

The goal of this study was to model, simulate and experimentally study the braking performance of ABS and
Non-ABS Ford Figo 2014 cars under dry and wet conditions at 40, 50 and 60 km/hr. The study was only
carried out on one vehicle type, four road surfaces and maximum speed of 60 km/hr and was based on the
Burckhardt friction model instead of on a direct friction measurement in situ. The methods and procedures
presented here should be further applied to other vehicle types, to other road surfaces (e.g., snow, gravel), and
to direct field measurement of the tire-road friction coefficient as a function of wheel speed.

2. Methods and Materials
2.1. Mathematical Modelling

The construction of an antilock braking system starts with the important step of mathematical modeling.
Mathematical modeling, with simulation, provides useful information for understanding braking phenomena
and the impact of various parameters on braking performance of a vehicle. Vehicle models used include
the general vehicle model, four-wheel vehicle model and single-wheel vehicle model. In this research, the
mathematical modeling is simplified to a quarter vehicle model.

2.1.1. Quarter Vehicle Dynamics Under Braking

Figure 1 shows a quarter vehicle model's free body diagram which illustrates the vehicle's straight-line
motion during braking, so equations of equilibrium can be obtained as follows:
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Figure 1: FForces Acting Under Braking of vehicle
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By Newton's second law, equation of motion can be written as [26],

My Mv
BX 5 X g=-—-X ay (1)
Ay =-pXxX g
Integrating,
V= puxgxdt (2)
Though the vehicle is only translating, linear speed of vehicle can be transformed to angular speed as;
_ [ uxgxdt
o =-"EES (%)

Hence, once the coefficient of friction is known, the speed of vehicle gives by above equations (3).
2.1.2. Stopping Distance Calculation

Simple and fundamental relationships can be derived for the case where it is reasonable to assume that the
forces acting on the vehicle will be constant throughout a brake application. The simple equations that result
provide an appreciation for the basic relationships that govern braking maneuvers.

BV
Di=3= " ()

Where:
I = Longitudinal deceleration forces on the vehicle/Frictional force
V = Forward Velocity

This equation can be integrated for a deceleration from initial velocity, VO, to final velocity, Vf

Ve Py pts

ol av=—=[7at
_ Fst

Vo=V = 2Lt (3)

ts = Time for the velocity change

Because velocity and distance are related by V = dx/dt, this can be substituted for ‘dt” in above equation and
integrate, and obtain the relationship between velocity and distance:

VOZ—Vj? F
B Eey (6)

X = Distance travelled during the deceleration
In the case where the deceleration is a full stop, then Vf'is zero, and X is the stopping distance, SD, then;

Ve _ vg Vg (7)
Fxt = Mg =
2 X 2 ug

SD =

And the time to stop is:

- (s)

Thus, all other things being equal, the time to stop is proportional to the velocity, whereas the distance is

tg =

proportional to the velocity square.




Journal of Engineering Issues and Solutions 5 (2): 273-287 [2026]] Devkota et al.

2.1.2. Estimation of  coefficient of" friction based on slip ratio

To calculate the frictional force between tire and road surface, coefficient of friction is required which varies
with slip ratio and difterent types of road conditions such as dry, wet, snowy etc. Hence, in this study, Burck-
Hardt model (1993) is used due to its better accuracy [27].

H(d) = C1(1- e Y- C3x2A (9)

Where C1, C2 and C3 are constants dependent on the state of the surface. Table 1 shows the characteristic
parameters according to the type of road.

Table 1: Parameters of Burck-Hardt Formula for Different Surfaces

Surface C, C, C,

Dry Asphalt 1.28 23.99 0.52
Dry Concrete 1.19 25.17 0.54
Wet Asphalt 0.86 33.82 0.85

2.2. Simulation in MATLAB/Simulink and CarSim
2.2.1. Matlab/Simulink

Based on above mathematical modelling and using PID and Bang-Bang controllers, Simulink models was
developed in Matlab. This study aims to develop a quarter vehicle model that maintains target slip ratios by
implementing PID and Bang-Bang controllers.
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2.2.2. CarSim

CarSim program makes it possible to predict and study the dynamic behavior of a vehicle (tire-wheel
interaction, suspension-chassis, etc.) in different situations, in response to a series of inputs such as the
technical characteristics of the vehicle or the environment. It helps to simulate the full body real vehicle as of
the experiment in vehicle (i.e. Ford figo 2014).
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Figure 6: Carsim

2.3. Experimental Testing

2.8.1. Description of the vehicle

All the measurements carried out refer to Ford figo 2014 model equipped with a 1200 cc, 16-valve petrol
engine with 68 hp of power. The car in question is a mid-class hatchback with a wheelbase of 2489 mm and
a total curb weight of 1040 kg. The standard tires used for the tests are 175/65 R14T both at the front and
at the rear.
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Table 2: Test Vehicle Specification

Parameter Specification

Engine 1.2-Liter Duratec Petrol Engine
Transmission 5-Speed Manual

Configuration 4-Cylinder, 16-Valve

KRerb Weight 1040 kg

Wheel Base 2489 mm

Radius of Wheel 292 mm

Tire 175/65 R14T

2.8.2. Test Procedure

The braking distance was obtained by means of a measuring tape with the braking point on the road marked
with a chalk marker prior to each trial. Three tests were run at each speed and road surface condition with
the results averaged for each. The tests have been conducted at Pulchowk Engineering Campus, Nepal. To
begin with, dry-surface trials were conducted on the natural (dry) pavement. Water was then poured over
the test section immediately before each wet trial to provide wet surface conditions on the same test section.
Non-ABS testing included removing the ABS fuse from the vehicle's fuse box, but no other changes to the
braking system.

Field instrumentation was not used to directly measure the friction of the road surface. The coefficient of
friction for each surface type was instead described by the standard Burckhardt friction model parameters
(Table 1) which is frequently used when direct field measurement devices like a British Pendulum Tester or
a towed friction trailer are not available in braking distance studies. The values are recommended for further
validation under Nepalese road conditions using the direct in-situ friction measurement in future.

3. Results and Discussion
3.1. Matlab Simulation Result

The simulation result was provided for asphalt, grass, concrete for both wet and dry condition. The graph
indicates that as the friction coefficient reduces due to road condition the braking time and brake distance
increases and the same is true for speed.

Braking distance vs Time

30

=——=BANG BANG CONTROLLER

e PID

=NO ABS

2.31, 16.48

Stopping distance (m)

o 0.5 1 1.5 2 2.5 3 3.5
Time (s)

Figure 7: Braking Distance
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Figure 9: Velocity

The result demonstrate that the purpose of the ABS controller is to maintain slip ratio as near as possible to
the value of 0.2, as shown in Figure 8. The respected figure show that the PID is the one that first achieve
the required slip followed by bang bang controller and no controller mechanism.

[t is notable the vehicle (running at the speed of 50 km/hr on wet asphalt) comes to a stop at 16.48, 19.62 and
25.22 meters taking 2.31, 2.53 and 3.00 seconds respectively as shown in Fig 7. It indicates PID controller
work best for reducing the braking distance. With that, as shown in Fig 9 a velocity graph for both Vehicle
and wheel had founded, and illustrate that both the velocity curves merge at a point when the vehicle is
stopped, which ensures the vehicle stops without skidding.
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3.2. CarSim Simulation Result

The ABS model of the CarSim indicate the full vehicle simulation, with the virtual scenario of the different
types of roads as per the physical experiment.
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The pedal force is considered to be 600N as shown in Figure 11 that remain constant throughout the
experiment under different speed of the vehicle. The sudden drop of the speed is after the stop of the vehicle.
Difterent velocity of rear and front tire is illustrated in Fig 12 with the sudden drop of the velocity for the
Non-ABS and gradual drop with wave like pattern for the ABS vehicle.
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Table 8: Matlab Result For Braking Distance

Speeds Braking Distance (m)
Surfaces
(km/hr)  Bang-bang PID Non-ABS
40 10.55 8.63 15.79
Dry Asphalt 50 14.87 12.36 22.23
60 19.75 15.74 27.43
40 13.16 10.66 17.49
Wet Asphalt 50 19.62 16.48 25.22
60 27.83 28.55 34.17
40 8.26 7.24 12.26
Dry Concrete 50 12.22 10.87 17.46
60 16.78 15.24 23.60
40 12.5 12.5 17.54
Dry Grass 50 15.21 20.48 22.59
60 21.4 27.3 35.27

Table 4: Carsim Result For The Braking Distance

Speeds ABS No ABS
Surfaces . . . . . .
km/hr Braking distance (m) time (sec) Braking distance (m) time (sec)
40 8.5 1.45 9.3 1.53
Dry asphalt 50 12.6 1.75 13.9 1.86
60 17.5 2.21 19.3 2.34
40 11.9 1.95 13.4 1.75
Wet asphalt 50 18.4 2.46 19.8 2.41
60 26.4 3.2%4 28.5 3.67
40 8.16 1.85 8.94 1.48
Dry
50 12.2 1.67 13.46 1.39
concrete
60 17.47 2.29 19.34 2.32
40 13.4 1.98 15.5 2.01
Dry grass 50 21.7 3.01 23.8 3.21
60 28.3 3.42 34.7 3.87

®
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Table 5: Experimental Result

ABS No ABS
Surfaces Speeds km/hr - - - - - -
Braking distance (m) time (sec) Braking distance (m) time (sec)
40 8.1 1.4 9 1.54
Dry asphalt 50 11.8 1.65 13.2 1.76
60 16.9 2.12 18.9 2.23
40 11.7 1.62 14.2 1.89
Wet asphalt 50 17.4 2.32 22.8 2.86
60 244 3. 14 32.5 3.59

3.3. Validation of Simulation Results Against Experimental Data

The MATLAB (PID controller) and CarSim (ABS) braking distances were compared to the experimental
ones for dry and wet asphalt at speed of 40 km/hr, 50 km/hr, and 60 km/hr; only experimental braking
distances have been available for these speeds.

Table 6: Validation of Simulation Results Against Experimental Data

Surface Speed MATLAB CarSim Experimental (m) % Error % Error
(km/hr) PID (m)  ABS (m) (MATLAB) (CarSim)
Dry Asphalt 40 8.63 8.5 8.1 6.54% 4.94%
Dry Asphalt 50 12.36 12.6 11.8 4.75% 6.78%
Dry Asphalt 60 15.74 17.5 16.9 6.86% 3.55%
Wet Asphalt 40 10.66 11.9 11.7 8.89% 1.71%
Wet Asphalt 50 16.48 18.4 17.4 5.29% 5.75%
Wet Asphalt 60 28.55 26.4 244 3.48% 8.20%

The percentage error between the experimental results and the MATLAB simulation was between 3.48% to
8.89% with an average percentage error of 5.97%, while the percentage error between the experimental and
CarSim results was between 1.71% to 8.20% with an average of 5.15%. The differences were explained with
the fact that, in both MATLAB and CarSim, the friction coefficient as a function of pedal effort was assumed
to be constant, and that the road surface irregularities during the physical testing were not fully represented.
The modeling approach was considered as valid as the simulation results matched the experimental results
well, with an average error lower than 6%.

4. Conclusion

The test outcomes shown a significant increase in braking effectiveness when applying the ABS, no matter
the surface of the road, be dry or wet, grass or concrete.

After analyzing the data collected during the MATLAB simulations, CARSIM simulation, and experimental
testing, the following conclusions were drawn:

1. A Simulink model of ABS and Non-ABS braking systems in MATLAB was made and the PID
controller showed the shortest braking distance with minimum braking time compared to both the
Bang-Bang controller and NON-ABS.
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2. Experimental testing was done and it was found that ABS-equipped vehicles consistently achieve
shorter and more controlled braking distances, particularly on low-friction surfaces like wet asphalt
and grass. In contrast, non-ABS vehicles tend to experience wheel lock-up, leading to longer braking
distances and reduced steering control. The experimental results closely align with the Simulink

simulations, validating the effectiveness of ABS in enhancing vehicle safety with a relative error of
0.09% (MATLAB) and 1.62% (CARSIM).

3. After the simulation was done the key parameters that influence the braking performance were
identified, including tire-road friction coeflicient, initial velocity, braking force, moment of inertia,

and wheel slip.
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