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ABSTRACT

Safety system of the vehicle can be divided into two main categories; passive and active safety
system. The purpose of the passive safety system is to protect the occupant during an accident,
while active safety system allows the vehicle to be manoeuvred to avoid any collision.
Although active safety system can prevent the accident, in a critical situation such as
emergency braking, the dynamic behaviour of the vehicle changes abruptly, and the vehicle
becomes unstable. The objective of this study is to analyse the dynamic behaviour of the vehicle
during emergency braking with and without anti-lock braking system (ABS). In this study, the
dynamic behaviour of the vehicle is observed by the simulation model that has been developed
in the MATLAB-Simulink. The analysis vehicle model is Universiti Malaysia Pahang (UMP)
test car, model Proton Persona. During braking, when ABS control unit detect the wheel is to
lock-up, the hydraulic control unit closed the hydraulic valve to release the brake pad on the
wheel. This allows the wheel to spin intermittently during braking. From the simulation results,
when ABS is not applied to the vehicle, the front tires were lock-up and the vehicle become
skidding. However, when ABS is applied, the speed of all tires decreased gradually and the
vehicle is not skidding. The simulation results also show that the stopping distance with ABS
is improved 28% compared without ABS.

Keywords: active safety system; anti-lock braking system (ABS); hydraulic braking system,
vehicle dynamic; skid.

INTRODUCTION

In Malaysia, vehicle accident is responsible for the death of around 7,000 road user annually
and thousands of other injuries [1]. Among ASEAN countries, in 2007, Malaysia has recorded
the highest rate of road accident per 100,000 populations [2]. Several factors contribute to the
road accident such as inexperience, lack of skill, risk-taking behaviour, road conditions and
bad weather [3, 4]. To increase the safety of the vehicle, most of the researchers are focusing
on the active and passive safety system, such as yaw moment control, stability control, braking
and steering control [5-10]. Active safety system can prevent the vehicle from a collision, while
passive safety system keeps the driver and passengers safe if the accident occurs [6, 11].
Braking system is a basic active safety system and it is compulsory for any vehicles.
By applying the force to the brake pedal, the speed of the vehicle can be reduced and finally
stop it from moving. In this process, the kinetic energy from the wheel is converted to the
thermal energy at the brake pads and the road-tire interface [12]. Although braking system can
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prevent the vehicle from collision, it also has some limitation such as during braking on the
slippery surface. In this condition, if an active safety system such as an anti-lock brake system
(ABS) is not applied, the tire stopped rotating rapidly and the vehicle skidded [13, 14].

The skidding phenomenon also can be occurred during panic and emergency braking.
When the driver pushes a brake pedal firmly, the speed of the tire decreases rapidly and due to
the inertia, and the vehicle is skidding. An Autonomous Emergency Braking System (AEB) is
introduced to overcome with this issue. If an unexpected obstacle approaches the vehicle, the
AEB system automatically activated the brake actuator to stop the vehicle [15-17]. In addition,
the AEB system also can help to provide the optimum braking force if a force from the driver
IS not enough to stop the vehicle in the safety range. Studies show that male and female drivers
have different capabilities to exert a maximum pedal force [13]. Then, the AEB system seems
to be very practical for this situation.

The objective of this study is to analyse the vehicle dynamic behaviour during
emergency braking at different speed. Due to the safety factor, the analysis is developed in the
MATLAB-Simulink software. The results from the simulation is reliable because the analysis
vehicle model is based on the actual car, which is Vehicle Global Positioning System (VGPS),
Universiti Malaysia Pahang (UMP) Test Car. All the specifications and parameter in the
numerical analysis is same as the actual value from the VGPS UMP Test Car. In the numerical
analysis, the maximum braking force is set constant to 400N and the initial speed of the vehicle
is set to the three different speeds; 30 km/h, 50 km/h and 70 km/h. The initial speed is set into
three categories to analyse either the speed can affect the braking performance of the vehicle.

ANALYSIS VEHICLE MODEL
Figure 1 shows the VGPS UMP Test Car that has been used as the analysis vehicle model in

the numerical analysis. This vehicle is equipped with the advanced sensors to analyse the
dynamics motion of the vehicle. The specifications of this vehicle are shown in Table 1.

;-I-Jul-l-l -,!'lil’.

Figure 1 Vehicle model, UMP Test Car.
Brake System of the VVehicle Model

The braking system of the VGPS UMP Test Car is the hydraulic braking system, with disc
brake at the front tire and drum brake at the rear tire. Generally, most of the sedan vehicles
have drum brakes at the rear tire to reduce the maintenance cost. Although the braking
performance of disc brake is faster than the drum brake, the brake pads, calliper and disc rotor
need to be serviced timely. In contrary with the drum brake, the material of the brake shoes is
durable and long lasting. Besides that, the drum brake also suitable for the parking brake.
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Table 2 shows the parameters of the braking system for VGPS UMP Test Car. This
braking system is a closed-loop braking system which means that the pressure from the master
cylinder is transmitted equally to all parts. Based on the Pascal’s Law, the pressure at the wheel
cylinder and brake calliper can be adjusted by increasing or reducing the diameter of the piston.

Table 1. Specifications of the vehicle.

Parameter Value
Gross weight of vehicle, W (kg) 1330
Length of vehicle, L (m) 4.477
Vehicle width, D (m) 1.725
Wheel base, | (m) 2.6

Front track of vehicle, d (m) 1.475
Rear track of vehicle, dr (m) 1.470
Height of CG, h (m) 0.479
Ground coefficient of friction, p 0.9

Vehicle drag coefficient, C 0.32
Wheel radius, rwheel (M) 0.297

Table 2. Parameters of the brake.

Parameter Value
Pedal ratio 7.1
Master cylinder piston area, Am (m?) 0.000387
Wheel cylinder piston diameter, deylinger (M?) 0.01905
Drum effective radius, rgum (M) 0.1397
Brake calliper diameter, dcailiper (M) 0.054
Brake pad effective radius, rorake (M) 0.102
Drum brake lining brake factor 2.2
Disc and pad brake factor 1.2
Friction coefficient of contact surface 0.4

When a driver pushes a brake pedal, the pedal force, Fp is exerted on the brake pedal.
The pedal ratio is the quantitative relation between the distance of pedal to pivot and pushrod.
Figure 2 shows the mechanism of the brake pedal.

Figure 2. Brake pedal mechanism.

Multiplying both the pedal force and the pedal ratio gives the force at master cylinder, F, as
in Eq. (1).
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Then, the pressure inside the master cylinder, Phya can be determined by dividing the
force at master cylinder, Fmey1 with the area of master cylinder, Ameyi [18].

_ chyl (2)

Py =5
’ Amcyl
Considered that the pressure is equal throughout the system, by multiplying the hydraulic
pressure with piston area at the brake piston, Aor piston produces actuating force on the brake,
Fa.

I:a = I:)hyd X Abr piston (3)

Figure 3(a) shows the forces acting on the drum brake while Fig 3 (b) shows the forces
acting on disc brake. The actuating forces produces braking torque at the wheel which caused
the wheel to slow down and eventually stop. Multiplication of the actuating force and the
effective radius gives braking torque.

Drum
rotation Center of pressure

Trailing n Leading
shoe shoe

Y/

(a) (b)
Figure 3. Forces acting on (a) drum brakes and (b) disc brakes.

For drum brakes, moment of all forces about the pivot give,

4

T| :,UNAk: . Wlmluk ( )
nsin@ — u(k —ncos )

5

T = uN Kk = W, mzk (5)

nsin@+ p(k —ncosd)

Taking that Wi = W; =F, and 6=90°, hence;
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F.muk 6
= LM g T, = FaMek (6)

T
! n— uk N+ 1k

The summation of both leading and the trailing braking torque yields the total braking torque
at the drum brakes.

T=T,+T, ()

For disc brakes, the actuating force pushes the piston against the rotor creating retarding torque
on the disc brake.

|:clamp = 2Fa (8)
I:friction = IUFcIamp (9)
Tbr = I:friction I"eff (10)

The braking torque on disc brakes can be written as Eq. (11).
Tbr = Zzu':a reff (11)

By multiplication of traction force and radius of the tire, the traction torque can be determined
as Eqg. (12).

Tf = I:xrtire (12)

Then, the distance travelled by the vehicle during braking is calculated by integrating the
velocity of the vehicle given as in Eq. (13).

t 13
X:KﬁVﬁ%w+@m (3

Considering that there is no lateral force involved, the net speed equals to the
longitudinal speed. Since there is no steering angle, value of side slip angle, B and tire steer

angle, @ is zero. Therefore, X  is the initial value of distance. In this case, it is the initial

braking point, hence, it is equal to zero. From there, the distance can be acquired by integrating
the longitudinal speed of the car.

NUMERICAL ANALYSIS
Simulation conducted with three different initial speed and each of it with activation of ABS
and without the activation of ABS. Three initial speed before panic braking applied are choose

as 30 km/h, 50 km/h and 70 km/h. These three initial speeds are chosen based on the speed
limit at the urban areas, unpaved road and rural paved road [13, 19].
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Dynamic Equation of Motion

In the numerical analysis, the vehicle is considered braking in a straight line and only the
longitudinal forces are considered.

) :JZFX (14)

m

The longitudinal speed of the vehicle, U, is given by integration of the vehicle’s
longitudinal acceleration, a. Equation (15) and Eq. (16) show the vertical force at the front and
rear tires. From these equations, it can be shown that the weight transfer is from the rear wheel
to the front wheel. These equations also show that the longitudinal acceleration, a of the car
can affect the load at each tire. In an emergency braking, the value of a increases rapidly and
more weight transferred to the front wheel and the vehicle becomes unstable.

15
FaneW=FzF+AFZ=FzF+(ID><m><a) (15)

16
FZRneW=FzR—AFZ:FZR—(Thxmxa) (16)

The tractive force is the longitudinal force acting on the tire contact surface. Since there
is no steering angle, only linear state is considered due to constant negative value of £ .

F, = uF, cosd (17)

cos@ = S (18)
A

2
K
A= [s?+| —2tan

The value for F, can be acquired from the multiplication of tire’s vertical force with

coefficient of friction between road and tire interface. The value of cosé is given by division
of tire slip, s with Lambda, A . Taking that g is0, A equals to the tire slip. Hence, giving out

the value of cos@ as 1.

(19)

1 =[C,(1—e °*)-C,s]e (20)
The tire-road adhesive friction is calculated using Burckhardt formulae. Equation 14

gives the value of tire adhesive friction. The parametersC,,C,, C, and C, are constants given
from the following table.
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Table 3. Tire-road friction parameters [13].

Surface condition C, C, C, C

4
Asphalt, dry 1.029 17.16 0.523 0.03
Asphalt, wet 0.857 33.822 0.347 0.03
Cobblestones, dry 1.3713 6.4565 0.6691 0.03
Snow 0.1946 94.129 0.0646 0.03
Ice 0.05 306.39 0 0.03
. . — 21
slipratio,s = u-re x100% 1)
2 (22)
SD=_
2a,
23
t, = (23)

The slip ratio value is used for the ABS mechanism. The braking torque is set to zero
if the slip value is greater than 0.3. The stopping distance and stopping time can be calculated
from Eq. (16) and Eq. (17) where, v, is the initial speed during braking and a, is the vehicle

deceleration during braking. Braking torque is subtracted from the traction torque as it opposes
each other. The product of the subtraction is divided by the tire’s inertia which give out the
angular acceleration of the tire. By integrating the angular acceleration yields the angular
velocity of the tire. Then, the tire speed can be acquired by multiplying together the angular
velocity and the tire’s radius.

T Ty, _d_CO 24)
Itire dt
dw (25)
— =
dt
V.. =l (26)

tire tire

Anti-lock Brake System (ABS)

ABS is used to initiate the pumping action, brake and release in split of seconds for a period of
time, when triggered to avoid wheel lockup during braking which caused skidding. In this study,
a simulation model of brake system with ABS has been developed in MATLAB-Simulink. In
numerical analysis, based on Figure 4, the optimum value of slip ratio, s for a dry road can be
considered in between of 0.08 to 0.3 [13]. As the vehicle slip ratio is in range of syp = 0.08 and
Sdown = 0.3, it can obtain maximum value of frictional force and high degree of cornering force.
In braking situation, if the s > Sqown, the braking actuator at the ABS hydraulic unit activated
and the valve is closed. As a consequence, the braking force at the wheel cylinder and calliper
become zero. This allows the tire to rotate and prevent it from lock-up. On the other hand, if
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the s < syp, the hydraulic valve opened, and the braking force is applied at the wheel cylinder
and calliper. Then, the speed of the tire and the slip ratio increased. From this mechanism, the
value of s stays in its optimum range.

1.0 Sup Sdown
' Dry Asphalt

5
S 0.8
=
8
O 06
c
2
5
= 0.4

0.2 Icy Road

0.0 l/

00 01 02 03 04 05 06 07 08 09 10
Slip Ratio
Figure 4 Relation between slip ratio and friction coefficient
RESULTS AND DISCUSSION
Table 4 shows the simulated result of panic braking under dry condition with the assist of
ABS and without it. From the table, the stopping distance and stopping time simulated with

the assist of ABS, is shorter than without assist of ABS.

Table 4. Simulated result of panic braking under dry condition.

Speed Stopping distance (m)  Improvement Stopping time (s) Improvement
(km/h) ~ ABS No ABS (%) ABS  NoABS (%)
30 4.64 5.62 21 1.17 1.42 21
50 11.24 13.92 24 1.75 2.14 23
70 16.56 34.06 106 1.78 3.55 99

Figure 5 shows the stopping distance during panic braking with and without ABS under
dry road condition. The line colour in the figure represent initial speed of the vehicle before
panic braking which, black line for 30km/h, red line for 50km/h, and blue line for 70km/h.
From Figure 5, it can be seen that the higher distance taken for the vehicle to stop is at the
higher speed. It also shows that with ABS assist, the stopping distance for the vehicle is shorter
than without the assist of ABS for all different initial speed.

The vehicle and tire speed during panic braking with ABS is shown in Figure 6(a),
while without ABS is shown in Figure 6(b). As referred from Figure 6(a), the speed of the front
tires for all speed are fluctuating, which means that the ABS is activated. However, the speed
for the rear tire is decreased smoothly and the same pattern with the speed of the vehicle. Based
on the specification of the brake system for analysis vehicle model, a bigger piston is installed
at the front wheel since more stopping power is needed. During panic braking, the longitudinal
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acceleration, a is increased rapidly and causes more weight transferred from the rear wheel to
the front wheel. To prevent the front tire from lock-up, the ABS is activated at the front tire.
On the other hand, the braking force at the rear tire is less than the front tire and the ABS is not
activated. Contrarily, without ABS, from Figure 6(b), the front tires experience wheel lock-up,
while the rear tires are decreased gradually. It happens due to the high pressure at the calliper
and piston that lead to the enormous amount of brake pressure at front wheels causing tire to

lock and skid.

Stopping distance (m)
- - N N w w
o [3,} o [3,] o [3,]

(3]

o

0 0.5 1 1.5 2 2.5
Time (s)

Figure 5. Simulated result of stopping distance during panic braking with and without ABS

under dry condition.
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Figure 6. Simulated result of vehicle and tires during panic braking (a) with and; (b) without

ABS under dry condition.
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The effect of ABS also can be illustrated by the slip ratio as shown in Figure 7. For all
speed, with ABS activated, the slip ratio of the front tire is kept in between 0.08 to 0.30. At
rear tire, the slip ratio ranging from 0.08 to 0.11 which is within the optimal slip ratio. Hence,
no ABS is activated at the rear tire at each different speed. Without ABS, as can be seen from
Figure 7(d), the front tire slip ratio rises to 1 in mere seconds. Slip ratio 1 indicates a wheel
lock while O indicates free rolling. The slip ratio for rear tire maintains around 0.12 to 0.15
which is within the optimal range. Front tire is lock easier due to the weight transfer during
braking and huge braking force at the disc brake which increase the grip on the front tires.
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Figure 7 Simulated result of tire slip ratio during panic braking under dry condition at speed
of (a)30 km/h with ABS; (b) 50 km/h with ABS; (c) 70 km/h with ABS; (d) all speed without
ABS.

CONCLUSION

In this paper, a simulation model of VGPS UMP test car was developed in MATLAB-Simulink.
The simulation conducted to understand the dynamics behaviour of the vehicle during panic
braking under dry condition. Three different initial speeds were applied to the model, and each
speed are simulated with ABS and without ABS activated. The simulation results show that
due to the sudden and large amount of braking torque, the tire is locked-up when ABS is not
applied to the vehicle. In this situation, the vehicle was skidding and as a result, the stopping
time and distance became longer. However, when ABS is applied to the vehicle, the maximum
friction force is created between the tire and road surface. Therefore, the tire is not locked up
and the vehicle is more stable than without ABS. It can be concluded that ABS can prevent the
tire from locking up during panic braking and improve the safety of the vehicle.
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