UD - JOURNAL OF SCIENCE AND TECHNOLOGY: ISSUE ON INFORMATION AND COMMUNICATIONS TECHNOLOGY, VOL. 21, NO. 6.2, 2023 45

Simulation of Electric Truck Brake System
Operating in Industrial Plants

Minh Duc Le*, Dinh Nghia Duong, Cong Tin Le

Abstract—This study analyzes the quarter car braking model to determine the effect of the wheel slip ratio (\) on the friction
coefficient () during the braking of the car. The friction coefficient reaches a minimum when the slip ratio A ~ 1; maximum
friction coefficient at the optimal slip ratio value from 0.18 to 0.2. Dynamic Model of the vehicle in the ABS brake study should
consider in detail the dynamic aspects of braking and the interaction between the tire and the road profile. CarSim software
is used in this study to simulate the braking system of a vehicle operating in industrial plant; Simulation is performed on both
cases of ABS and non-ABS braking systems. The results of braking distance, deceleration, and brake pressure are considered
and analyzed to select a suitable braking system for the operating conditions of the designed truck.

Index Terms—ABS, Non-ABS, Slip Ratio, Friction Coefficient, Electric truck

1. Overview

B RAKING is a safety system intended to slow or stop
a vehicle [1]. In the past decades, many advanced
braking techniques, such as anti-lock braking system
ABS, electronic brake force distribution system EBD,
emergency brake assist technology BA, etc., have been
developed and applied effective use on vehicles partici-
pating in traffic [2]. ABS is a pure brake control system,
systems such as EBD, BA, etc. are multitasking systems
that combine braking, stability and even impact on the
vehicle’s traction. In which the anti-lock braking system
(Anti-lock Braking System: ABS) has been widely ap-
plied in cars. ABS helps control wheel slip to maintain
the coefficient of friction between the tire and the road
at an optimal value, allowing the driver to have better
control over the driving process [2].

Slip ratio is an important factor during braking
related to vehicle safety and stability. The slip ratio
depends on the relationship between the tire and the
road surface [3]. Surveys at industrial plants show that,
depending on the type and product produced, during
production operation, the road surface can adhere to
highly viscous wastes, reducing the coefficient of ad-
hesion and increasing the amount of waste. slip ratio.
This problem increases the risk of vehicle failure when
operating in factory conditions. However, currently, the
vehicles operating in industrial plants are almost not
equipped with brakes to help control the sliding pro-
cess. Therefore, the integrated design of an ABS braking
system on vehicles operating in industrial plants is
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necessary in terms of safety factors and operational
technical factors.

Slower braking acceleration, braking time, braking
distance, braking force are the criteria to evaluate the
quality of the braking process. In which the braking
distance is the most important criterion to evaluate the
braking quality of the vehicle, the braking distance is
also a parameter that the driver can perceive visually.
National technical regulation QCVN 09:2015/BGTVT
clearly states the braking distance requirements for each
vehicle under different load conditions [4]. Vehicles
operating in industrial plants may not be considered an
official vehicle, but to ensure safety, a standard braking
distance assessment needs to be performed. Besides the
evaluation of the parameters of the speed change during
braking, the brake pressure in general needs to be done
during the design of a braking system for vehicles in an
industrial plant.

The theoretical calculation of the braking distance
in a new design for a fully mechanical brake system is
possible with high accuracy [1]. Regardless of external
factors (i.e., operating conditions), the braking distance
depends on the vehicle speed when braking, the total
weight of the vehicle, the braking force and the ro-
tational mass factor of the vehicle powertrain system.
However, for the brake system with integrated ABS
control system, in addition to the above factors, the
slip ratio is considered the most important factor in the
brake system design. Slip ratio is a function of vehicle
speed and wheel speed [3], evaluating the relationship
between road surface and wheel conditions to deter-
mine wheel speed when braking is very complicated,
depending on many factors. factors such as tire material,
road surface, tire pressure, etc. The accuracy of the
calculated results depends largely on experimental data
in many practical conditions.

Numerical modeling and simulation bring many
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benefits in the automotive field [5]. Numerical simula-
tion software has advantages in calculation with rich ex-
perimental data system and suitable for many different
external conditions. Therefore, in the design of the brake
system with integrated ABS anti-lock control system,
the application of simulation helps to understand the
braking phenomena and the effects of the coefficients
on the braking efficiency of the vehicle.

In this study, the author presents the analysis of the
brake system parameters with integrated ABS control
system in a specialized truck for transporting goods
and materials (i.e., electrical truck). The electrical truck
weight is less than 500kg using electric power dynamic
system and used in industrial plants. This specialized
design of truck requires many factors. In general, if this
electric truck wants to be used in industrial zones in
Vietnam with the same equipment features as tradi-
tional vehicles, it is imperative to have in-depth studies
and evaluate the effectiveness of the design. In ad-
dition, in Vietnam, the electric car industry has just
started and electric trucks have not appeared in the
Vietnamese market at all. One of those design factors
is breaking system and ABS is obviously used to exam-
ine. Consequently, analysis of brake system parameters
is performed on the automotive dynamics simulation
software CARSIM. The criteria of the brake system
with integrated ABS control system are compared and
analyzed with the mechanical brake system with the
same parameters and working conditions. From there,
the appropriate brake system could be determined for
the truck operated in industrial plants.

2. ABS simulation theory
2.1. Force analysis model

The quarter model has the necessary characteristics
of the entire vehicle dynamics [6]. A force analysis
model is shown in Fig. 1.
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«—

Fig. 1: One-quarter dynamics model of tire and road surface [7]

The force balance equation of the model in the lon-
gitudinal direction (x-direction) is presented as follows

[6]-[8]:

dVy
dt

Torque at wheel center is defined as:

)
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Differentiate Eq. (3) with respect to time:
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TABLE 1: Annotation of mathematical symbols and force model
symbols [6]

Parameter Nomenclature
m One-quarter of truck weight
Ve Velocity of truck
m Friction coefficient
Jw Moment of inertia of the wheel
R Working radius of wheel
Ty Braking torque acting on the wheel
l Wheel slip ratio
w Angular speed of the wheel

The relationship between the coefficient of friction
and the wheel slip ratio represents the ability of ABS to
maintain the driving state and to stabilize the vehicle’s
motion during braking. The coefficient of friction is a
function of the car’s speed and the tire’s slip rate. In
addition, speed factors such as road conditions, tire
type, vehicle speed also have an important influence on
the coefficient of friction [9]. The mathematical model
of tire friction used to simulate the ABS braking system
has the form [9]:

(A V) = P31<1——e‘(bA) Arch}eCMV% 6)

where:

(7 — The maximum value of the friction curve;
Cs — The friction curve shapes; C's — Difference between
the maximum value of friction coefficient and its value
at A = 1 ; C4 — The characteristic value of the wetness
of the road. The reference values of Cy,Cs, C3, and Cy
for different type of road can be found in Table 2 [9].

The coefficient of friction between the tire and the
road surface has the smallest value when the slip ratio
A ~ 1, coefficient of friction reaches its maximum value
in the region of optimum sliding ratio value from 0.18
to 0.2 [9], [10]. If the slip ratio is higher than 0.2, the
brake pressure should be kept at zero. While if the slip
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ratio is below 0.18, then the brake pressure is set at max-
imum value. Therefore, the ABS controller is designed
to control the wheel slip ratio A to the optimal value 0.2
to achieve the maximum value of friction coefficient.

Stable region
-

Himax

v

A~0,2 A A1

Fig. 2: The coefficient of friction in the domain of slip ratio. [6] [9]
[10]

TABLE 2: The value of C1,Cs,Cs, and Cy4 [9]

The type of road Cq Cs Cs Cy
Dry road 1.2801 23.99 0.52 0.03
Wet road 0.8570 33.822 0.347 0.04

2.2. Kinematic model of brake control

Non-ABS brake system

The brake system consists of a mechanical and hy-
draulic system that converts the force applied to the
pedal Fyq into Braking torque Tb. The block diagram
of the brake system usually includes the brake pedal,
master cylinder, brake circuit, brake pad and brake disc.
In the absence of an ABS controller, a block diagram of
a brake system can be presented as Fig. 3.

Fne | i
Fip — Pedal LN Ma}ster > Hy(%raullc
cylinder pipes

Peal

Heal
T, < Br.ake < Br. al;e
disc Foa pa

.

Fig. 3: Non-ABS brake system control block diagram [11]

ABS brake system

The hydraulic modulator is a hydraulic device used
to reduce, hold and restore pressure in the hydraulic
circuit of the ABS brake system, as shown in Fig. 4.
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Fig. 4: Block diagram of ABS brake system control [11]

The process of adjusting the pressure of the hy-
draulic modulator is simply simulated as follows [11]:

(0,0) — % = Pme=P R, . — Rising pressure

u
Prme

u=(1,0) — % = 0 — Keeping pressure constant

u=(1,1) - % = — Ry, — Droping pressure -

where: u — Binary control signal for inlet and outlet
valves; R;,. — pressure rise rate;[%4.. — Pressure drop
rate

The overall kinetic model of the vehicle

For ABS system studies, braking dynamics and tire-
road interaction are aspects to be considered, a full
model is developed consisting of five interdependent
submodules. The overall vehicle dynamics model is
presented in Fig. 5.

Tire
dynamics
v A a
k T Fxr L
Bra e ° Tire Longitudinal
Fip GiICUE ’ dynamics dynamics
dynamics
Fzr
A Tire
i model

Fig. 5: The overall kinetic model of the vehicle [11]

3. Simulation results and analysis of brake system
3.1. Truck specifications

The main parameters of electric trucks operating in
industrial plants are listed in Table 4. The truck model
is shown in Fig. 6.

3.2. Simulation model

CARSIM is a numerical software used to simulate
the dynamics of cars. The software uses 3D multi-body
dynamics models to accurately establish the physical
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model of the vehicle. Simulating the vehicle’s kinemat-
ics on Carsim software helps to achieve the design re-
quirements in terms of dynamics of the steering system,
special gearshifting of the ABS braking system. The
operating conditions including road surface and aero-
dynamic effects are also considered in the simulation
model Carsim [12].

TABLE 3: Annotation of mathematical symbols presented in Fig-
ures 3,4, 5 [11]

Parameter Nomenclature
a Longitudinal distance from the vehicle
CG to the front axle center line

Fy, Pedal force

PR Pedal ratio

BB Brake bias

t Time constant

Ty Brake torque

dme Diameter of master cylinder

Ry Diameter of brake disc
Fre Force applied to master cylinder
Pme Pressures on the master cylinder
peal Caliper pressure

deal Caliper diameter

v Vehicle velocity

TABLE 4: The designed truck specifications

Parameters Symbols  Value Unit
Total weight mg 1350 kg
Transport weight mq 500 kg
Mass distribution front axle my 432 kg
Rear axle distribution my 918 kg
Overall length L 3850 mm
The standard long Les 2740
Distance from center of gravity a 1863.2 mm
to front axle
Distance from center of gravity b 876.8 ~mm

to rear axle

Fig. 6: Truck model
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Fig. 10: The interface parameters of the simulated vehicle

Modeling diagram of ABS brake system simulation,
ABS control diagram and ABS actuator system diagram
in this study is done with the help of Carsim software.
The settings are shown in Figures 7, 8, and 9. The
interface parameters of Carsim are shown in Fig. 10.
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3.3. Results and discussion

Following suggestion of Moaaz et al. [9] and Pedro
et al. [10], a constant value of the slip ratio A = 0.2 on
wet and dry roads is set to perform calculation of the
ABS braking system. For the case of non-ABS braking
systems, the slip ratio value will vary according to the
type of road in which the simulation is performed ap-
propriately. Simulation results are the graphs of braking
distance, change of speed, and brake pressure. The case
of non-ABS braking system both plays a valid role for
the vehicle and tire dynamics model and is used to
compare with the case of ABS braking system. Fig. 11
shows typical animated cars during the braking time
with and without ABS using Carsim sofware. The blue
car keeps going straightforward in the case of using
ABS, while the red car rotates and slips in the case of
non-ABS.

Fig. 11: Animated braking between vehicles with ABS (blue) and
without ABS (red) by Carsim
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Fig. 12: Brake pressure at wheels on wet road

Comment: For non-ABS braking system, brake pres-
sure increases linearly with braking force; In contrast,
for ABS braking system, the brake pressure characteris-
tic curve fluctuates, showing the process of increasing -
holding - decreasing the pressure of the ABS control sys-
tem, the purpose of keeping the slip ratio at a constant
value.

Brake longitudinal speed Comment: The change in
speed is a function related to the process of changing
brake pressure, so the velocity simulation graph cor-

rectly shows the correlation with the process of chang-
ing brake pressure. For non-ABS braking systems, the
velocity curve decreases linearly and returns to zero;
with the ABS brake system, the speed line has oscil-
lating characteristics, showing the control of increasing
- decreasing - keeping the pressure of the ABS control
system.
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Fig. 13: Brake pressure at wheels on dry road
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Fig. 14: Longitudinal speed of truck on wet road
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Fig. 15: Longitudinal speed of truck on dry road

Brake distance

Comment:

+ In conditions of wet roads (Fig. 16), with the ABS
braking system, the braking time is 1.6s (i.e., the brake
start time is 5.2s and the truck stops at 6.8s); The braking
distance of the truck is 6.5m (i.e., the position where
the truck starts to brake is 45.5m and the truck stops at
52m). With the non-ABS braking system, the resulting
braking time is 2.3s (i.e., the brake start time is 5.2s and
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the truck stops at 7.5s); The braking distance of the car
is 10m (i.e., the position where the truck starts to brake
is 45.5m and the truck stops at 55.5m).

Station at vehicle origin, m

30 ~ Non-ABS, wet road
25 & e ABS, wet road

Time, sec

Fig. 16: Braking distance on wet road

Station at vehicle origin, m
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25 Non-ABS, dry road
o~ ABS, dry road

Time, sec

Fig. 17: Braking distance on dry road

+ In conditions of dry road (Fig. 17), with the ABS
braking system, the braking time is 0.95s (i.e., the brak-
ing start time is 5.2s and the truck stops at 6.1s). The
braking distance of the truck is 4m (i.e., the truck starts
at 45m and the truck stops at 49m). For the case of
without ABS, the resulting braking time is 1.05s (i.e., the
brake start time is 5.2s and the truck stops is 6.25s); The
braking distance of the truck is 10m (i.e., the position
where the truck starts to brake is 45m and the truck
stops at 49.5m).

The braking distance is a function that depends on
the dynamic system (i.e., the factor taking into account
the influence of the rotating mass of the truck J); truck
speed at the start of braking wv;, and coefficient of

traction p [1]:
v1 5
v 2149

From Eq. (8), to reduce the braking distance, it is
necessary to reduce the coefficient J, while maintaining
the coefficient ;1. Thanks to the operation of the ABS
brake control system, the skid is maintained at a con-
stant level to ensure the coefficient of traction is valid in
the most optimal area, while the coefficient of grip of the
non-ABS brake system decreases rapidly with the slip.
Therefore, a braking system with ABS will give a shorter
braking distance than a conventional mechanical brake
system. The simulation results have properly reflected
the properties of mathematical analysis [13]-[15].

4. Conclusion

This study focus on the dynamic model of the tire
and road surface during braking, and mathematically
analyzes the relationship between the coefficient of trac-
tion and the slip ratio of an electrical truck. The char-
acteristics of braking distance, braking speed and brake
pressure of the traditional mechanical brake system and
the brake system with integrated ABS control have been
studied and analyzed using CARSIM software. From
the analysis results, some important conclusions are
drawn as follows:

+ The slip ratio is a function of truck speed and
wheel speed; plays a decisive role in the control char-
acteristics of the ABS system. As the ABS controller
is designed to control the wheel slip ratio value of A
= 0.2, the friction coefficient can attain highest value
consequently.

+ When performing braking simulation on the wet
road, the result of the difference in magnitude between
the two brake systems is equivalent to 35%; it is about
6.5 [m] for the case with ABS, while it is about 10 [m]
for the case without ABS. This means that the safety,
drivability, and stability of the truck brake system in the
case of with ABS are higher than those in the case of
without ABS for the designed model.

+ The brake velocity represents the degree of speed
change during braking, with the ABS braking system,
the speed of change is a complex oscillation function
that depends on the slip ratio; While with non-ABS
braking system, the speed decreases linearly with the
braking force.

+ The brake pressure shows the increase in pressure
during braking. With the ABS braking system, the brake
pressure changes according to a complex oscillation
function depending on the slip ratio; While with non-
ABS braking system, the pressure decreases linearly
with braking force.
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