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Abstract: This research presents the design of a brake fluid pressure warning and control system for
autonomous vehicles (AVs) used on university campuses to control brake fluid pressure and measure
the proximity of objects or obstacles in front of the vehicles using LiDAR. The goal was to reduce the
jerking of the vehicle caused by the conventional braking system, which may cause danger to the user.
We initially changed the existing brake system, which uses human braking force, to electric motor
braking and tested it in a closed area (a test track) before actual use. This research was divided into
two parts: Part 1—using LiDAR to create warnings in case there are obstacles in front of the vehicle
and Part 2—controlling brake fluid pressure using a linear motor and a PD controller. Under the test
conditions employed, at a speed of 20 km/h, the total load of passengers is 600 kg. The design results
regarding the PD controller with the most suitable values of the system that prevent the vehicle
from jerking are KD = 27.9606 and KP = 32.0490. The test was conducted while an object crossed the
vehicle’s path at distances of 5, 10, 15, and 20 m, respectively. It was found that controlling brake
fluid pressure by measuring the distance from the object helped reduce the braking time and jerking
of the vehicle and could stop the vehicle before experiencing a collision. At a distance of 20 m, the
vehicle could be stopped before the crash and was 3.7 m away from the object; at a distance of 15 m,
the distance from the object was 3.1 m; and at a distance of 10 m, the distance from the object was
3 m. However, at a distance of 5 m, the brake system could not stop the vehicle, causing collision with
the object because the distance from the object for braking was less than the designed distance. This
shows that the warning system and the brake fluid pressure control system can operate in accordance
with the corresponding conditions correctly, smoothly, and quickly within the specified distance and
be applied to other types of vehicles.

Keywords: autonomous vehicle; LiDAR; PD controller; brake system

1. Introduction

Vehicles are currently undergoing rapid development to improve road safety through
technology such as lane-keeping systems, emergency braking systems, distance-keeping
systems, and various warning systems [1–3]. Most of these systems are installed in modern
vehicles with many amenities. However, for older vehicles, including other types of
vehicles, these systems do not have driver assistance, including a braking system, which
is very important for the safety of the driver or passengers. This research focuses on
developing an automatic braking system for autonomous vehicles (AVs) [4–6] used for
student transportation on university campuses by using LiDAR to detect objects in front of
these vehicles to warn passengers and apply the brakes in advance to avoid a collision. This
system is specifically designed and prototyped for transporting students across university
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campuses. The system is designed to provide advanced warnings of proximity to stations
or obstacles ahead. The fact that AVs use tracks parallel to public roads will help ensure
the creation of safety features that reduce collisions and increase road user confidence in
safe and efficient operation [7–9].

Currently, LiDAR technology [10] is integrated into braking systems to measure
distances and detect people or objects that suddenly cut in front through light detection and
ranging [11,12]. This integration provides drivers with warnings about the proximity of
objects ahead and to the sides, helping prevent accidents. Moreover, LiDAR plays a crucial
role in enhancing braking systems, known as “Autonomous Emergency Braking” [13,14],
to meet the ASCE and ANSI/ASCE/T&DI 21-21 standards [15].

The braking system is essential for slowing down or halting the movement of a vehicle.
In the context of rail passenger vehicles, braking systems are categorized into three main
types based on their operation: mechanical, air brake, and hydraulic systems [16–18]. This
research focuses on hydraulic braking systems due to their widespread adoption and the
ease with which they can be maintained. Hydraulic systems are straightforward and can
be readily integrated with additional assistance systems like Brake Booster [19–21], the
Anti-Lock Brake System (ABS), and Electronic Brake Force Distribution (EBD) [22,23].

Based on the information above, our research team integrated LiDAR technology
into a braking system designed to slow down and provide warnings to an autonomous
vehicle (AV) as it approaches a parking station. This integration is a prototype currently
being tested at King Mongkut’s University of Technology North Bangkok. By monitoring
distances and adjusting brake fluid pressure, the system automatically alerts operators
before approaching stations or obstacles, ensuring safe and efficient operation.

2. Determining the Braking Distance of AV
2.1. Calculating Braking Distance

The safe braking distance is the sum of the reaction distance and the braking distance,
as depicted in Figure 1. As shown in the figure, the safe braking distance can be calculated
using Equation (1).

Ss = S + (V × T) (1)

where Ss is the safe braking distance (m), S is the braking distance (m), V is the speed of
the vehicle (km/h), and T is the reaction time (s).
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The braking distance is the distance that a vehicle travels from when the brakes are
applied until it comes to a complete stop. It can be calculated using Equation (2).

Ss =
V2

2a
(2)

where a is retardation (m/s2).
Using Equations (1) and (2), we can calculate a car’s braking distance. In this research,

we calculate the required braking distance required for the vehicle to come to a complete
stop at 20 km/h, i.e., 10 m. The braking action begins within 2 s after the brakes are applied.
The safe braking distance and the retardation rate used in this study are as follows. The
safe braking distance is 48.67 m, and the retardation rate is 0.317 m/s2.
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2.2. Calculating Braking Force

Newton’s second law can be used to calculate braking force. A free-body diagram of
the AV is provided in Figure 2.
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Figure 2. Free-body diagram of the AV.

The variables in Figure 2 are defined as follows: W is the vehicle’s weight (kg), µ
is the coefficient of adhesion between the tires and the road surface, RF and RR are the
perpendicular reaction forces between the road and the front and rear wheels (N), b is the
wheelbase (m), h is the height of the center of gravity measured from the road surface (m), l
is the distance from the rear wheel to the center of gravity (m), f is the deceleration rate
(m/s2), θ is the gradient (deg), and g is gravity (m/s2). Table 1 shows the various variable
values used in designing the vehicle’s braking force as depicted in Figure 1.

Table 1. Autonomous vehicle parameters for brake design.

Variable Value

Vehicle weight (W) 600 kg
Rolling resistance (µ) 0.81

Gravity (g) 9.81 m/s2

Wheel radius (R) 0.4125 m
Wheelbase (b) 1.82 m
C.G. height (h) 0.71 m

Distance from the rear wheel to C.G. (l) 0.91 m
Gradient (θ) 0 deg

Equations (3)–(5) can be derived from Figure 2 and the data in Table 1, considering the
brakes on all four wheels:

FF + FR = µRR + µRF (3)

where
µRR + µRF = W sin θ +

W
g

f (4)

and
RR + RF = W cos θ (5)

Based on Equations (6)–(8), the maximum possible braking force that can be applied
without the wheels locking up can be determined. Assuming a 50:50 weight distribution,
the forces exerted on the front and rear wheels are as follows: the front-wheel braking force
(FF) and rear-wheel braking force (FR) are both equal to 2384 N.
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2.3. Calculating the Force of the Disc Brake

The brake force of the disc brake can be calculated by considering the diagram in
Figure 3.
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The variables in Figure 3 are defined as follows: FB is the braking force at the wheel
(N), FU is the braking force at the disc (N), rm is the radius of the brake disc (m), and R
is the radius of the tire (m). The force applied to the brake disc can be calculated using
Equation (6), with the brake disc radius being 0.165 m.

FB × R = FU × rm (6)

Based on Equation (6), the average braking force at the front and rear wheel disc
positions can be computed. The front-wheel disc braking force and rear-wheel disc braking
force are both 5960 N.

2.4. Calculating the Force Generated by the Brake Caliper

The force generated by the brake caliper can be calculated by considering the diagram
in Figure 4.
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Based on Figure 4, the following variables can be determined. µG is the coefficient of
friction between the brake pad and brake disc, and FS is the force applied by the brake
caliper (N). The force applied by the brake piston can be calculated by setting the coefficient
of friction between the brake pad and brake disc to 0.45, as specified in Equation (7).

FU = 2 × µG × FS (7)

From Equation (7), the force generated by the front and rear wheel calipers can be
calculated. The braking force at the front and rear calipers is 6623 N.
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2.5. Calculating the Force Exerted by the Master Cylinder

The force exerted by the master cylinder can be calculated by considering the diagram
in Figure 5.
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Based on Figure 5, the force of the brake master cylinder can be calculated using
Equation (8):

F1 × A = F2 × B, (8)

where F1 is the force applied to the brake pedal (N), F2 is the force exerted by the brake
master cylinder (N), A is the distance from the center of the brake pedal to the pivot point
(m), B is the distance from the push rod to the fulcrum (m), a is the distance from the brake
pedal to the pivot point (m), and b is the deflection distance of the brake master cylinder
(m). Based on Equation (8), the force required to press the brake pedal was determined to
be 125 N.

To calculate the braking distance and braking force to ensure the safety of AV vehicle
users, we designed a brake fluid pressure control system equipped with a DC motor. This
enhancement aims to achieve faster and more precise system operation.

3. Brake Forced Control System

Since braking force is directly proportional to hydraulic oil pressure, we employed
a DC motor to operate the brake lever, eliminating the need for manual operation. A
closed-loop control system with a PD controller was used for AV control as it can control
how a DC motor operates [24–26] and ensure precise control. Figure 6 shows a block
diagram of the hydraulic oil pressure control system, and Equation (9) corresponds to the
PD controller.

Controller = KP + KDs, (9)

where KP is the proportional controller, and KD is the derivative controller.

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW  5  of  14 
 

2U G SF F  
  (7)

From Equation (7), the force generated by the front and rear wheel calipers can be 

calculated. The braking force at the front and rear calipers is 6623 N. 

2.5. Calculating the Force Exerted by the Master Cylinder 

The force exerted by the master cylinder can be calculated by considering the dia-

gram in Figure 5. 

A

B

a

b

1F

2F

 

Figure 5. Free-body diagram of the master cylinder. 

Based on Figure 5,  the  force of  the brake master cylinder can be calculated using 

Equation (8): 

1 2F A F B  
,  (8)

where F1 is the force applied to the brake pedal (N), F2 is the force exerted by the brake 

master cylinder (N), A is the distance from the center of the brake pedal to the pivot point 

(m), B is the distance from the push rod to the fulcrum (m), a is the distance from the brake 

pedal to the pivot point (m), and b is the deflection distance of the brake master cylinder 

(m). Based on Equation (8), the force required to press the brake pedal was determined to 

be 125 N. 

To calculate the braking distance and braking force to ensure the safety of AV vehicle 

users, we designed a brake fluid pressure control system equipped with a DC motor. This 

enhancement aims to achieve faster and more precise system operation. 

3. Brake Forced Control System 

Since braking force is directly proportional to hydraulic oil pressure, we employed a 

DC motor to operate the brake lever, eliminating the need for manual operation. A closed-

loop control system with a PD controller was used for AV control as it can control how a DC 

motor operates [24–26] and ensure precise control. Figure 6 shows a block diagram of the 

hydraulic oil pressure control system, and Equation (9) corresponds to the PD controller. 

P DController K K s 
,  (9) 

where KP is the proportional controller, and KD is the derivative controller. 

PD
Controller

DC Motor
+

Booster brake

outPrefP

 

Figure 6. Block diagram of PD controller. 
Figure 6. Block diagram of PD controller.



World Electr. Veh. J. 2024, 15, 576 6 of 15

Mathematical Model of DC Motor in Braking System

A DC electric motor functions by converting electrical energy into mechanical force.
This is achieved through armature control, where the rotational speed and position are
adjusted using voltage adjustments in the armature circuit, often via a ball screw reduction
gear mechanism. Control is achieved by varying the voltage applied to the armature circuit.
We started by considering the torque equation of the motor, as shown in Equation (10).

JA
.

ω = −c·ω + KT ·ia (10)

The electromotive force is shown in Equation (11):

VM − Vb = LA
di
dt

+ RA·iA (11)

The armature circuit diagram for when Vb = KB·ω is depicted in Figure 7.
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Based on Equations (10) and (11), the mathematical equations of a DC motor can be
written in state-space-model form, as shown in Equation (12).[ .

ω
.
iA

]
=

[
− b

JA

KT
JA

− KB
LA

− RA
LA

][
ω
iA

]
+

[
0
1

LA

]
VM (12)

In practice, some DC motor parameters cannot be measured directly. However, know-
ing the values of these variables is essential for designing the controller. To achieve this,
we specified the identity of the DC motor using MATLAB R2024a-Simulink’s Parameter
Estimation section. This estimation process involved using voltage data and the movement
position of the motor (DC Motor) obtained from experiments, which served as input data.
The output of the MATLAB program was then compared with the output of the mathe-
matical model. The resulting mathematical model was subsequently used to design a PD
controller utilizing MATLAB-Simulink’s Signal-Constraints section [27]. Parameters such
as overshoot percentage, rise time, and steady-state time were set to ensure the controller
performed as desired.

4. Experimental Setup

This research involved setting up experimental equipment, as shown in Figure 8 [28].
A DC motor was installed in the brake master cylinder assembly, which includes a brake
booster model [29] produced by BOSCH for the HONDA CRV GEN 4. Lx model brand
Honda, Order from Massachusetts USA. The DC motor used has a voltage rating of
24 volts and a maximum current of 15 amps and is capable of generating 4500 N of pressure
with a movement speed of 60 mm/s. Additionally, a LiDAR sensor Lite V3 HP model
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brand Garmin, Order from SparkFun Electronics, Niwot, CO, USA was installed to measure
distances and detect obstacles within a range of 0–40 m and a field of view of 0.5 degrees.
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The operation of the system consists of two parts. Section 1: A method of measuring
distance with a lidar sensor [30]: The system detects an object that suddenly cuts in front of
the AV. When the lidar sensor detects an obstacle in front of the AV, the system will send a
warning signal back to the station. Lidar works by measuring distance based on the time
taken by a light beam to hit an object and be reflected back. Light beams are faster and thus
return faster than sound waves. The working strategy of the system was divided into four
zones. A flowchart of the operation of both braking systems, functioning according to the
specified conditions, is shown in Figure 9 below.
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Figure 9. Flow chart for brake control: Lidar distance (m), brake pressure (PSI), LED signal (signal
on—1, off—0).

Zone 1: Safety Zone—The distance between the lidar and the object suddenly cutting
in front is more than 20 m.

Zone 2: Warning Zone—A warning is issued when the distance between the prototype
vehicle and the object suddenly cutting in front is in the range of 15–20 m.

Zone 3: Braking Zone—This zone triggers a warning and initiates braking when the
distance to an object suddenly cutting in front is within 10–15 m to slow down the vehicle.

Zone 4: Stopping Distance—This zone signals the vehicle to stop when the distance is
less than 10 m.

Section 2: Brake fluid pressure control. This part controls the linear DC electric motor
when the brake pedal is pressed. A brake fluid pressure sensor was installed to provide
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feedback for the control system. According to the calculations, the brake fluid pressure
ranged from 0 to 200 PSI.

5. Experimental Results

Once the equipment for testing the system and collecting various data was complete,
this research was divided into four experiments.

Experiment 5.1: Estimating a Mathematical Model of a DC Motor Braking System.
In this experiment, we collected data on brake fluid pressure from the electric motor

operating in the 50–200 PSI range. The data were used to refine the mathematical model
of the system. Variable values were estimated using the MATLAB-Simulink Parameter
Estimation function, and the results were compared between the mathematical model and
experimental data, as shown in Figure 10.

Figure 10. The results of the DC motor.

As shown in Figure 10, comparison between the mathematical model of the braking
system and the experimental results shows a discrepancy of 1.36%. The variable values
obtained from the examination of the motor-operated braking system using the Parameter
Estimation function in MATLAB-Simulink are presented in Table 2.

Table 2. Parameters used in mathematical modeling.

Parameter Value Unit

JA 0.010178 Kg-m2

K (Km, KB) 0.40877 -
LA 0.0039446 H
b 0.30469 N-m-s

Experiment 5.2: Optimization of Brake Fluid Pressure Controller with PD Controller.
This experiment was carried out to establish the boundaries of the control variables

necessary for achieving the desired response, including a percentage overshoot not ex-
ceeding 10%, a rise time under 2 s, a settling time of less than 4 s, and a steady-state error
below 2%. Optimization results were obtained using the MATLAB-Simulink program via
the Signal Constraints function to determine the optimal values for the PD controller. The
findings are presented in Table 3.
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Table 3. Parameters of PD controller.

Parameter Value

KP 27.9606
KD 32.0490

The values of the proportional controller (P) and derivative controller (D) from Table 3
were applied to test the brake fluid pressure control system under various conditions,
including constant, step, and harmonic control. The results of the PD controller tests are
illustrated in Figure 11a–c.

Figure 11. Experiment 5.2: (a) constant pressure; (b) step pressure; (c) harmonic pressure.

As shown in Figure 11a,b, the brake fluid pressure control system operated according
to the specified patterns. The pressure errors were ±1.85 PSI during constant operation,
±2.56 PSI during step operation, and ±7.89 PSI during harmonic operation.

Experiment 5.3: Testing Braking Distance Control with Brake Fluid Pressure. For this
experiment, the vehicle’s speed was set to 20 km/h. Brake fluid pressure was controlled at
50, 100, 150, and 200 PSI using a PD controller for each pressure setting. The results are
presented in Table 4 below.
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Table 4. AV skid distance at constant brake fluid pressure.

Pressure (psi) Braking Distance (m)

50 20.17
100 12.84
150 11.00
200 7.35

The results of Experiment 5.3 show that the relationship between braking distance
and brake fluid pressure was analyzed to control the AV braking system at 20 km/h. The
findings are depicted in Figure 12.

Figure 12. Brake curve profile.

The data from Figure 12 were used to derive the relationship equation using curve
fitting [31] via the MATLAB program. This equation can be utilized in programming the
microcontroller to regulate the operation of the DC motor under specific conditions and
constraints, as described in Equation (13).

Pb = −11.547·DL + 273.26, (13)

where Pb is the Brake fluid pressure (psi), and DL is the LiDAR distance (m).
Using Equation (13), the relationship was tested to ensure the braking system oper-

ates automatically when an object suddenly cuts in front or obstructs the path or when
approaching the station to stop the vehicle, as demonstrated in Experiment 5.5.

Experiment 5.4: This experiment is a traditional brake system test conducted before
installing a brake assist device. This test requires the driver to apply braking force when an
object crosses in front of the vehicle at a distance of 5, 10, 15, and 20 m. The test results are
shown in Figure 13 and Table 5. It was found that the four types of tests revealed different
brake behaviors, which can be observed from the brake fluid pressure in each test. In the
test where the object crossed in front of the vehicle at a distance of 5 m, the highest brake
fluid pressure was approximately 330 PSI, and the braking time was approximately 1.82 s.
The AV vehicle jerked during the test due to the high and quickly applied braking pressure.
In the test where the object crossed in front of the vehicle at a distance of 10 m, the highest
brake fluid pressure was approximately 200 PSI; the braking time was approximately 2.61 s,
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and the jerking of the vehicle decreased. In the test where the object crossed in front of the
vehicle at a distance of 15 m, the highest brake fluid pressure was approximately 160 PSI;
the braking time was approximately 5.62 s, and the vehicle jerked when it was about to
stop because the driver misjudged the situation, causing an increase in brake fluid pressure
before the vehicle stopped. The test in which the object cut across the front of the car at a
distance of 20 m brought about the highest brake fluid pressure, at approximately 130 PSI.
The braking time was approximately 6.50 s, and there was no jerking of the vehicle. It can
be seen from the brake fluid pressure that the stop was quite soft, and the time afforded to
the driver to decide to brake was quite long, allowing for a careful and accurate assessment
of the situation.

Figure 13. The relationship between braking time and object distance when stopping the vehicle
under the condition that a person is in control: (a) 5 m.; (b) 10 m.; (c) 15 m.; (d) 20 m.

Table 5. Time taken to stop the vehicle under the condition that a person is in control.

Distance at Which the Object Suddenly Cuts in Front (m) Time (s)

5 1.82
10 2.61
15 5.62
20 6.50
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Experiment 5.5: In this experiment, the braking system was tested after installing the
brake assist device and involved an object crossing in front of the car at a distance of 5, 10,
15, and 20 m, employing the designed PD controller together with measuring the distance
from the object via LiDAR. The test results are shown in Figure 14 and Table 6. It was found
that when the brake fluid pressure was controlled such that it changed with the distance
from the object, the maximum pressure was the same, amounting to 200 PSI, but the braking
time differed depending on the distance from the object. Each test showed a significant
reduction in the jerking of the vehicle. It can be observed that the brake fluid pressure
increased smoothly without overshooting. However, in the test involving a distance of
5 m, the vehicle could not be stopped because the brake assist device could not raise the
pressure as high as the system required, resulting in a collision with the object.

Figure 14. The relationship between time and brake fluid pressure and the time taken to brake when
an object cuts in front (using an automated system): (a) 5 m.; (b) 10 m.; (c) 15 m.; (d) 20 m.

Table 6. Time taken to stop the vehicle under system control.

Distance at Which the Object Suddenly Cuts in Front (m) Time (s)

5 1.27
10 2.35
15 2.44
20 4.31
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Experiments 5.4 and 5.5 show that the brake fluid pressures before and after the control
system were different. Human braking will cause severe jerking if an object crosses or if
the human is startled. When installing the developed braking device to help make the
existing braking system work smoothly and quickly, the results, when compared, show
that the brake fluid pressure control system with a PD controller combined with LiDAR
distance measurement can work better than the driver, with reduced car jerking and shorter
braking time.

6. Conclusions

We began this research by developing a mathematical model of the braking system
and estimating the model, which showed an error of 13.6%. The optimal parameters for
the PD controller based on the designed conditions were determined to be KP = 27.906 and
KD = 32.049. When controlling the brake pressure, the system exhibited a steady-state
pressure control error of ±1.85 psi, a step response error of ±2.56 psi, and a harmonic
response error of ±7.89 psi. The system was tested by simulating an object passing in front
of the vehicle at a speed of 20 km/h at four different distances: 20 m (zone 1), 15 m (zone
2), 10 m (zone 3), and 5 m (zone 4). In zones 1–3, the braking system successfully stopped
the vehicle, with a remaining distance of approximately 3 m from the object, preventing a
collision. However, in zone 4, where the object was less than 5 m away, the system could
not stop the vehicle in time to avoid a collision. This result is consistent with the initial
system design, which predicted a minimum braking distance of 6 m. The experiments
demonstrate that the braking system operates accurately and reliably within the specified
conditions and boundaries, meeting the design expectations for safe operation in zones 1–3.
The brakes with the brake fluid pressure control system worked quickly, without jerking
the vehicle. The test results show that considering these principles can reduce jerking in
other types of vehicles.
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