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Abstract

Cruise control (CC) has started to be widely used in cars, making driving easier for a long time.
However, in designing the control system on the CC, it is also necessary to perform performance
testing, so that the CC can achieve the desired speed accurately and comfortably. The approach
employed in this paper involves creating a numerical model design based on CC and subsequently
assessing its performance through simulations with varying levels of resistance. Variation of
resistance given is by road conditions (rolling resistance) and drag coefficient. The test outcomes,
when subjected to changes in road surface conditions, demonstrate that CC remains capable of
achieving a rapid response time and maintaining a consistent steady-state error of approximately
2.01%. Despite minimal variations observed in the drag coefficient test, the CC-designed model
remains dependable in accommodating alterations in road surface and discrepancies in drag
coefficients. Furthermore, the resultant vehicle acceleration does not exceed 2G, ensuring passenger
comfort is not compromised.
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INTRODUCTION

Congestion is a problem in transportation. One of the causes of congestion is skill in
driving. Human driving involves reaction times, delays and human errors [1]. These three
problems can affect traffic flow. When the traffic flow is problematic, congestion will
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occur. In addition, careless human driving can lead to accidents. In Indonesia, accidents
occur because of collisions, and the cause is people's non-compliance while driving [2]-
[4]. The human error factor can be overcome with autonomous vehicles.

Autonomous vehicles are still at level 3, requiring a human role in control. The
Society of Automotive Engineers (SAE) has standardized the level of autonomous vehicles
from level 0 to level 5 [5]. Level 0, where the vehicle is fully controlled by humans, and
level 5, where the system controls the vehicle [6]. The design that needs to be considered
is the autonomous vehicle information system and dynamics. In terms of information, it
is important for autonomous vehicles to have accurate and precise navigation [7]; apart
from that, sensors and good communication systems between vehicles, roads and
transportation infrastructure are also needed. Sensors are needed for autonomous
vehicles to move safely. There are about nine types of sensors needed. Each of them have
different needs to carry out autonomous functions [8]. Braking using the Anti-lock
Braking System (ABS) is also needed to be developed as a safety system for driving [9].

The first step in developing autonomous vehicles is the development of cruise
control (CC). The development and testing of CC have existed since 1993 when the
development of this CC became autonomous intelligent cruise control (AICC). The results
of implementing the AIC system have the potential to produce better traffic flow when
compared to without using AICC [1]. The addition of communication devices between
vehicles can also improve the performance of the CC. Improving the CC system with
vehicle communication produces a Cooperative Adaptive Cruise control (CACC) system.
The CACC system produces a more optimal and safer distance between vehicles due to
communication between vehicles so that the system can predict and provide optimal and
safe distances [10], [11]. In addition, the development of CC for various types of terrain is
also needed to prevent accidents when the friction coefficient between the wheels and the
road changes [12]. In this paper, we develop a CC system that is adaptive to changes in
vehicle resistance. Resistance to vehicles can occur due to differences in friction efficiency
between the tires and the road and air resistance hitting the vehicle body.

METHODS AND ANALYSIS

This research uses numerical modelling to get test results. Modelling needs to be
done because testing the cruise control system with variations in friction efficiency can
be dangerous. However, in subsequent studies, experimental testing can be carried out.
Modelling is done to get the effect of changes in the friction coefficient on the CC system
and how the control system can improve the vehicle's response to disturbances from
changes in the friction coefficient.

In vehicles, the friction coefficient occurs on the tires, where the friction will affect
the vehicle's acceleration. Vehicle acceleration will also affect the response of the CC. In
simple terms, the acceleration of the vehicle can be written as:

Where m is the vehicle's mass, a is the vehicle's maximum acceleration, u is the
coefficient of friction between the tires and the road, and N is the vehicle's normal force
from the vehicle's mass with gravity. Then the result of the equation is:

ma = pumg (1)

Since m is the mass of the vehicle, the acceleration is:

a=pg (2)

However, the value of u can change with the condition of the vehicle and the road. If
the vehicle is about to move, the static friction coefficient that occurs is yg, and if the
vehicle has started moving, then the dynamic friction coefficient is u,. Regarding the tire
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Figure 1. Free body diagram of the vehicle

Table 1. Several types of rolling coefficients (u,)

No Type of road and tires being measured Rolling resistance
coefficients

1 Vehicle tires on new asphalt 0.01-0.015

2 Vehicle tires on asphalt 0.02

3 Vehicle tires on a cobble 0.03

4 Vehicle tires on solid sand 0.04-0.08

mechanism, getting a grip is not as easy as in equation (3). The grip a tire gains is derived
from the mechanical motion between the tire and the road, the chemical bond between
the tire and the road, temperature, tire pressure, ambient conditions, tread design and the
tire's compounds [13]. These eight factors affect the grip force, which affects the value of
U.

In this paper, the coefficient of friction used is the coefficient of rolling resistance,
U, which can be obtained from:

pr=F/G (3)

Where F is the horizontal force exerted on the tire, while G is the vertical load
received by the tire [14]. The coefficient of rolling resistance can be defined as a
dimensionless parameter [15], so that if there is a difference in angle § between the road
and the tires, then y, can be calculated in this way:

Uy = tan 8 (4)

The value of the coefficient of rolling resistance can be obtained using measurement.
Methods for measuring rolling resistance values include drum test of tires, trailer method,
coast-down methods and fuel consumption methods [16]. Various measurement methods
will produce different coefficient values. Accurate measurements need to be made to get
the rolling resistance value without any other influencing factors because a reduction in
the rolling resistance value will affect energy savings [17]. Table 1 shows the rolling
friction coefficients.

The rolling coefficients in Table 1 will have different values if used on vehicles. The
difference in these values is influenced by tire pressure (p) and vehicle velocity (v). So
that the rolling coefficient on the vehicle (y,-,) can be calculated by

My = Uy + (1/p)(0.01 + 0.0095(v/100)2 (5)

The results in Table 1 may change if accurate dynamic material property
measurements are obtained, knowledge of the finite element model in each rubber
product and optimization of tire construction. The rolling resistance will decrease if these
three actions are carried out continuously [18]. Rolling resistance testing already has a
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standard. The standards used are 1SO-28585 and 1SO-18164, which are then compared
with the SAE-J1269 and SAE-]J2452 standards. From this test, the results obtained have
the same correlation despite several different parameters. These results prove that if you
use one of the test standards and get improvements, testing with other standards
produces almost the same results [19]. The results obtained in Table 1 are the rolling
resistance used with almost the same method used by SAE-J1269 and SAE-]2452.

From equation (6) it can be calculated the force resulting from the tire's rolling
resistance. The rolling resistance force is obtained as follows.

F=u,mg (6)

The smaller the rolling resistance (F,), the better, making the vehicle more efficient.
In addition, the difference in F. will be used as a variable to test the reliability of the
control system on CC.

In addition to rolling resistance, the drag force on the vehicle is also influenced by
the drag force F,;. The following equation obtains the drag force.

1
Fd = Cd EPUZA (7)

Where C, is the drag coefficient, p is the density of the fluid, v is the flow velocity,
and A is the characteristic of the frontal area of the vehicle body. The drag coefficient will
differ depending on the surface area of the particles and changes in the flow pattern
around the particles [20], [21]. Changes in the flow pattern of the particles make the
Reynolds Numbers (Re) also change, so the drag coefficient on non-spherical particles is
obtained.

_ 30 67.289

C — [
d Re exp (5.03 @)

(8)

Where ¢ is the division result of the irregularly shape particle (S), divided by the
actual surface area of the particle (S;) so that ¢ = S/Sd [22].

The resistance force in the vehicle can be caused by two factors, namely, the rolling
resistance force and the drag force that exists on the vehicle. The resistance force on the
vehicle can be calculated by

E,=F +Fq 9)

The resulting resistance force will affect the vehicle's mileage because it becomes a
damping coefficient. So that the change in the resistance force to the damping coefficient
in the modelling can be obtained by the equation

Fyt
bv = ? (10)

Where t is the length of time the vehicle has been running, and s is the distance the
vehicle has travelled. The resulting damping coefficient will be a barrier to the vehicle's
speed to reach the speed setpoint determined by CC.

Cruise control (CC) on vehicles must be designed to produce vehicles with the right
transient response and minimal steady-state errors. The exact transient state response to
CC depends on internal and external factors. The internal factors that affect the transient
response of the CC are mass, inertia and friction. While the external factor is the ever-
changing road conditions, so if it has a fast transient response, it can also be dangerous if
the road conditions are congested, slippery and bumpy. However, from several previous
studies, the transient response needed to achieve an increase in speed between 15-25
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m/s requires 5-10 seconds [1], [11], [23], [24]. These results are also used as a reference
for assessing the performance of the transient response in designing control systems.
Meanwhile, the steady-state error should not be more than 10%; this percentage must be
smaller than in previous studies [12], [24].

Proportional, integral and derivative (PID) controllers are used to design the control
system of the CC. PID controllers have been used since 1939 in the industrial sector [25]
because the simple structure, ease of implementation and robustness make the PID
controller still relevant [26]. Simple parameters, such as the position of an object over
time, can be controlled with a PID controller [27], [28]. In addition, the advantages of the
PID controller can be combined and developed with other controller methods, especially
to dampen vibrations [29], [30].

PID controller is a form of parallel controller consisting of proportional P, integral I
and derivative D. In its use, it is not necessary to use the three parameters depending on
the plant and the results of the response from the system. The PID controller equation in
parallel can be seen:

de(t)
dt

u(t) = K.(e(t) +—e(®) + T, =55) (11)

Where the proportional gain is K, = K., the integral time is T; and K; = I;—j .
Derivative time is T; and K; = K, T,. In tuning the PID controller, it can be done with First
Order Plus Time Delay (FOPTD), where there are two main parameters. The first
parameter is related to the closed-loop time constant, and the second is the robustness
level [31]. The development of PID controller tuning can also be combined with the classic
tuning method integrated into intelligent control [26], [32]. The method of this integration
process will be carried out later to get the tuning value of the PID controller. However,
using a PID controller also has weaknesses in the dynamic testing of induction motors

[33]; these results will be a note for future research.

Modelling Parameters

The modelling parameters used in this paper can be seen in Table 2. The empty mass
of the vehicle is 1045 kg, but it is filled with 7 passengers so the total mass can be seen in
Table 2. Simulink modelling is then made from these parameters, which can be seen in
Figure 2.

The vehicle plant is then given a PID controller to get the desired speed (setpoint).
PID tuner is used to get its proportional, integral and derivative values. However,
adjustments need to be made so that acceleration is measured because large acceleration
causes passengers to experience G-forces and can experience motion sickness. There are

Table 2. Modelling parameters used

Input Parameter Dimensions Value
Mass vehicle kg 1535
Vehicle Power kW 78.3
Initial velocity m/s(km/h) 11.11(40)
Final velocity m/s(km/h) 30.56(110)
Force F,4 on an asphalt road Newton 300.86
Force F,, on a cobble Newton 451.29
Force F,3 on solid sand Newton 902.58
F 4 on vehicle Newton 217.5
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Figure 2. Plant modelling on vehicles.

several parameters in assessing motion sickness [34], but this paper only focuses on the
acceleration or G force passengers feel.

RESULTS AND DISCUSSIONS
Simulation testing

The results of the vehicle CC testing on an asphalt road can be seen in Figure 3. The
set point at the vehicle speed is 30.56 m/s or 110 km/hour. The time needed to reach the
reference (setpoint) is 8.9 seconds. The recorded time is good for a vehicle that
accommodates 7 passengers. Acceleration measurements on vehicles are also observed
to see the effect of vehicle acceleration on passengers. The resulting acceleration of the
vehicle can be seen in Figure 4.

Figure 4 shows that the maximum acceleration generated by the vehicle is 14.7
m/s? or 1.5 G. The acceleration generated by the vehicle is not too disturbing for the
passengers. Humans are, on average able to withstand 5G or 49 m/s? of force [35]. The
acceleration received by passengers is still in the comfortable category to drive; apart
from that, the time when the force is applied is less than 1 second.

The next test compares the ability of CC on different road conditions. These results
can be seen in Figure 5. In Figure 5, it can be seen that CC can reach the reference speed
on asphalt and cobble roads, whereas, on sandy roads, CC has difficulty reaching the
reference speed. The maximum speed that can be obtained by a vehicle on a sandy road
is 29.91 m/s or 107.70 km/h. There is a steady-state error on sandy roads because the
system cannot reach the reference speed (setpoint). The steady-state error that occurs is
2.01%; this is quite small and does not affect the vehicle or passengers much.

a0 [ =

= ¥ ] Reference
= = =Aclual Res

0 2 4 [} B 10 12 14 16 18
Time (second)

Figure 3. The results of the vehicle CC test on an asphalt road.
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Figure 4. Acceleration generated on the vehicle.
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Figure 5. CC testing on asphalt, cobbles (stones) and sandy roads.
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Figure 6. Measurement of vehicle acceleration on asphalt, rocky and sandy roads.

The acceleration experienced by vehicles and passengers has not changed much.
The results of the acceleration test can be seen in Figure 6. Figure 6 shows that the
acceleration experienced by the vehicle is almost no different between asphalt and cobble
roads, but there is very little difference compared to sandy roads. Sandy roads will
produce spinning on the wheels, so acceleration is slightly lower, and it is difficult to reach
the desired speed, which is more difficult than asphalt and cobble roads.
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Figure 7. Testing with variations in drag coefficient (C;) (a) and (b) enlargement results
from the test.

Testing with variations in the difference in drag coefficient (C;) almost does not
affect the ability of CC to reach the reference speed. Testing is done by changing the value
of C; from 0.5-1. The results of the test can be seen in Figure 7.

The results obtained in Figure 6 show that there is almost no difference even though
the value of C, is varied. This proves that the controller from CC can keep the vehicle able
to adjust to the reference speed.

CONCLUSIONS

The results of the tests show that the control system design used in cruise control
(CC) produces the right response and minimum steady-state error. The right response is
shown by the vehicle reaching a reference speed of 110 km/h in 9 seconds; In addition,
the vehicle's acceleration is not overly disruptive for both the driver and passengers. Road
surface variations slightly affect the performance of the CC, but the steady-state error that
occurs is only 2.01%. Testing with variations in the drag coefficient does not affect the
performance of the CC. Testing the drag coefficient variation may have a big influence
when the vehicle has a higher speed.
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