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PP-US: An Optimized Ultrasonic Sensor Module for Intelligent Parking in Three-
Dimensional Garages

Yu Chuan JIANG*, Fang Quan YANG

Abstract: Urban parking challenges are exacerbated by the increase in car ownership, which requires innovative solutions. This study presents a novel Parking Path-
Ultrasonic Sensor (PP-US) start stop module for intelligent vehicle parking in three-dimensional garages. The system integrates ultrasonic sensors with a fuzzy control
algorithm to optimize parking path planning and execution. Experimental results demonstrated the excellent performance of the module, with a response time of 30 ms after
140 iterations, significantly outperforming existing frameworks. The PP-US module achieved high accuracy in distance measurement, with errors ranging from 0.01 to 0.04
m within 0.5-2.4 m. In parking tests, the system maintained stable vehicle speed between 3-5 km/h, and demonstrated smooth trajectory control. The comprehensive anti-
interference ability score of this module was 0.91, surpassing comparison systems. These findings highlight the potential of the PP-US module in enhancing parking efficiency

and safety in complex three-dimensional garage environments.
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1 INTRODUCTION

With the acceleration of urbanization and the
continuous growth of car ownership, the parking
difficulties in cities are becoming increasingly prominent.
Three-dimensional garages have gained attention as an
effective solution to urban land scarcity [1]. However, with
the increasing complexity of three-dimensional garage
systems, the efficiency, accuracy, and safety of intelligent
parking systems have become research hotspots. In this
context, parking path planning and its execution
mechanism optimization have become a hot research topic
[2, 3]. Traditional parking systems often rely on manual
operation or simple mechanical equipment, lacking
sufficient intelligence and automation, which results in low
parking efficiency and susceptibility to parking accidents.
With the rapid development of sensor technology, artificial
intelligence, computer vision, and other advanced
technologies such as ultrasonic sensors and laser radar,
intelligent parking systems that achieve automatic vehicle
recognition, positioning, and path planning have received
widespread attention from researchers. These technologies
greatly improve parking accuracy and safety, shorten
vehicle parking time, and improve the utilization efficiency
of the three-dimensional garage [4-6]. Ultrasonic sensors
measure the distance of objects by emitting and receiving
high-frequency sound waves. Its working principle is that
the transmitter emits ultrasonic waves, which are reflected
back when encountering an object and received by the
receiver. The sensor records the time difference between
transmission and reception, and calculates the distance
based on the known sound speed. However, despite some
progress in research, there are still some challenges. Firstly,
the existing intelligent parking systems are not yet mature
enough in path planning and sensor applications, especially
in complex environments where their adaptability and
stability need to be improved. Secondly, ultrasonic sensors
still have shortcomings in signal processing, anti-
interference ability, and ranging accuracy, which limit the
application effectiveness in intelligent parking systems. In
addition, the particularity of the three-dimensional garage

environment, such as narrow space and complex structure,
poses higher requirements for parking path planning and
sensor layout [7-9]. Based on the above background and
existing problems, the research aims to construct an
intelligent vehicle parking system for three-dimensional
garages, combining the latest sensor technology and
intelligent algorithms to solve the weak adaptability, low
accuracy and stability of existing systems in complex
environments. By optimizing the parking path design and
efficiently integrating the ultrasonic sensor start stop
module, a fast, accurate, safe and efficient parking path
planning system is constructed to optimize the overall
operational efficiency and safety of the three-dimensional
garage. The research innovation lies in combining
ultrasonic sensors and fuzzy control technology to improve
the accuracy and safety of parking space detection and
parking processes, contributing to providing a cost-
effective and high-precision solution for automatic parking
systems.

The first part elaborates on the automatic parking
system. The second part designs the method. The third part
verifies the method. The fourth part summarizes the
research results and proposes prospects.

2 LITERATURE REVIEW

In the research of intelligent vehicle parking systems
in three-dimensional garages, many scholars have
conducted in-depth discussions on parking path planning,
sensor technology, and their applications [10, 11]. Recently,
influenced by artificial intelligence, the research on
intelligent parking systems has gradually developed
towards higher intelligence and automation.

Regarding parking path planning, some studies have
simulated the parking process and used fuzzy logic
controllers to simulate the driver's judgment logic to
optimize the parking path. Some studies also focus on the
application of neural network algorithms to continuously
optimize parking path planning by simulating natural
selection and genetic mechanisms, thereby reducing
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parking time and improving parking safety. Y. Z. et al. built
a hierarchical automatic valet parking path planning
method. The complete AVP path planning was divided into
various layers, starting from the perspective of global
decision-making. The simulation results showed that the
efficiency was increased by more than 20 times. In addition,
the planner overcame the unsuitability of hybrid algorithms
in complex parking scenarios [12]. Y. X. et al. built a
parking spot detection and path planning scheme based on
basic vision IMU to solve the ignored unknown obstacles
in the parking environment. The simulation results showed
that this method could efficiently avoid obstacles and
generate smooth paths for vehicles in dynamic parking
environments, effectively meeting the safety and stability
requirements of parking [13]. R. Z. et al. proposed a new
geometric-based secondary path planning method for
automatic parking. The sequential quadratic programming
was applied to determine optimization parameters.
Compared with search-based methods represented by
rapidly exploring random tree variants, the designed
method had higher planning performance [14].

In terms of sensor technology and its applications,
ultrasonic sensors and laser radar are currently the two
most commonly used sensors. Ultrasonic sensors are
widely used in various detection and distance detection due
to their low cost and ease of deployment. D. Q. et al.
proposed a multi-terminal direct current-direct current
solid-state  transformer topology for bidirectional
photovoltaic/battery assisted electric vehicle parking lots.
The research results indicated that the system could
autonomously charge and discharge a certain power based
on factors such as the charging status, battery capacity, and
departure time of each EV to maintain the stability of the
future microgrid [15]. Z. J. et al. proposed an autonomous
parallel parking scheme for front wheel steering vehicles.
Combining arcs with straight lines, a collision free path
was constructed to park the vehicle with one or more
maneuvers. The research results showed that the model had
excellent performance and good parking performance in
the environmental simulation system [16]. P. K. S. et al.
proposed an automatic parking system suitable for existing
vehicles. This model was equipped with sensors. By
programming a micro-controller, the control system
achieved steering wheel control, acceleration, and braking.
The simulation results showed that the proposed geometric
modeling ensured accuracy and safety [17]. Kyu S. J. et al.
proposed a target parking position recognition method that
integrated image sensors and distance sensors to improve
the accuracy and popularity of automatic parking systems.
The potential application of deep learning in this field
required optimization through open dataset competition.
The research results indicated that this method had
complementary advantages and may become mainstream
in the future [18]. Ma Y. et al. explored key technologies
for parking space detection in order to improve the
performance of automatic parking assistance systems. The
method was divided into two categories: traditional visual
features and deep learning. Their respective advantages
and disadvantages were analyzed. The research results
indicated that the deep learning method had great potential,
and benchmark datasets and evaluation criteria were
crucial for driving research [19].

In summary, although the research on intelligent
vehicle parking systems has made some progress, there are
still challenges in optimizing path planning, improving the
accuracy of sensor data processing, and reducing system
cost. Path planning algorithms need to adapt to constantly
changing parking environments, such as other vehicles,
pedestrian movements, and obstacles. Implementing real-
time path planning in complex environments requires
efficient algorithms to optimize computation time and
resource utilization. In addition to the shortest path, path
planning also needs to consider multiple objectives such as
safety, energy consumption, and time, which increases the
algorithm complexity. Intelligent vehicle parking systems
typically rely on multiple sensors. How to fuse data from
different sensors to obtain more accurate environmental
awareness is a key issue. Sensor data may contain noise
and interference, especially in complex urban
environments, requiring effective algorithms to filter out
these interferences. Realizing high-precision vehicle
positioning is the foundation of parking systems, which
requires addressing error accumulation, especially in
environments with poor GPS signals. Therefore, the
research on intelligent vehicle parking systems for three-
dimensional garages, especially the optimization of
parking path planning and ultrasonic sensor application,
has important theoretical significance and application
value for solving the urban parking difficulties, improving
the efficiency and safety of three-dimensional garages.

3 RESEARCH METHODOLOGY
3.1 Construction of the US-Based Parking Detection
System

In modern three-dimensional garage automatic
parking systems, the parking space detection systems rely
on high-precision and reliable sensing technology.
Ultrasonic sensors measure the distance of objects by
emitting and receiving high-frequency sound waves. Its
working principle is that the transmitter emits ultrasonic
waves, which are reflected back when encountering an
object and received by the receiver [20]. The sensor records
the time difference between transmission and reception,
and calculates the distance based on the known sound
speed. Ultrasonic sensors are widely used for parking space
detection due to their cost-effectiveness and broad
detection range. Compared with sensors such as LiDAR
and cameras, ultrasonic sensors have lower cost, which are
suitable for large-scale applications. Ultrasonic sensors can
cover a large detection range and are suitable for various
parking environments, such as side parking and vertical
parking. Through data fusion technology, the proposed
method can significantly improve the accuracy of parking
space detection, reduce errors, and ensure that vehicles can
accurately park in parking spaces [21-23]. Ultrasonic
sensors exhibit stable performance under different
environmental conditions, which can effectively work in
complex parking environments, with strong anti-
interference capabilities. The Parking path-Ultrasonic
Sensor (PP-US) system can detect the surrounding
environment in real time and provide immediate feedback,
ensuring the safety and accuracy of the parking process.
Combined with fuzzy control systems, the PP-US method
can achieve full process control of automatic parking,
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including parking space detection, path planning, and
parking execution, improving the automation and user
experience of the system. Ultrasonic sensors are small in
size, easy to install, and can be integrated with others in
vehicle systems, enhancing the intelligence level of the

Distance

Obstacles

Ultrasonic sensor

-

entire vehicle [24, 25]. Ultrasonic sensors are not affected
by environmental factors such as light and weather, which
can work stably under various conditions with strong
adaptability. The ultrasonic ranging is displayed in Fig. 1.
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Obstacles

/

Figure 1 Ultrasonic sensor ranging diagram

From Fig. 1, the ultrasonic sensor emits and receives
ultrasonic waves. The reflection time of ultrasonic waves
is used to determine the distance of obstacles. When
ultrasonic waves encounter obstacles, they will reflect and
return to the sensor, thereby calculating the obstacle's
position and size [26, 27]. In the parking space detection
system, the ultrasonic wave is used to identify and measure
the size of the parking space, ensuring that the vehicle can
safely and accurately park in the parking space. Among
them, the propagation distance of ultrasonic waves can be
calculated, as shown in Eq. (1).

VXt
S= 1
5 (1)

In Eq. (1), v is the propagation speed of ultrasonic
wave at room temperature. ¢ represents the time difference
between ultrasonic emission and reception. The spatial
distance covered by ultrasonic wave is s. The propagation
speed of ultrasonic wave is shown in Eq. (2).

v =3314 fc+273.16 @)
273.16

In Eq. (2), the temperature of the air is represented by
¢, and the temperature is measured in degrees Celsius.
When the vehicle speed meets the conditions, the
ultrasonic sensor automatically starts to detect the
surrounding area [28-29]. When a suitable parking space is
detected, the ultrasonic sensor prompts the driver to have a
parking environment, which contains side and vertical
parking. The former is shown in Fig. 2.

The side parking in Fig. 2 is a common parking method
at the edge of urban streets. The vehicle is parked parallel
to the roadside [30-31]. The automatic parking system
requires highly accurate parking detection technology and
complex control algorithms to simulate the judgment and
operation of drivers when handling side parking, ensuring
the safety and accuracy of the parking process. The vertical
parking is shown in Fig. 3.

Figure 3 Vertical parking diagram
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The vertical parking in Fig. 3 is commonly found in
enclosed or semi-enclosed parking environments such as
parking lots and shopping centers. When handling vertical
parking, the automatic parking system needs to accurately
identify the size and location of the parking space, and
calculate the optimal entry path. Therefore, the research
integrates the data synthesis technology of ultrasonic
sensors into a parking detection system. The most reliable
data measured by two sensors in the same direction are
adjusted to reduce data bias. The basis for adjustment is to
compare the difference between the first measurement of

the front sensor and the last measurement of the rear sensor
relative to the vehicle position. Then data fusion is
performed.

3.2 Construction of PP-US Start Stop Module

After determining the sensors, a PP-US start stop
module is constructed. Therefore, a parking coordinate
system needs to be constructed. In vehicle parking, the
parking coordinate system is shown in Fig. 4.

A
Mg o — — — Bu_
| ( . |
N
L —_S >
Figure 4 Vehicle parking coordinate system
In Fig. 4, the vehicle is geometrized and the vertices L W
are divided into four points 4, B, C, and D. The projection Xp = XTC08 0+ S 0
of the A can be represented by Eq. (3). (6)

L .
Xy = x—zcosﬁ—%sme
3

L w
=ypy——sin@+—cosf
Ya=Y > 5

In Eq. (3), 8 is the yaw angle of the vehicle body. x and
y are projection coordinates. L is the vehicle length. WV is
the width. The vertex B is shown in Eq. (4).

Xg = x+£cos€—lsin9
2 2

Q)
= +£sin9+Kcosﬁ
Y=Y 5 >
The vertex C is shown in Eq. (5).
L .
Xc =x+—cos6’+Ksm9
2 2 (5)

L w
=ypy+—sinfd——-cosf
Yc =) 5 5

The vertex D is shown in Eq. (5).

L w
=ypy——sin@—-—cosfl
Yp =Y 5 >

The coordinate system for vertical parking is similar to
the coordinate system for side parking. Therefore, the
geometric coordinates of the front and rear wheels of the
vehicle are a, b, ¢, and d. The coordinates of point a are
represented by Eq. (7).

L
X, = x—écosH—T’"Wsiné?
(7

[ L
=y——cosf+—Lsinf
Yo=Y > )

In Eq. (7), [ is the wheel base. L., is the distance
between the front and rear wheels of the vehicle. The other
three rounds of calculation formulas are the same. The
vehicle speed is often below Skm/h during parking and has
slow turning characteristic at low speeds. Therefore, the
left rear wheel is expressed as Eq. (8).

L
x2+(y, —lcotp)® = (Lc0t¢—TW)2 (8)
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In Eq. (8), ¢ is the turning angle. L, is the rear wheel
track width. The same goes for the right rear wheel. After
constructing the coordinate system, the minimum turning
radius is obtained. The Ackermann criterion states that
anti-slip turning requires the wheels to follow their natural
trajectory, that is, all wheels to rotate around a common
turning center. Therefore, the angle relationship of the
inner steering wheel is shown in Eq. (9).

cota—cot/ﬁ'=§ O]

In Eq. (9), a and S signify the angles of the front inner
and outer wheels. K represents the extension distance of the
main centerline and the ground intersection point. The
angle relationship of the outer steering wheel is shown in
Eq. (10).

a+pf
— ¢ (10)

In Eq. (10), ¢ is the turning angle, as shown in Eq. (11).
= arctan l (11)
4 R

In Eq. (11), R is the turning radius. The minimum
turning radius is represented by Eq. (12).

1
Ry =——+7 (12)

Sin 7max

In Eq. (12), 7 s the wheel turning arm. After
determining the minimum turning radius, the size of the
parking space is determined. To consider space utilization,
the minimum lateral parking space needs to be determined.
The minimum parking space requirements are presented in
Eq. (13).

2
La>1+,Rz —(R—%j

L 2%+RC—R

(13)

In Eq. (13), Rp and Rc¢ are the radius of the arc
corresponding to the vertex. /,;is the minimum length of
lateral parking space. /, signifies the minimum width. Rp
is shown in Eq. (14).

2
Ry :\/(1+L/-)2+(R+%j (14)

In formula (14), Ly represents the front overhang. R¢ is
calculated in Eq. (15).

2
Re=,|I2 +[R+%j (15)

In Eq. (15), L, is the rear overhang of the vehicle. The
minimum parking space for vertical parking can be
obtained similarly. Fuzzy control can handle the
uncertainty and fuzziness present in the system, and does
not require precise mathematical models. It can be
designed based on empirical rules. Even in situations
where the model is difficult to establish or not fully
understood, it can still work effectively. By adjusting fuzzy
rules and membership functions, fuzzy control systems can
adapt to different system requirements and environmental
changes, with good flexibility. It has strong robustness to
changes in system parameters and external disturbances,
and can maintain good control performance even when
system conditions change. After establishing relevant
indicators and coordinate systems, the PP-US system is
designed based on the fuzzy control system. For parallel
and vertical parking, membership functions are established
based on the vehicle's dynamic characteristics and parking
requirements. The yaw angle, lateral and longitudinal
distance of the vehicle are used as input variables, and the
steering wheel angle is used as output variables. The
variables are defined through triangle and trapezoidal
membership functions. The specific process is shown in
Fig. 5.

Steering Brake Torque Gear
control control control control

P _
' =
\ S

\  EPS ESP

—
NN — e - e — ——— —_——

Control Cf)ntrol Whe?‘ SPeedl/ Control Gear
signal signal mertia signa signal signal
| | |
( D

[ CAN [

I Range signal Range signal
—

Working mode Working mode
Ultrasonic sensor LIN

Automatic
shutdown controller

Figure 5 Automatic parking system hardware process

In Fig. 5, a fuzzy rule set is constructed. Based on
parking experience and vehicle motion, an Electric Power
Steering System (EPS) is equipped to achieve steering
control. The Transmission Control Unit (TCU) is used to
adjust gears. The Body Electronic Stability Program (ESP)
is used to adjust brake pressure and provide necessary
vehicle speed and dynamic data. The Vehicle Control Unit
(VCU) is used to control the electric motor to provide
acceleration. The Local Interconnect Network (LIN) is
used to manage 12 ultrasonic sensors for environmental
detection, and receive sensing data through the Controller
Area Network (CAN) bus to execute parking commands.

The PP-US module uses ultrasonic sensors for parking
space detection and integrates them with the vehicle
control system for automated parking. Firstly, the
ultrasonic sensors measure the distance between the

Tehnicki vjesnik 32, 4(2025), 1211-1221

1215



Yu Chuan JIANG, Fang Quan YANG: PP-US: An Optimized Ultrasonic Sensor Module for Intelligent Parking in Three-Dimensional Garages

parking space and surrounding obstacles in real time.
These data are processed by data fusion techniques to
improve the measurement accuracy. The processed data are
fed into a fuzzy control system, which generates parking
commands based on preset control rules. Next, the fuzzy
control system sends the commands to vehicle control units,
such as the electric power steering system, the transmission
control unit, and the body electronic stability program, to
adjust the direction and speed of the vehicle. Finally, the
vehicle automatically completes the parking operation
according to the generated instructions.

To develop and optimize a fuzzy rule set, firstly, the
fuzzy rule base is defined and the input variables and
output variables are determined. Then, an affiliation
function is designed for each input variable. A triangular or
trapezoidal function is used to describe the fuzzy degree of
the variable. Next, the rule base is established based on the
actual parking experience, such as generating larger

steering commands when the vehicle distance is small and
the yaw angle is large. The system is tested in real parking
scenarios to evaluate the effectiveness of the rule set. Based
on the test feedback, the rules and the affiliation function
are adjusted to optimize the accuracy and reliability of the
system. Through repeated testing and optimization, the
adaptability and performance of the fuzzy control system
in different parking environments are improved.

4 RESULTS AND DISCUSSION
4.1 Performance Testing and Analysis of PP-US Start Stop
Module

Various testing and analysis methods are
comprehensively applied to evaluate the effectiveness and
reliability of the PP-US start stop module in the 3D garage
intelligent parking system. Among them, Tab. 1 displays
the main parameters.

Table 1 Vehicle parameter

Argument Unit Numerical value
Vehicle length m 4.510
Vehicle width m 1.860
Wheelbase m 2.730
Front overhang m 0.920
Rear overhang m 1.020
Front track m 1.590
Rear track m 1.600
Minimum turning radius of rear axle m 5.000
Maximum equivalent Angle of front axle rad 0.482
Maximum front axle rotation speed rad/s 0.482

Tab. 1 shows the relevant parameters of a certain
vehicle model from China Great Wall Motors Co., Ltd. The
parameters include vehicle length, width, wheelbase, front
overhang, rear overhang, etc. These parameters are
expressed in international standard units, ensuring the data
accuracy and comparability. The comparison of response
time between PP-US and other models is shown in Fig. 6.

From Fig. 6, the PP-US system exhibited significant
performance advantages. When the iteration increased to
140, the response time of PP-US decreased from the initial
45 ms to 30 ms, demonstrating significant performance
advantages. In contrast, other frameworks such as
TensorFlow and PyTorch had a smaller decrease in
response time. The former decreased from 75 ms to 60 ms,
and the latter decreased from 85 ms to 70 ms. Caffe
decreased from 65 ms to 50 ms, and MXNet decreased from
60 ms to 45 ms.

90

|
o
|

— PP-US TensorFlow PyTorch Caffe MXNet

70

Fig. 7a shows the comparison between the expected
steering angle and the actual steering angle. At Is, the
deviation was 5°. Subsequently, this deviation was
maintained at around 10° as it increased to the maximum
expected steering angle of 500°. Afterwards, during the
period of reducing the steering angle, the deviation slightly
decreased to 5° by 12 s. As a whole, the tracking
performance of the actual steering angle showed
consistency in dynamic changes, and there was also a slight
lag. When reaching the expected maximum point of 500°,
the actual steering angle was 490°. During the entire
observation period, the average deviation of the actual
steering wheel angle was 7.5°, with a standard deviation of
1.58°. The maximum and minimum deviations were 10°
and 5°. The performance of the system remained within a
relatively stable range. In the comparison of the
relationship between front wheel steering angle and time in
Fig. 7b, the actual front wheel steering angle of the PP-US
system almost matched the expected value within 0 to 12s,
without any deviation. On the contrary, the actual front
wheel steering angle of the MXNet system was lower than
that of the expected value at all time points, with an average
deviation of 0.5°. Compared with the low error
performance of the PP-US system, its accuracy was
significantly lower. When reaching the midpoint of the
desired steering angle (50°), the actual steering angle of the
MXNet system averaged 47.5°, while the PP-US system
achieved an accurate steering angle of 50°. In the test at the
highest point of 100°, the actual steering angle of the PP-
US system perfectly matched the expected value. In
contrast, the average actual steering angle of the MXNet

2
£
£ 60¢
E
&
= 50

40

30 1 1 1 1 1

1 2 3 4 5 6 7
Response time (ms)
Figure 6 Response time comparison
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system was 95°. The distance measurement accuracy of the
sensor is shown in Tab. 2.

Tab. 2 shows the performance differences of sensors at
different distance stages. All sensors can provide
measurement data that are closer to the true value within
0.5 m to 2.4 m. Within 0.5 m, the data recorded by the
sensors were slightly lower than the true distance, with an
error range of 0.01 m to 0.04 m. When the measurement
distance increased to 1.0 m and 1.5 m, these sensors
accurately reflected the true distance with minimal error.
Within 2.0 m and 2.4 m, the data showed slight fluctuations,
but overall maintained high accuracy. Sensors that can

Expected steering

obtain data continue to demonstrate effective measurement
capabilities for longer distances. At the farthest
measurement point of 4.9 m, the recorded data were not
significantly different from the actual distance. Overall,
from the perspective of distance measurement accuracy,
compared with actual measurement values, the PP-US start
stop module's distance measurement error is controlled
within a small range, with high accuracy. This module can
effectively identify and locate the distance between
vehicles and obstacles, providing reliable data support for
parking path planning. The comparison results of parking
condition tests are shown in Fig. 8.

6001 120r Expected front
wheel angl.e wheel angle
500 Actual steering 100F
e wheel angle s PP-US
e 400 ¢ g 80 MXNet
S =
g 300 ﬁg 60
S 200f S 40t \ ___________ §/
100} 20} | <7
0 v 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 ]
1 23 456 7 8 910111213 1 23 456 7 8 910111213
Time(s) Time(s)
(a) Expected angle versus actual angle (b) Front wheel angle versus time
Figure 7 Angle comparison
Table 2 Sensor ranging accuracy
True distance F1 F2 F3 F4 F5 F6 R1 R2 R3 R4
0.5m 0.49 0.49 0.47 0.48 0.50 0.47 0.48 0.47 0.50 0.46
1.0 m 1.00 0.99 0.96 0.99 0.98 0.95 0.98 1.00 1.03 0.98
1.5m 1.48 1.49 1.46 1.50 1.46 1.50 1.45 1.50 1.51 1.5
2.0m 1.98 1.95 1.98 2.02 1.95 1.98 1.96 1.99 2.05 1.95
24m 242 2.37 2.36 2.45 237 2.4 2.38 242 2.37 2.36
3.0m 3.02 \ \ \ \ 2.99 3.04 \ \ \
35m 3.49 \ \ \ \ 3.52 3.46 \ \ \
4.0m 4.03 \ \ \ \ 3.98 4.04 \ \ \
45m 4.57 \ \ \ \ 4.56 4.55 \ \ \
49m 4.94 \ \ \ \ 4.87 4.93 \ \ \
A 4 A
~~ 8 ~~
G i
2 2
o 2
2 > >
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Figure 8 The change of vertical parking vehicles over time
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Fig. 8a shows the variation of the vehicle over time
during side parking. The vehicle had a good posture. Fig.
8b shows the variation of the vehicle over time during
vertical parking. The vehicle traveled along a smooth curve
over time during the parking process. Fig. 8c shows the
vehicle speed condition for side parking. The vehicle speed
remained stable between 3-5 km/h over time, with a

A
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3

g °
-2 ®;s
& 6 "
= {—— Probe position
%’ 4 @ Vchicle trajectory ;
>

2 @4

0 1 2 3 4 5 6

Steen'ng"e;ngle (deg)
(=]

Time(s)
(a) Vehicle trajectory
A
0.8
E 0.6
]
3 0.4
=%
[75]
0.2
0 20 40 60
Time(s)

(c) Speed change

reasonable fluctuation range. Fig. 8d shows the change in
side parking yaw angle. The yaw angle of the test vehicle
reached its maximum at 5 s and finally reached a stable
state after 10 s. The overall yaw angle first increased and
then decreased, and the overall vehicle condition was stable
throughout the test. Further analysis is conducted on
vertical parking, as shown in Fig. 9.

500

-500
0 20 40 60

Time(s)
(b) Steering wheel angle

v

=)

Gear position
z
L

R
0 20 40 60
Time(s)
(d) Gear shifting

Figure 9 Vertical parking vehicle condition

Fig. 9a shows the motion trajectory of the test vehicle
during vertical parking. The vehicle started from 1. After
detecting a parking spot at 2, it started the automatic
parking program. After passing through the predetermined
path from 3 to 5, it smoothly entered the parking spot. The
vehicle has good path tracking performance during driving,
with a final lateral position deviation of 12.3 ¢cm and a
directional deviation controlled within 3.2°. In addition,
Fig. 9b shows the vehicle steering during vertical parking.

The overall adjustment of the vehicle ran smoothly. Fig. 9d
shows the gear shifting during the parking process. At 23 s,
the gear shifting was carried out. At 40 s, the last gear
shifting was performed, effectively avoiding the possible
vehicle impact caused by the speed not returning to zero
during gear shifting, thereby maintaining the stability and
comfort throughout the entire automatic parking process.
The anti-interference ability test results are displayed in
Tab. 3.

Table 3 Anti-interference test

Model/interference Electromagnetic Temperature Humidity Sound Light Comprehenswe anti-
type interference change change interference interference mtprference
ability score
PP-US 0.950%** 0.900*** 0.880%*** 0.920%*** 0.900*** 0.910***
Laser radar 0.900 0.850 0.820 0.880 0.850 0.860
BP-SVM 0.850 0.800 0.850 0.800 0.820 0.824
GA-RNN 0.880 0.830 0.800 0.840 0.880 0.846
Wireless cloud 0.820 0.780 0.790 0.810 0.800 0.800
parking

Tab. 3 shows the test results of the anti-interference
capability of different technology models under various
interference conditions. Among them, PP-US model
showed high stability in electromagnetic interference,
temperature change, humidity change, sound interference,
and light interference. Its comprehensive anti-interference
ability score reached 0.91, with excellent overall
performance. Laser radar technology had excellent
performance, but it was a little bit inferior in all the tests,

with a comprehensive score of 0.86. BP-SVM model was
slightly insufficient in handling sound interference and
humidity change, with a comprehensive score of 0.824.
BP-SVM model was a bit weak in dealing with sound
interference and humidity changes, with a composite score
of 0.824. GA-RNN had a composite score of 0.846, while
the wireless cloud parking system had the weakest
performance among the interference types, with a
composite score of 0.8. Overall, the designed PP-US model

1218

Technical Gazette 32, 4(2025), 1211-1221



Yu Chuan JIANG, Fang Quan YANG: PP-US: An Optimized Ultrasonic Sensor Module for Intelligent Parking in Three-Dimensional Garages

has significant advantages in complex interference
environments, with a good overall interference resistance,
which can be applied to various situations.

4.2 Discussion

The PP-US start stop module in the intelligent vehicle
parking system for three-dimensional garages is
comprehensively evaluated. According to the test results,
the system has significant advantages in achieving fast and
accurate vehicle positioning and parking path planning.
Compared with other technical models, the PP-US module
not only demonstrates excellent performance in response
time, but also presents high stability and reliability in
various aspects such as vehicle control accuracy, sensor
ranging accuracy, and anti-interference ability. It can
effectively improve the scheduling performance of large-
scale high-density parking lots, which is consistent with the
research results of C. G. et al. [31].

The PP-US module exhibits good dynamic tracking
performance in handling the deviation between the
expected and the actual steering wheel angles of the vehicle.
It can reflect the module's ability to accurately control
vehicle movement and its adaptability to complex
operating  environments.  Meanwhile,  accurately
controlling the front wheel steering angle further ensures
that the wvehicle can smoothly travel along the
predetermined path during parking, reducing parking
errors and improving the safety of the parking process. In
terms of sensor ranging accuracy, the ultrasonic sensor of
the PP-US module can effectively identify the distance
between vehicles and obstacles. The distance measurement
accuracy indicates that the module can maintain high
measurement accuracy at different distance stages and has
excellent performance in narrow or complex three-
dimensional garage environments. From the anti-
interference ability test results, the PP-US module exhibits
strong stability and reliability in the face of
electromagnetic  interference, temperature changes,
humidity changes, sound interference, and light
interference]. The PP-US module has excellent
environmental adaptability, which can maintain efficient
and accurate performance in ever-changing practical
application environments. This is also similar to the
research results of L. Y. et al., which meet continuous safety,
and curvature constraints, thereby improving the parallel
parking capacity of small parking spaces [32].

Although the PP-US start stop module has
demonstrated its advantages in multiple aspects, it is
crucial to optimize the energy consumption management of
the module in future application expansion to meet energy
conservation and emission reduction. The measurement
accuracy of ultrasonic sensors is limited by their frequency
and resolution. Although it performs well in many
scenarios, errors may occur in high-precision environments
such as narrow parking spaces or complex obstacle layouts,
which can affect parking accuracy. Although data fusion
technology can improve detection accuracy, data
inconsistency or processing delay may occur during the
fusion process, affecting the real-time performance and
stability of the system. Data fusion of different sensors may
also introduce additional computational complexity and

cost. Implementing PP-US systems in real-world three-
dimensional garages faces several potential challenges, as
three-dimensional garages typically have multi-layered
structures and complex spatial layouts. Ultrasonic sensors
may be difficult to accurately detect all parking spaces in
complex three-dimensional environments, especially in
corners or inter story spaces of garages. Due to the three-
dimensional structure and multi-faceted reflection of the
garage, ultrasonic signals may reflect and refract along
multiple paths, resulting in inaccurate measurement results.
This multi-path interference is particularly significant in
complex garage environments.

In summary, the performance testing results of the PP-
US start stop module indicate that the system has
significant advantages in achieving fast and accurate
parking in three-dimensional garages. Through continuous
optimization and innovation of key technologies, it is
expected to further enhance the application value of
intelligent parking systems and provide effective technical
support for solving urban parking problems.

5 CONCLUSION

This study demonstrates the effectiveness of the PP-
US module for intelligent vehicle parking in three-
dimensional garages. The excellent response time of the
system was 30 ms, the sensor accuracy was high, the error
was between 0.01-0.04 m, and the comprehensive anti-
interference ability score was 0.91, highlighting its
potential to significantly improve parking efficiency and
safety. The module's performance in maintaining stable
vehicle speed and smooth trajectory control during parking
maneuvers further emphasized its practical applicability.
However, limitations such as the need for further
verification in extreme environments and potential
challenges in real-world implementation remain. Future
research should focus on enhancing the module's
performance under varied environmental conditions,
integrating with other sensor technologies, and conducting
extensive real-world trials in diverse three-dimensional
garage settings. The findings of this study provide a strong
foundation for advancing intelligent parking systems,
potentially alleviating urban parking challenges and
improving overall urban mobility.
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