
Smart Structures and Systems, Vol. 34, No. 2 (2024) 117-127 
https://doi.org/10.12989/sss.2024.34.2.117 

Copyright © 2024 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 
1. Introduction 

 
For almost two decades, intelligence is a popular field, 

which catches many researchers’ attention (see Braz-Cesar 
and Barros 2018, Chen et al. 2022a, b, Li et al. 2023, 2024, 
Jin et al. 2024, Shi et al. 2023, and the references therein). 
Nowadays, the computing speed of microprocessors has 
increased significantly, and they can handle complex 
calculations and quickly update information, making 
machine vision more widely used in various aspects, such 
as detection in hazardous environments, through the 
installation of various sensors Unmanned vehicles are used 
to collect information, or in the military, drones are used to 
detect difficult-to-reach locations and environments, and 
more closely related to our lives are robotic arms used in 
industrial production or transporting materials in factories. 
Autonomous self-propelled vehicles, these applications are 
just the tip of the iceberg of machine vision. Through 
different sensors and hardware combined with image 
processing, various tasks of different orientations can be 
completed today. 

The following system with machine vision naturally has 
higher flexibility. In addition to adding additional sensors, it 
can also spread risks in a timely manner and complete the 
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task more effectively, but its cost may increase as a result. 

In the field of automatic control, there are many studies 
focusing on self-propelled vehicles (Hou et al. 2023, Song 
et al. 2024, Sheng et al. 2024, Fang et al. 2024). Nowadays, 
machine vision is mostly used for tracking control. 
However, obtaining the target position has different 
achievements in different environments and for different 
purposes. Method: If there are obstacles between the target 
object and the tracking system, direct observation cannot be 
made. In this case, if you want to know the location of the 
target object outdoors, you can find its coordinates through 
the GPS global positioning service. However, due to the 
structure of the building, Interference makes it impossible 
to use indoors. Therefore, in a built indoor environment, 
although GPS positioning cannot be used, the target object 
can be identified through multi-node triangulation based on 
the received signal strength. While there is no obvious 
barrier between the target and the following system, there 
are also various sensing methods, such as ultrasonic 
sensing, infrared sensing (Zhou et al. 2023a, b, Gao et al. 
2023, 2024, He et al. 2023, 2024, Fu et al. 2023, Mi et al. 
2023, Long et al. 2024), and machine vision (Liu et al. 
2023, Ding et al. 2021, Gu and Ren 2023, Gu et al. 2024). 

In terms of machine vision, if you want to track an 
object, you must first detect the object and then track the 
object. To identify specific objects in images, common 
methods include machine learning YOLO (Chen et al. 
2023a, b, Sun et al. 2023, 2024a, b, Zhu 2023, Zhou et al. 
2023a, b), which uses convolutional neural network training 
to predict the probability of possible objects and divides the 
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input image into small squares. The grids are predicted 
separately, and the threshold value is used to determine 
whether it is a certain object category. Finally, each object 
and its position in the entire image is output, which has a 
higher accuracy and faster speed. Therefore, many 
following self-propelled vehicles Object recognition will be 
carried out through this method (Wang et al. 2024a, b). 
However, the calculation amount is still a big burden on a 
simple RaspberryPi (without external neural computing 
stick) and it is not easy to achieve real-time processing. It is 
suitable for computers with higher performance and target 
objects. Situations with more complex and diverse 
characteristics. In addition, color recognition is also a 
common method of detecting objects. It directly detects 
specific objects through color components in the image. 
The disadvantage is that the color of the object must be the 
initial condition of this method, which means it has great 
limitations in identifying objects, and it is susceptible to 
environmental interference, but if the tracked object is a 
fixed object and the environment is simple, this simple 
method can still have good performance. After detecting 
objects, you must ensure that the objects tracked in each 
frame of the image are the same as the previous frame, 
because the contours of the detected objects to be tracked 
may change due to environmental changes such as light 
sources and occlusions, or the appearance of similar objects 
causes interference, causing tracking to cause 
misjudgments. Common methods include area tracking, 
model tracking, contour tracking, and feature tracking 
(Zhou et al. 2024, Zheng et al. 2022, 2023, Zhang et al. 
2024). Features can be roughly divided into local features, 
global features, Or relative changes in features in graphics. 
For example, using color detection objects can be judged by 
the overall features, that is, the area, centroid, etc. of the 
segmented foreground pixel blocks. This method can 
determine whether they are the same Detected object 
(Zhang et al. 2024). 

This paper first uses binarization, morphological 
processing, Canny edge detection (Yin et al. 2024a, b, Yang 
et al. 2024), and then performs Hough Transform to extract 
the center and radius of the target ball for tracking. Since 
the traditional Hough Transform requires a large amount of 
Therefore, the Hough Gradient Method, also known as 
fuzzy theory, is used to replace the traditional Hough 
transform to achieve more real-time tracking. After 
completing the image tracking, the following of the self-
propelled vehicle must be controlled. Many papers use 
fuzzy control for following control (Xu et al. 2022, 2023, 
Tian et al. 2023). However, the processing speed of the 
Raspberry Pi used in this paper must bear the burden of 
image processing and fuzzy logic at the same time. There 
will be poor real-time following ability under the 
calculation, so this paper uses traditional PID control logic 
to follow. 

In addition, during the following process, in addition to 
knowing the direction of the target, distance information 
must also be obtained to avoid unnecessary collisions. On 
the host vehicle side, the radius of the target circle is known 
through Hough transformation. The real-world distance can 
be found through the radius; the vehicle must obtain 
additional distance information through distance sensors 

such as ultrasonic and infrared sensors to complete effective 
following. 

 
 

2. Governing theory of boundary problems 
 
The Newton law can be proved to be irrotational if the 

induced motion is small and periodic and initially 
irrotational. A single-valued velocity potential exists and 
can be defined by Cheng et al. (1997) 

 𝑢௝ = 𝑎௝ଶ 𝜕𝜙𝜕𝑥௝ ,     𝑎௝ଶ = ቆ i𝑓௝ − i𝑠௝ቇ ,          𝑗 = 1,2, 
 
For a function of three variables 𝑓(𝑥, 𝑦) the 𝑙th order 

derivatives, 𝑚 th order derivatives of the function with 
respect to 𝑥 and 𝑦 can be obtained by localization scheme 
as 

 𝑓௫(௟)൫𝑥௜, 𝑦௝൯ = ∑ 𝐴௜,௞(௟)𝑓൫𝑥௞, 𝑦௝൯ேಽ௞ୀଵ ,𝑓௬(௠)൫𝑥௜, 𝑦௝൯ = ෍ 𝐵௝,௞(௠)𝑓(𝑥௜, 𝑦௞)ேಾ
௞ୀଵ  

(1)

 
where 𝐿, 𝑀  are the number of grid points in the 𝑥, 𝑦 
direction respectively, 𝑁௅, 𝑁ெ  denote the count of 
supported reference points in the 𝑥, 𝑦 direction, 𝐴௜,௞(௟), 𝐵௝,௞(௠) 
are the weighting coefficients. For the first order 
derivatives, the weighting coefficients 𝐴௜,௞(௟), 𝐵௝,௞(௠) can be 
determined as follows 

 𝐴௜,௝(ଵ) = 𝐿(ଵ)(𝑥௜)൫𝑥௜ − 𝑥௝൯𝐿(ଵ)൫𝑥௝൯,  𝐵௜,௝(୪) = 𝑀(ଵ)(𝑦௜)൫𝑦௜ − 𝑦௝൯𝑀(ଵ)൫𝑦௝൯ ,but 𝑗 ≠ 𝑖 (2)

 𝐿(ଵ)(𝑥௜) = ෑ ൫𝑥௜ − 𝑥௝൯ேಽ
௝ୀ୪,௝ஷ௜ , 

𝑀(ଵ)(𝑦௜) = ෑ ൫𝑦௜ − 𝑦௝൯ேಾ
௝ୀ୪,௝ஷ௜  

(3)

 
Similarly, the weighting coefficients for the 𝑙-th order 

derivatives and 𝑚-th order derivatives of the function with 
respect to 𝑥 and 𝑦 can be obtained as 

 𝐴௜,௜(௟) = 𝑙 ൭𝐴௜,௝(௟ିଵ)𝐴௜,௝(௟) − 𝐴௜,௝(௟ିଵ)𝑥௜ − 𝑥௝൱ , 
𝐵௜,௜(௠) = 𝑚 ൭𝐵௜,௝(௠ିଵ)𝐵௜,௝(௟) − 𝐵௜,௝(௠ିଵ)𝑦௜ − 𝑦௝൱, (4)

 𝐴௜,௜(௟) = − ෍ 𝐴௜,௝(௟)ேಽ
௝ୀଵ,௝ஷ௜ , (5)

 
The above equations are the weighting coefficients of 

the second-order derivatives, and the higher-order 
derivatives can be calculated from the first-order derivatives 
themselves. It is worth noting that the polynomial 
approximation in the method is along a straight line. 
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Therefore, the method can be used to obtain a numerical 
solution of partial differential equations with higher-order 
accuracy. However, the main drawback of the convectional 
method is the problem of an ill-conditioned global matrix. 
With this feature, we use a concept of localization method 
to overcome the problem of an ill-conditioned matrix 
system. By using localization, the ill-conditioned matrix is 
greatly alleviated because the non-zero coefficient entries in 
the global matrix are decreased in each row. In addition, we 
can arbitrarily adjust the number of referenced points 
locally with the physical properties of each problem. On the 
other hand, the method cannot be directly applied to 
irregular domain problems. Key aspects to consider when 
developing such a solver are the imposition of boundary 
conditions on the immersed boundaries and the accurate 
discretization of the governing equation in the cells cut by 
these boundaries. A new interpolation procedure based on 
the finite element shape function is proposed, allowing the 
systematic development of a spatial discretization scheme 
preserving the second-order spatial accuracy of the 
underlying solver. 

A transformation scheme can be explained in Eq. (6) 
 

 
We use central differential quadrature (CDQ) scheme 

for diffusion components, (𝜕ଶ𝜙/𝜕ଶ𝑥) is discretized by the 
following 

 𝜕ଶ𝜙௜,௝𝜕𝑥ଶ = ൫𝐴௜ିଶ,௝(ଵ) 𝜙௜ିଶ,௝ + 𝐴௜ିଵ,௝(ଵ) 𝜙௜ିଵ,௝ + 𝐴௜,௝(ଵ)𝜙௜,௝+ 𝐴௜ାଵ,௝(ଵ) 𝜙௜ାଵ,௝ + 𝐴௜ାଶ,௝(ଵ) 𝜙௜ାଶ,௝൯ 
(7)

 

where 𝐴௜(ଵ), 𝐴௜(ଶ)  are first and second-order weighting 
coefficients in the x direction. 

Assuming the depth averaged Navier-Stokes equations 
can be expressed by the SWEs with the following 
assumptions: (1) incompressible fluid; (2) negligible wind 
stress and Coriolis force; (3) hydrostatic pressure 
distribution; (4) small bottom slope in both x- and y-
directions; and (5) uniform velocity distribution in the 
vertical direction. The 2D SWES in the form of continuity 
and the momentum equations as follows 

 𝜕ℎ𝜕𝑡 + 𝜕(ℎ𝑈)𝜕𝑥 + 𝜕(ℎ𝑉)𝜕𝑦 = 0 (8)

 𝜕(ℎ𝑈)𝜕𝑡 + 𝜕(ℎ𝑈ଶ + 0.5𝑔ℎଶ)𝜕𝑥 𝜕(ℎ𝑈𝑉)𝜕𝑦 = 𝑔ℎ(𝑠௫ − 𝑠௙௫) (9)

 𝜕(ℎ𝑈)𝜕𝑡 + 𝜕(ℎ𝑈𝑉)𝜕𝑥 + 𝜕(ℎ𝑉ଶ + 0.5𝑔ℎଶ)𝜕𝑦  = 𝑔ℎ(𝑠௬ − 𝑠௙௬) 
(10)

 
for a Cartesian coordinate frame in which 𝑥 − represents 
the horizontal plane and 𝑦 −  represents the vertical 

direction. The following parameters are used to define the 
dimensional quantities in the above governing equations 
and later physical explanations. g is the acceleration of 
gravity, U, V is the depth-averaged velocity in the 𝑥 −, 𝑦 − direction, respectively. 𝑠௫, 𝑠௬  is the bed slops, and 𝑠௙௫, 𝑠௙௬  is the friction slope in the 𝑥 −, 𝑦 − direction, 
respectively. These parameters are defined as 

 𝑈 = 1ℎ න 𝑢(𝑧)𝑑𝑧;௛ା௭್௭್  
𝑉 = 1ℎ න 𝑢(𝑧)𝑑𝑧;௛ା௭್௭್  𝑠௫ = − 𝜕𝑍௕𝜕𝑥 ;     𝑠௬ = − 𝜕𝑍௕𝜕𝑦  𝑠௙௫ = 𝑛ଶ𝑈√𝑈ଶ + 𝑉ଶℎସ/ଷ ;      𝑠௙௬ = 𝑛ଶ𝑉√𝑈ଶ + 𝑉ଶℎସ/ଷ  

 
where 𝑢  and 𝑣  are the local time-averaged velocity 
components. 𝑍௕ is the bed elevation and 𝑛 is the manning 
friction coefficient. 

 

 
To use a high-resolution UDQ for the SWEs, the Eqs. 

can be expressed as 
 𝑄௧ + [𝑃(𝑄)]௫ + [𝑅(𝑄)]௬ = S(Q) (11)
 

where 𝑄௧ is the conserved physical vector; 𝑄௧ are the flux 
vectors; and 𝑆(𝑄)denotes the source terms, respectively. 

 
 

3. Fuzzy theory with Runge Kutta scheme 
 
To achieve high overall computational efficiency, we 

develop a numerical scheme involving a three-step UDQ 
method. A three-step Runge-Kutta method is used to 
discretize (21) as follows 

 𝑄(ଵ) = 𝑄(଴) + Δ𝑡𝐿൫𝑄(଴)൯𝑄(ଶ) = 𝑄(ଵ) + Δ𝑡4 ൣ−3𝐿൫𝑄(଴)൯ + 𝐿൫𝑄(ଵ)൯൧ 𝑄(ଷ) = 𝑄(ଶ) + Δ𝑡12 ൣ−𝐿൫𝑄(଴)൯ − 𝐿൫𝑄(ଵ)൯ + 8𝐿൫𝑄(ଶ)൯൧ (12)

 
where 𝐿(𝑄) = 𝑆(𝑄) − [𝑃(𝑄)]௫ − [𝑅(𝑄)]௫ − [𝑅(𝑄)]௬. 

We involve three-step Runge-Kutta method as follows. 
 𝑄௜,௝௡ାଵ/ଷ = 𝑄௜,௝௡ + Δ𝑡൫𝐿௜,௝௡ ൯ (13)
 𝑄௜,௝௡ାଶ/ଷ = 𝑄௜,௝௡ାଵ/ଷ + Δ𝑡 ቀ−3൫𝐿௜,௝௡ ൯ + ൫𝐿௜,௝௡ାଵ/ଷ൯ቁ (14)
 𝑄௜,௝௡ାଵ = 𝑄௜,௝௡ାଶ/ଷ + Δ𝑡12 ቀ−൫𝐿௜,௝௡ ൯ − ൫𝐿௜,௝௡ାଵ/ଷ൯+ 8൫𝐿௜,௝௡ାଶ/ଷ൯ቁ 

(15)

𝑢 𝜕𝜙𝜕𝑥 = ⎩⎪⎨
⎪⎧𝑢௜,௝൫𝐴௜ିଷ,௝(ଵ) 𝜙௜ିଷ,௝ + 𝐴௜ିଶ,௝(ଵ) 𝜙௜ିଶ,௝ + 𝐴௜ିଵ,௝(ଵ) 𝜙௜ିଵ,௝ + 𝐴௜,௝(ଵ)𝜙௜,௝ + 𝐴௜ାଵ,௝(ଵ) 𝜙௜ାଵ,௝൯,     𝑢௜,௝ > 0𝑢௜,௝൫𝐴௜ିଶ,௝(ଵ) 𝜙௜ିଶ,௝ + 𝐴௜ିଵ,௝(ଵ) 𝜙௜ିଵ,௝ + 𝐴௜,௝(ଵ)𝜙௜,௝ + 𝐴௜ାଵ,௝(ଵ) 𝜙௜ାଵ,௝ + 𝐴௜ାଶ,௝(ଵ) 𝜙௜ାଶ,௝൯,     𝑢௜,௝ = 0𝑢௜,௝൫𝐴௜ିଵ,௝(ଵ) 𝜙௜ିଵ,௝ + 𝐴௜,௝(ଵ)𝜙௜,௝ + 𝐴௜ାଵ,௝(ଵ) 𝜙௜ାଵ,௝ + 𝐴௜ାଶ,௝(ଵ) 𝜙௜ାଶ,௝ + 𝐴௜ାଷ,௝(ଵ) 𝜙௜ାଷ,௝൯,     𝑢௜,௝ < 0 (6)
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where 

 

 

 
Therefore, the fuzzy controller and the fuzzy observer 

are given as follows: 
Control Rule i: 
 
IF 𝑥ோଵ(𝑡) is 𝑀ோ௜ଵ(𝛼௠, 𝛽௠) and … and 𝑥ோ௞(𝑡) is 𝑀ோ௜௞(𝛼௠, 𝛽௠)  
THEN 𝑢ோ(𝑡) = −𝐾௜𝑥ොோ(𝑡), 𝑖 = 1, 2, … , 𝑟. 
 
Observer Rule i: 
 IF   𝑥ோଵ(𝑡)  is   𝑀ோ௜ଵ(𝛼௠, 𝛽௠)   and … and   𝑥ோ௞(𝑡)  is   𝑀ோ௜௞(𝛼௠, 𝛽௠) Then     𝑥ොሶோ(𝑡) = 𝐴௜(𝛼௠, 𝛽௠)𝑥ොோ(𝑡) + 𝐵௜(𝛼௠, 𝛽௠)𝑢ோ(𝑡)                              +𝐿௜൫𝑦ோ(𝑡) − 𝑦ොோ(𝑡)൯, (19)

 
where 𝑦ோ(𝑡) = 𝐷௜(𝛼௠, 𝛽௠)𝑥ோ(𝑡), 𝑦ොோ(𝑡) = 𝐷௜(𝛼௠, 𝛽௠) 𝑥ොோ(𝑡) and 𝑖 = 1,2, … , 𝑟. 

Thus, the overall fuzzy controller and fuzzy observer 
can be written as 

 𝑢ோ(𝑡) = − ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)𝐾௜𝑥ොோ(𝑡)௥௜ୀଵ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)௥௜ୀଵ , (20)

 

 

where 
 𝑦ොோ(𝑡) = ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)𝐷௜(𝛼௠, 𝛽௠)𝑥ොோ(𝑡)௥௜ୀଵ ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)௥௜ୀଵ ,𝑦ோ(𝑡) = ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)𝐷௜(𝛼௠, 𝛽௠)𝑥ோ(𝑡)௥௜ୀଵ ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)௥௜ୀଵ  

(22)

 
 

4. Smart control design and simulation examples 
 
The fourth-generation Raspberry Pi Model B in Fig. 1 is 

mainly used for image processing and real-time tracking in 
his study. Its main computing unit is a quad-core 1.5 GHz 
and the memory capacity reaches 4 G. It can run more 

 

 

 

 
 

Fig. 1 Raspberry Pi 4 Model B+
 
 

smoothly than the third-generation Raspberry Pi Model 
B.OpenCV is running, and its upgraded USB 3.0 can 
communicate with other hardware components easily and 
quickly. However, compared with the third generation 
Shumei Pi, it consumes more power. In a 5 V environment, 
if the input current is less than 2.5 A, an undervoltage 
warning will easily appear. This reduces the operating 
efficiency. If a camera module is used like this paper, the 
input current of 3 A is sufficient. 

 
 

 
 
 
 

 
Fig. 2 Photography module Raspberry Pi camera v2

 

𝐿௜,௝௡ = ቌ𝑆௜,௝௡ − ෍ 𝐴௜,௟(ଵ)𝑃௟,௝௡ேಽ
௟ୀଵ − ෍ 𝐵௝,௠(ଵ)𝑅௜,௠௡ேಾ

௠ୀଵ ቍ
𝐿௜,௝௡ିଵ/ଷ = ቌ𝑆௜,௝௡ାଵ/ଷ − ෍ 𝐴௜,௟(ଵ)𝑃௟,௝௡ାଵ/ଷேಽ

௟ୀଵ − ෍ 𝐵௝,௠(ଵ)𝑅௜,௠௡ାଵ/ଷேಾ
௠ୀଵ ቍ 

𝐿௜,௝௡ାଶ/ଷ = ቌ𝑆௜,௝௡ାଶ/ଷ − ෍ 𝐴௜,௟(ଵ)𝑃௟,௝௡ାଶ/ଷேಽ
௟ୀଵ − ෍ 𝐵௝,௠(ଵ)𝑅௜,௠௡ାଶ/ଷேಾ

௠ୀଵ ቍ 

(16)

𝑟𝑒𝑎𝑙 ⎣⎢⎢
⎡ ቀ𝑛 − ଷଶቁ 𝜋ቀఌమೣఌరೣቁభమ (ℎ − 𝑑) ௔మೣ௔ర೥⎦⎥⎥

⎤ ≤ 𝑟𝑒𝑎𝑙(𝐾ଶ௡) ≤ 𝑟𝑒𝑎𝑙 ⎣⎢⎢
⎡ ቀ𝑛 − ଵଶቁ 𝜋ቀఌమೣఌరೣቁభమ (ℎ − 𝑑) ௔మೣ௔ర೥⎦⎥⎥

⎤      𝑛 ≥ 1; (17)

𝑟𝑒𝑎𝑙 ቎𝑎ଶ௫௭ ቀ𝑛 − ଷଶቁ 𝜋𝑑 ቏ ≤ 𝑟𝑒𝑎𝑙(𝐾ଶ௡) ≤ 𝑟𝑒𝑎𝑙 ቎𝑎ଶ௫௭ ቀ𝑛 − ଵଶቁ 𝜋𝑑 ቏      𝑛 ≥ 1. (18)

𝑥ොሶோ(𝑡) = ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)ሼ𝐴௜(𝛼௠, 𝛽௠)ሽ𝑥ොோ(𝑡) + ൛𝐵௜(𝛼௠, 𝛽௠)𝑢ோ(𝑡) + 𝐿௜൫𝑦ோ(𝑡) − 𝑦ොோ(𝑡)൯ൟ௥௜ୀଵ ∑ 𝑤௜(𝑥ோ(𝑡), 𝛼௠, 𝛽௠)௥௜ୀଵ  (21)
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Table 1 Raspberry Pi camera v2 specification sheet 

Still resolution 5 Megapixels 

Video modes 1080p@30fps 720p@60fps 
640×480p60/90fps 

Sensor Sony IMX219 
Sensor resolution 3280 × 2464 pixels 

Sensor image area 3.68 × 2.76 mm 
(4.6 mm diagonal) 

Pixel size 1.12 µm × 1.12 µm 
Focal length 3.04 mm 

Horizontal field of view 62.2 degrees 
Vertical field of view 48.8 degrees 

Size 25 × twenty three × 9 mm 
 

 
 

 
Fig. 3 Arduino Uno 

 
 

 
Fig. 4 Motor drive module L298N 

 
 

 
Fig. 5 MG996R 180 degree servo motor

 
 
Image sensing module This paper uses the Raspberry Pi 

camera module shown in Fig. 2. It uses Sony IMX219PQ 
CMOS sensor, which can provide 8 million pixel still 
pictures, and 1080P 30 frames or 720 p 60 frames video, 
and uses the CSI interface (Camera Serial Interface) to 
transmit data, please refer to the following Table 1 for 
details. The Arduino Uno microprocessor in Fig. 2 is used 
in the main car to output PWM signals to control the motor. 

L298N Fig. 3 shows a dual full-bridge motor driver with 
high voltage and high current output. In this paper, it is 
mainly used to control the speed of the DC motor so that the 

Table 2 MG996R 180 degree servo motor specification 

Dead Band: 0.050 ms 
Control System: Pulse Width Control 

Working Frequency: 20 ms period / 50 hz 
(Digital Control) 

Operating Voltage: 4.8 ∼6 V 

Operating Temperature 
Range: 0 to + 55 Degree C 

Operating Speed 
(4.8v): 

0.200 sec/60° degrees 
at no load 

Operating Speed 
(6v) 

0.160 sec/60° degrees 
at no load 

Stall Torque (4.8v): 9.4 kg/cm 
Stall Torque (6v): 11 kg/cm 

Dimensions: 40.7 × 19.7 × 42.9 mm 
Weight: 55 grams 

 
 

 
Fig. 6 DC geared motor 

 
 

self-propelled vehicle can move and follow. The only thing 
to note is that L298N uses a BJT transistor, which has a 
large voltage drop. Therefore, if the voltage source is only 5 
V, it will be difficult to drive two DC motors, so this paper 
uses a voltage input of 7.4 V. 

The MG996R servo motor in Fig. 4 is directly 
controlled through Arduino. It receives the PWM signal and 
can then rotate the motor to a specific angle. This paper is 
used to control the pitch angle of the platform where the 
camera module is located on the main vehicle. The purpose 
is to enable the main vehicle to track, which can have a 
certain degree of elasticity to changes in the vertical 
direction of the target. The following Table 2 shows its 
specifications. 

This paper uses a reduction motor with a reduction ratio 
of 1:120 (Fig. 5 and Table 3). Although it is prone to errors 
and requires trial and error to find a reasonable PWM value, 
it is low-cost and suitable for use in self-made low-cost self-
propelled vehicles. Each DC motor is determined by the 
output of L298N. The speed is controlled by the speed to 
achieve the purpose of going straight and turning. 

In addition to the photography module introduced 
above, the sensing module used in this paper also includes 
an infrared module and an ultrasonic sensor. The infrared 
module includes an infrared LED and an infrared receiver. 
In this section, infrared, Infrared communications, 
transmission protocols with infrared, and ultrasonic sensors. 

Infrared rays are electromagnetic waves. As long as the 
object is greater than absolute zero, it will radiate infrared 
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Table 3 Reduction ratio 1:120 reduction motor specification

Voltage 3 to 6 V 
Shaft type Double Shaft 
Gear ratio 1:120 

Operating speed 
(3.0 V) 

60 ± 10% rpm (roughly) 
at no load 

Operating speed 
(6.0 V) 

100 ± 10% rpm (roughly) 
at no load 

 

 
 

rays. Its wavelength is between visible light and 
microwaves, 780 nm to 1 mm (ISO 20473), and is often 
divided into near infrared rays (Near IR), mid infrared rays 
(Mid IR) and Far IR (Far IR) uses different sensors based 
on different wavelengths. Generally speaking, infrared light 
receivers only receive infrared rays with wavelengths 
within a specific range, so each band of infrared rays has 
different applications. For example, near infrared rays can 
be used for remote control. Mid-infrared rays can be used in 
gas analyzers, and far-infrared rays can be used in 
astronomy. The infrared LED used in this paper has a 
wavelength of about 940 nm and belongs to near-infrared 
rays. In addition, infrared rays are divided into two major 
categories, thermal sensors (Thermal infraded sensor) and 
light sensor (Quantum infraded sensor). The former has a 
slow response speed and has a wide response to infrared 
wavelengths and is often used to detect temperature and 
heat energy. The latter has a fast response speed and 
responds to a specific wavelength range and is often used 
for communication. The infrared sensor used in this paper is 
an infrared light sensor. 

Infrared communication is a kind of general wireless 
communication. It is invisible light and can be used as 
short-range wireless communication. It is often used in 
household applications such as remote controls. However, 
infrared rays exist in outdoor or indoor environments, such 
as sunlight and fluorescent lamps, etc. all emit infrared rays. 
Infrared rays generally do not have hand-shake, so any 
infrared ray message may be received by the infrared ray 
receiver. Therefore, most infrared ray sensors use 38 kHz as 
the carrier frequency to reduce interference. The so-called 
carrier wave is A wave of a specific frequency (usually high 
frequency), the signal is sent out at the frequency of the 
carrier after modulation. Taking this paper as an example, 
the so-called carrier frequency of 38 KHz is the rapid 
switching of the IR LED, which is generated approximately 
every 26 µs. A pulse wave (Pulse) is shown in Fig. 6. Since 
there are few infrared light sources in the general 
environment that will flash in such a high-frequency mode, 
it can effectively avoid environmental interference. In 
practice, the carrier frequency can be slightly adjusted. For 
example, the RC5 protocol adopts 36 KHz, does not cause 
the infrared receiver used in this paper to be completely 
unable to receive information. In addition, modulation also 
helps to dissipate heat of the infrared LED, because 
compared to maintaining the same brightness and 
continuously emitting infrared rays, the rapid switching of 
modulation can make Its brief interruption, in which the 
proportion of switching time is called the duty cycle. 

 
Fig. 7 Modulation diagram 

 
 

Table 4 Commonly used infrared protocols and carrier 
frequencies 

Protocol Carrier wave freq 
NEC 38 kHz 
RC-5 36 kHz 
RC-6 36 kHz 

Panasonic 36.7 kHz 
Sharp 38 kHz 
Sony 40 kHz 

 
 
The top is the original signal, the middle is the carrier, 

and the bottom is the modulated signal. General consumer 
products use ASK (Amplitude shift keying), that is, 0 or 1 is 
determined by amplitude (Table 4). When the signal is 1, 
the carrier wave is transmitted. When the signal is 0, the 
carrier wave is not transmitted and left blank (Space). 

The three self-propelled vehicles in this paper are 
divided into one master vehicle and two slave vehicles, 
slave vehicle A and slave vehicle B. Both the master vehicle 
and slave vehicle A have infrared LEDs that emit infrared 
rays as beacons so that the following vehicles can follow, 
and as mentioned above, infrared wireless transmission uses 
carrier waves to resist environmental interference. In 
addition, in order to enable car A to follow the main car and 
car B to follow car A, the beacon must send out specific 
information to distinguish the following targets, so the 
transmitter There must be a common specification with the 
receiving end, so that the receiving end can understand the 
message sent by the transmitting end. This section will 
introduce the NEC protocol used in this paper. Use the 
IRremote function library on Arduino to automatically call 
the PWM pulse wave of 1/3 of the working cycle, that is, 
approximately 8.5 µ is on for the rest of the time. As shown 
in Fig. 7. 

In the NEC agreement, PDM (Pulse Distance 
Modulation) is used to judge digital logic as shown in Fig. 
8, that is, the time width of a unit is 560 µs, that is, a 
complete time unit requires about 21 pulse cycles, and 
under this specification, 560 µs The pulse train (PulseBurst) 
plus 1690 µs space, a total of 2.25 ms waveform represents 
Logic 1, while the 560 µs pulse train plus 560 µs space, a 
total of 1.12 ms represents Logic 0, because Logic 1 is 
determined by the position distance of the pulse wave. or 0, 
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Fig. 8 38 kHz carrier frequency, pulse wave diagram of 

1/3 of the working cycle
 
 

Fig. 9 Waveforms of Logic 1 and 0 under NEC specification
 
 

so it is called PDM. 
A complete NEC waveform, Fig. 9, contains a 9 ms 

pulse train as the leader (Leader code) followed by a 4.5 ms 
space, telling the receiving end to start transmitting data, 
and the position 8 Bits (Address) and the command 8 Bits 
(Command) will be transmitted more. The information after 
one inversion totals 32 bits, allowing the receiving end to 
ensure that the data transmission is correct. Finally, it ends 
with a 560 µs pulse train. Because of the above structure, if 
either the sending or receiving end uses different 
communication protocols, it will the receiving end cannot 
interpret it which could be seen as Fig. 10 with information 
format transmitted under NEC protocol infrared transmitter. 

The infrared transmitter in Fig. 11 is used to emit 38 
kHz infrared rays. Due to its invisible characteristics, it is 
suitable as a short-distance wireless transmission tool. Since 
its emission angle is about 20 degrees and has directivity, it 
is used as a beacon in this paper. Infrared receiver for 
subsequent tracking and judgment. 

The infrared receiver shown in Fig. 11 mainly receives 
infrared rays at 38 kHz. If the infrared ray frequency is far 
away from 38 kHz, it will not be received. In this paper, 
multiple infrared receivers are placed on two slave vehicles. 
Due to the different placement positions, the receiving 

 
 

Fig. 10 Information format transmitted under NEC protocol 
infrared transmitter 

 
 

 
Fig. 11 Infrared transmitter 

 

 
Fig. 12 Infrared receiver 

 
 

Table 5 HC-SR04 ultrasonic sensor specifications 

Working voltage 5 V 
Working current 15 mA 

Working frequency 40 kHz 
Max range 4 m 
Min range 2 cm 

Measuring angle 15 degree 
Dimension 45 × 20 × 15 mm 

 
 

range is different. The direction in which the beacon is 
located can be determined by which one receives the 
infrared message, thereby determining the slave vehicle. 
direction of travel. This paper uses a Nano development 
board to connect with an infrared sensor to process infrared 
reception information. If multiple infrared receivers are 
directly connected to the UNO board, there will be a delay, 
that is, multiple infrared receivers cannot receive 
information at the same time, which will result in the 
inability to make instant judgments. The direction of the 
vehicle ahead. This paper uses the HC-SR04 ultrasonic 
sensor for distance measurement to prevent the slave 
vehicle from getting too close and causing a collision when 
following. The ultrasonic sensor emits high-frequency (40 
kHz) sound waves that are inaudible to the human ear. 
When this sound wave hits an object, it reflects the echo. 
The ultrasonic sensor can calculate the object based on the 
time difference between transmitting and receiving the 
echo. The distance between the sensor and the sensor is 
(2.1). This sensor can measure distances from 2 cm to 4 m, 
as shown in Table 5. 

 Distance = (time difference between transmitting sound wave and receiving echo × speed of sound)/2 
 
In this paper, the Raspberry Pi uses a mobile power 

supply on the right side of Fig. 12, with a QC3.0 fast 
charging cable to achieve a 5V 3A power supply, while the 
Arduino microcontroller and L298N use an 18650 lithium 

 
 

 
Fig. 13 Power supply schematic, 18650 lithium battery on 

the left and mobile power supply on the right
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Table 6 Panasonic NCR18650B specifications 

Capacity 3.4 Ah (3400 mAh) 
Charging voltage 4.2 V 

Energy 12.2 Wh 
Internal resistance 40 mOhms (roughly) 
Nominal voltage 3.6 V-3.7 V 

Weight 46 g 
Diameter 18.06 mm (+/- 0.03 mm) 
Height 65 mm (+/- 0.03 mm) 

 

 
 

battery on the left side of Fig. 13. Due to the low internal 
memory of the lithium battery. The resistor can output a 
higher and stable current and is more suitable as a power 
supply for self-propelled vehicles than alkaline or carbon-
zinc batteries available in general retail stores (Table 6). 

The so-called edge refers to the dividing point between 
two blocks in the image. This method can effectively 
extract the edges of objects in the image in a variety of 
situations. It is the most widely used edge detection 
algorithm, but the input image must be grayscaled in 
advance. The steps are as follows: 

 

1. First perform Gaussian blur to reduce noise in the 
image to avoid adverse effects on the subsequent 
algorithm. 

2. Perform gradient calculation. The purpose of this step 
is to determine where the edge belongs by setting the 
gradient threshold, that is, the brightness change at 
the edge should reach a certain extent. 

 

In Canny edge detection, the Sobel Operator is used to 
perform a convolution operation on the image. Since the 
input image must be a grayscale image, the value at any 
pixel position is called a brightness value or grayscale value 
(Grayscale), since digital image information is discrete and 
not continuous, the Sober operation uses the difference 
values Gx and Gy to approximate the differential value, that 
is, the gradient. As long as the calculated grayscale gradient 
size G exceeds the set threshold, the Think of it as an edge. 

The Sober operator is a 3×3 matrix that contains two 
directions in the mask. By convolving it with the image, the 
horizontal and vertical brightness gradient values can be 
calculated by difference instead of differential 
approximation. If A is the original image, Gx is the 
horizontal detection, Gy for longitudinal detection, the 
formulas are as follows: (3.9) and (3.10) 

 𝐺௫ = [−1 0 +1−2 0 +2−1 0 +1] ∗ 𝐴 (23)

 𝐺௬ = [−1 −2 −10 0 0+1 +2 +1] ∗ 𝐴 (24)

 
gradient direction of the pixel can be obtained through Eqs. 
(25) and (26). At this time, as long as the gray gradient size 
G is greater than the threshold value, it is regarded as an 
edge point. This method simplifies the direction into four 

Fig. 14 Actual distance and image position, recorded 
every 5 cm

 
 
the directions are longitudinal, transverse, and two diagonal 
directions, and the gradient direction must be perpendicular 
to the edge. 𝐺 = ට𝐺௫ଶ + 𝐺௬ଶ (25)

 Angle (𝜃) = tanିଵ ൬𝐺௬𝐺௫൰ (26)
 
Sometimes in order to speed up the calculation of Canny 

edge detection in OpenCV, Eq. (25) is changed to equation 
(27), but generally speaking, Eq. (25) is used by default 

 𝐺 = |𝐺௫| + |𝐺௬| (27)
 
Since the main vehicle is not equipped with any distance 

to the target. Therefore, experiments must be conducted to 
 
 

Fig. 15 Route map of two vehicles
 
 

Fig. 16 Continuous diagram of two cars following cars
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find the relationship between pixel size and distance. Figs. 
14-16 shows the actual distance and the image obtained by 
the photography module. It shows the corresponding 
relationship between the actual distance and sensor, it only 
uses image processing to determine the pixel size of the 
radius of the circle. This paper uses a radius of 70 or more 
pixels as the decision-making interval for stopping. Because 
it is not possible to stop at a radius of 70 pixels very 
accurately, because the performance of the Raspberry Pi 
and the actual speed of the car body need to be taken into 
consideration, so it is regarded as a decision. The range is 
relatively appropriate. 

The following is a continuous exploded diagram in Fig. 
14, which is to first travel in a straight line, then turn, and 
then turn left after the turn is completed. Finally, it moves in 
a straight line and stops. The sequence of the continuous 
exploded diagrams is from left to right and from top to 
bottom. Its traveling route corresponds to Route Map 15, 
and the moving sequence is the same as marked on the 
diagram. 

 
 

5. Conclusions 
 
A novel approach that the smart control can be realized 

by a fuzzy controller as an auxiliary asymptotically by 
regulating parameters and an appropriate Runge-Kutta 
scheme. A fuzzy controller derived with a fuzzy Runge-
Kutta type functions is injected into the system and then the 
system is stabilized asymptotically. In this study, a fuzzy 
controller and a fuzzy observer are proposed via the parallel 
distributed compensation technique to stabilize the system. 
Although this paper achieves the goal of real-time following 
of three vehicles, there are many areas where improvements 
can be made. For example, the main vehicle's target 
tracking method is less flexible than neural network 
methods such as YOLO, and can only follow a single 
specific target with known characteristics., so if you switch 
to YOLO and other methods, you can identify more objects 
and have more tracking options in the image, but if you use 
this method, you will need a stronger computing unit. 

In terms of the slave vehicle's hardware, using infrared 
arrays, if you want to improve the performance when 
following turns, you may have to increase the number of 
infrared receivers, so that the speed control is not just about 
turning left and right and going straight, but can have more 
travel options, so that the whole following is smoother. 
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