ol

P2 HalZsks|X| M 412 X 8% pp. 597-605 August 2024 / 597
. Korean Soc. Precis. Eng., Vol. 41, No. 8, pp. 597-605 http://doi.org/10.7736/JKSPE.024.018
ISSN 1225-9071 (Print) / 2287-8769 (Online)

r

—

"m Check for updates

Remote Diagnosis of Air Handling Unit Belt Looseness using a
Smartphone based on High-accurate Calibration

ZI™a|ll zIx |:||-9.§_|.1.#
OOoOL-—- , OL-, 1O

Jeongmin Kim', Jin Kim', and Yong-Hwa Park"#

1 KAIST 7|A

=Skt (Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology)
# Corresponding Author / E-mail: yhpark@kaist.ac.kr, TEL: +82-42-350-3235
ORCID: 0000-0003-3519-1321

KEYWORDS: Machine health monitoring (7 |7] AEll 2 L|E{Z!), Belt looseness (HE L28l), Stereo (AHH|2),
Four-mirror system (Four-mirror A|A&!), Camera calibration (7H|2} Z82|=24|0|M)

Belt-pulley looseness is a crucial factor in ensuring the safe operation of machinery used in industrial applications, such
as compressors and fans. Traditionally, belt looseness has been inspected using contact-based current and vibration
sensors. However, these methods are time-consuming and require manual attachment of the sensors. In order to
overcome the limitations of these traditional methods, we propose a remote diagnosis method for detecting belt
looseness using a smartphone. By utilizing a four-mirror system, the smartphone can construct a stereo system that
enables 3D reconstruction of the object. This allows us to reconstruct the 3D trajectory of the belt and diagnose the
level of looseness. To further enhance the accuracy of our proposed system, we have developed a calibration algorithm
specifically designed for the four-mirror system. In our actual experiment, we successfully diagnosed four levels of belt
looseness. As the level of looseness increased, we observed a curved shape in the 3D trajectory of the belt, along with
noticeable quantitative differences. To quantitatively analyze these differences, we introduced a measure called the
residual, which reflects the curvilinearity of the 3D trajectory. Our findings confirmed a significant correlation between the
residual and the level of belt looseness.
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NOMENCLATURE x4 = Distorted Projected Image Point
k = Radial Distortion Parameters

f = Focal Length g = Nonlinear Distortion Function
s = Skew Parameter
(uo, v9) = Principal Point
K = Intrinsic Matrix
R = Rotation Matrix 1. ME
T = Translation Matrix
X = 3D Homogeneous Coordinate of the Object A @ollA oheFRt 7IAl 8 A8}t RS2 sl e
Xiget = Ideal Projected Image Point o]Fo] AlF A d 359 Q] T =3It o]t
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Fig. 1 Schematic of four-mirror system
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Fig. 3 Belt looseness remote monitoring system

Fig. 4 Calibration step
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<Smartphone image>

<3D trajectory>

Normal ? vs Looseness ?

Fig. 7 3D reconstruction and diagnosis
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Table 1 Results of estimated intrinsic parameters

Estimated intrinsic parameters

Focal length Principal point Distortion parameter

fe fy Uy Yo k, k,
7 Left 1,324.08 1,290.65 837.76 578.77 0.022 -0.083

an,
£ Right 1,348.99 1,341.78 957.30 563.78 0.049 -0.059
Left 1,335.66 1,332.72 953.56 553.01 0.032 -0.047
Proposed :

Right 1,335.66 1,332.72 953.56 553.01 0.032 -0.047

Extrinsic Parameters Visualization

v

{ =

50 100
X (millimeters)

-60
-40

-20

Y (millimeters)

20
40

Z (millimeters)
150

Fig. 9 3D reconstruction of checkerboards

0.25F T
g +
E o2t -
5 i
5 | T
2 015t | !
.S ! i
S i
5 01 L
5
3
a 0.05¢ E ;
N H -
_:_ —_
ok . .
Zhang Proposed

Fig. 10 Boxplot of 3D reconstruction error (mm)

Alokel Aol ehielEe] FHA Bul 314 %
sho] WA BRISH] $Istel, Fig. 99F Zo] F7lz 2T
HE 572 339 2Ystart. 33 29 o3 E2ey

— S au

- O_L.

1‘

o AT Gz AARE] HE(LEE 10 m

e
ol cist s B0l Fig. 100 etk Sich ARE o]
TE|ZS Zhang ) ], 334 B9 939] BaF gEE 0.091
oA 0.077 mm=z 1538% JAstgon, 2 W Ao
0.0499)| 4 0.036 mm= 26.53% 7| Alsl9ict FEH o2 Aok v
%ol Zhang WHnch o] B2k 334 B S
£4% 5 9t

\_/

_‘

r
o

=
i)

Fig. 11 Example of the smartphone image

Fig. 12 Residual R calculation
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Fig. 13 3D trajectories of belt with different looseness level

Table 2 Residual of the 3D trajectories with different looseness

level
Looseness level (mm)
0 (normal) 3 7 11
Residual R 0.13 0.39 1.20 1.45
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