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Location Tracking of Boiler Tube and Pipe Inspection Scanner Using IMU
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This paper proposes an IMU method for location tracking in power plants and indoor environments without GPS. IMU-
based sensors use accelerometer, angular accelerometer, earth magnetometer, and altimeter. It is a method for recognizing
the movement of pedestrians or moving objects. However, errors can be caused, as noise and bias increase due to long-
term measurement. VIO-SLAM type sensor T265, which uses a combination of cameras and IMU, and can accurately track
paths in invisible spaces, is used in this study. In addition, this type of sensor can be corrected in real time with a filter
function inserted into the sensor and errors can be minimized. As a comparison experiment with the encoder, it is possible
to evaluate the location of the scanner within a 10 mm error from the actual distance in 1,500 x 700 (mm) space. The
usefulness of this method is verified by measuring real specimens of boiler pipes and tubes, which are the major

components of power plants.

1. M2

PHre F7For Bie] JF2 9 ujass s ¢
S 2 i L B e B R B s Rt SRS A i B o= i
af AA 9 GuE eIt WA S &4 A FRE
s AR HAHAY A 4] o8 o] Al ES
ARAste] o FF9] S wewlieh shANE 8 FiEo
AHE fIsto] By AAE AARE A5 Hezh Wi et
ofye} FHEO| A Woiet o Qlsto] &4} vy A
glojg e} FEo] X AAsk=d W2 HE} AlZte] &8
Heh AU E B9 8RRl FdstaL, ol A HA |
o[E|9} F&0] IAE FAlol wiEshs A Y] a&S
A 5= Qe Fatt W F shuolt) o] e YR F
oFeh FigS Fheoll mord 4= Qlaz, 3pA HAF oS vl A
Asto] Al&sHA AEH Y 225 HE = Sl AT
GPS (Global Positioning System)7} §l+= 2FA4 U5 2 Ay

Copyright © The Korean Society for Precision Engineering

Manuscript received: August 12, 2021 / Revised: October 5, 2021 / Accepted: October 6, 2021

oA AU R e AR e ofelbA B
xﬂoko] Qitt. @A IPS (Indoor Positioning System)S. 2 &%)
1 Q)= Finger Printing' B8 AulA x4 Ay F7He

e Mz i, A8 AN FAE A ek fAR
15 e ol A FHsto] AAE AYTLE. o= Akt
FHEC AT} =X

% glan, wrae)
A

U

\__

oft
SN
o
ox JE
W X
-
il
E
N
N
i=) rz
b
o lﬁ
B b
o N
_— T
dc ne
HH

oot
> i J
o
H
=
e
jm
m
g >
N
r]I.
10
o]
[¢]
2
g,

|
m]o
3
olo rr
L
il
£
lel;
~N
g
u
i
o
o
)
k=l

g%&
TR

AR A = e , TF2F0] Beacon2 A z|sj|ofsl= o

] 9t Dead Reckoning’- o]EA|2] &% 9 =8 wlakS
sl v AAE FAske 7ol SHARE o F ARl
ofdaE At Ao A= HolA Hx AAE A
7] o8& ©do] it} Geo-Magnetism*S ARgAL7L o)
A BREs 27|ARe] BiEl ERCE ulg] 1EE 2|2
o RSk WO 91X S0l st st AE

A

e

)
ol

i

}

Jo

ofs
2 g

oN
ol

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/

by-nc/3.0) which permits unrestricted non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.



834 / November 2021

T2, AR ol o8] 93 24 Axot ofREc AL
ufo} o] A 917 24 7|45l gk AT} olsolA T 3}
Auk AR 7R A Aol Uekd 4 g olelg BEEe
uelel] glstel 5 71N e sl dlEsiAL s 9
AE Ao wyslFs WeS Agaly ge 930l
7V @R WAL )83 IMU (Inertial Measurement Unit)
AXE 5o E o&7]se] o3t sfdd oz 285l Qlrk. IMU
AA= 7=t Z45E RS ﬁ—Er‘?SP 5= (Velocity) 3 712
(Translation)S A4kt 4= )}, 3|9t ]7]- AREof 9]t 0|
2 4l nlojoi Azt Z7ote] whek EXPP St Qlr. o=t
QAE Fo)7] flste] 7 AL AEAE FE}O}—E R4 HE
(Complementary Filter) = Zqt HE(Kalman Filter)g& AM-3F
o2H x5 A% 4~ 9Jrt. w3k, EKF (Extended Kalman
Filter) 2! UKF (Unscented Kalman Filter) 52 v]Ag Z4F Hg
g golo] FHIE FET 4 AL olo] wet o) A2E of
=3 5= 917 uhgol A7) SiAlek vl 4 9l
$tH, IMUZ} AH2HE INS (Inertial Navigation System) 7|4
0.0 F37], n|ArY, Auk, k2=l A3} Zhe 6T B
o] g4l A o]F L it E3h, IMU FRIAAHS] QF
et l°1°ﬂ o] FHoln, oJg) W Ax= HoPo A=
AE Zolu thel o] whdof FAksto] A S shAY
*dfr—%ﬂ =AY HHE AT A7 ol FoiRAL Qi o
ZA, AAZEe R 9IAE HAdTH HRE d5T 5
Glolw AelA 91218 Agsh >
BRSNS G s e A 4423
MU A E o] &35t 2719 fIAE
o AQKRItE A7) AME 8-5to] AAIZE
e 4 ol m2aus Ausiich 279l

2 rlo

o of
4
o
rr
EE
1223
]o

2. IMU MIA

IMUE 3Py 22 ol whe Anlxh AlBolq ek A
e Pk WA BE AUEER B 5 AR)lels
IMUZ} o A2 Eqtelo] Qick. 3k, 7MY 3709 9
=41, PSP 3 WEIE S(WiDo] AESeet 2o A% AY A
29 AR AU ZAT W IMUS AHgik. ol 2
o] IMUS| 7]% FA R4t 3319 B2kl A ol EAe] e, &

—

n-[o

T, 2 H FAYS S flske] 7HEA, A=A, A7
Al MRS ARSI 7T A= 29 MskE o ¢ olaL, 7
S A= 34 WS 74R5la, o]5A|2] & (Roll), HX](Pitch),

2(Yaw) 5& ST} 074 FEEAL Agh] e Sz
MEtE ek, X, Y, Zo] ojF A8 A4E =, 8 e,
3 ek, ol WA EES 24 4 otk AT 5w

% 600 |30

X-axis

Fig. 1 Principle of accelerometer

o o

Fig. 2 3-Axis accelerometer of MPU-6050 type

AR = AR ARl At =2 kel S8 A ddt
Fig. 12 A3t Aejo] AlA7E X&FH2o 2 30°2 7]&o)7l AeE
Uerdliet. o 7h&te AlA 9] Z1e7] (0= AR A(©2) 2
& Toto] & = ek

A, 1gxsin(0) )
1 Texcos(o) @n(®
A
_ -1y
0 = tan 1 2)

z

Y, AERt Aol ofsto Fig. 29} o] FAI7t Aol A 3
7= AL (MPU-6050)2] 712715 F3to] AA1E AHE

=
S 9tk 2t £2 71ZOE p, o, gHF 712014 Qom, 4zt
B4 03101 21 Sl St 7] g0l AE HGpel ()

ez AT 2 9t o7, pot w— 217} Rollz}
Pitchg UEFIL, g= Z%2] FHof tigl FHzto|B=R Yaws
THEEARTY AL 4 Qi
t 4 (3)
p =tan

A+ 4
0= tan ' —2 “)

A2+ 4

2 2
¢:tanf‘$¥ 5)

z

3, Aol = AL eElolR Sjzlolehs RO FAsH-



November 2021 /835

Gyroscope
frame

Gimbal Rotor

¢
Fig. 3 Configuration of gyroscope sensor
Accelerometer a N . Tilt Angle
(ax. ay) P Low Pass Filter
) 6
( AGu:; lu(iifoll:l fe) Integrator g High Pass Filter

Fig. 4 Block diagram of complementary filter

EA9] gH7hS A Bk= AlAfeltt. o] AlA= AR T9d zt
o] okl Ze s YAl thele degree/secs AME-Rt
t}. Fig. 30| Uehd v} Zro] Afo]Z A T Framex} Gimbal,
3]-= 128]31 Rotorz ©]F0|A T}, Rotor7| 7|&0] |11, 3
Aol gk Frame2] HIE Fobo] WaFS W 4= 9l
ok Ao|RAF = =2 2o AHgle] VMR AR &
A 4= Qe BE ol gigt Z4we] Wsks 54 4= k.
olgt Yol oste] Afol& AlA= Algto] ke & (At) X,
Y, 7% F91E Mok AEE(0)E S, o xAt=2%
HalFo 2 4RSS 4= ik sRAIRE S ke AR
ol wet A&7t FAEo] vlojojATE MAYSE 4=

A& EElZERL ofn, Ee|ZET} WS B ezt
gk et wobd 4= it

-

s

3. X HY EH

A4eal Vi) o] IMURRE| 2Ele 7w As) 214w
£ whm AT A B o TEH QA7 AR 5 olrk 7}
SrAle 1 ARE 53] FEofl it ARt 71&71E Alsst
AR, A59] ol A7 WAl ZEEAL L A7 Fore] A3}
o R WSS HojFA|T, AREe] SFof uhEt vpo]ojAvt
Spgekh B4 TP sl W Afo|2 MM R Hi
& A2 wEste] 2Eeht WHomA THHEL AF 9ol
oA S5 S4o] £, Aol 3T} Jelola] S5t 4ol
22 Z1& 2839 LPF (Low Pass Filter) 2 HPF (High Pass

Gyroscope —_—

Accelerometer

Complementary =

©o

0o E3 £ EJ E3 £

Fig. 5 Example of complementary filter result

Filler)S @5ko] AHgath. Fig. o] Lehdl vk} o] Afo|2
t 2ug dlolelA] HPFE 1wt Gelolsyt Beysta,
ML LPFE Fotol ATk ool BePe ghe A=
goto] Al2e ZEs 2EWT webd, BA- Do) 4
ofsbel Aol AlMe Z4Eg Z4stel Aue e
Ao Hejzho @ BARA Hh,

0=3(0'~ (K, + K)(0-6)) ©

Fig. 5= WA dEE A4 4

485 ArE e, 714
e A9 wol 27k gol YT A AT 4 9, Kol
2 AIAe] A ARb] uheh Holojart RAHE AS B 4
olek. olo] FErae Bekh Wy WS Foko] 283 vloly
£ AZEe] B8] wet ox4E Haseldn, JHe AEs 2
A3 4 gk

s, 2k W gl Zwel g S vgos
A7 ofatAle] AeE ek A7l WE, 1960dT] 2 5
2 Zhbo] Apasgich. o] WHE tARA2T] SEHel Y
o ZAZLE ol §stel AlxTle] Aeusg Sk H4 &
Ao e H, 22, 24, 914 % vl 5 A E
TR 2 Apehalol eJgk A7bdteh 2 Aol o3 A4S 5
sfo] gk FsHA ), A4 gt FAE Aegel
o} BHAS HAoSHe dmeFolch. ALgo] Aol
ATFEES ZH A o] o8] TEEE 2y Welk Ha
FRARE 2He WA g HAe] FA7|R delA ook 2
gk WEo] gkl dhet SEEES WAA TH o] e
e SRR AeEshs Whiow Aut el SA10) o2
oAz Eghe HH3) WA HF TGS AN 0t
ehi), 2 o] 52 F5t 217)e] Aue ek AE 913 3
#o] B QAL 3= Alo| Lk Bee] Baolch. Tk A(7)
B A®)E AZE] AEPAS Lekict. o714 Al A
917 B, Bl e mdlojn], vt ¢J3, wis A|2g] keo|zo]
3, HE 27 B8, v 27 ol zolch. 919 Ael Aol 4
A28 ol wet 2] ol % vl SHEEELE A(9)} 2107



836 / November 2021

/\Mns-reme-t Update (“Correct’)

(1) Compute the Kalman gain
Ky = P, HT(HP,"HT + R)™*
(2) Update estimate with measurement z;,
R =B + Kie(ze — HR, ")
(3) Update the error covariance

Time Update (“Predict’)

(1) Project the state ahead
Ry~ = ARy_y + By,
(2) Project the error covariance ahead
P~ = AP, AT +Q

I \/ .
Initial estimates for £y, and P_y

Fig. 6 Block diagram of kalman filter
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Table 1 Comparative measurement result of IMU and encoder

Distance A (1,500 mm) B (700 mm) C (1,750 mm)

Sensor IMU Encoder IMU Encoder IMU Encoder

1 1,488.91 1,461.73 694.11 674.25 1,762.3 1,708.4
2 1,491.47 1,473.81 697.78 680.75 1,744.3 1,706.23
3 1,485.86 1,469.56 695.91 685.09 1,754.46 1,713.82
Count 4 1,497.25 1,482.81 698.23 679.61 1,740.49 1,711.65
5 1,493.61 1,479.56 687.19 685.09 1,765.01 1,707.31
Dz 1,491.42 1,473.49 694.64 680.958 1,753.31 1,709.48

Diror +8.58 +26.506 +5.356 +19.04 +3.312 +40.51
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Fig. 9 Comparative measurement result of IMU and encoder
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