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A sEo|M oo E{e] &

* Ab= @IEul(loT: Internet of Things), A0tE &%&H(Smart Factory) 1f 2tHSHY K| =
A A OM BlHO|HE =85t 2H| 28 2810t ME 28 SdA7|8e
= 20| X4 5T U
o E3| CHS MAQt Y SEHEo| Wetz MH|Qt HAE EIE|0|HE AA|ZIoR
T8t ZElg = A E[Rn, 0| F 245t A2 E0| 2B = US
et peirs S s S
. Decentalized Process Conrolvia RFID ocal

*  Wireless Sensor Network

*  Parameterization with Universal Interaction Device
* Failure Indication via GPRS

HSDPA
uMTsS

T A

Biuetoott!
Control y : — 7 s x &
’ Y | 4 ~ - 2 2
Parameterization L’ ¢ : i ealth/Degradati emaining Useful Life
Set-up ( i Failure Isolation &
y- esswiare .
o Customer Relation z ) Enterpi R
BI 3o Management Supply Chain Manufacturing Planning
RFd uetm —~—— L. Management Execution System
g Corporate Goals
Product Lifecycle N Just-in-Time
Management Factoryswide Overall Maintenance
Equipment Effectiveness

(Zuehlke, 2010) (Lee 2013)
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H| AVE} ZITHS 9|3 XIS H|O|E{ 2 A
AH[e| AA +=H2 2F 28Z0|L} Fotof U2t ks B
|8 X 2ot dH|o] 12 E&F A EO A S| A7t H|E =42 Zelid
in i HZ, A%, 57
Mean Time

I ‘l '.

- .

Between Failure
(MTBF)

Mean Time To

; ¥y v v
Failure (MTTF) HIR T 23] A|ZH AR AH| #a2|xt
Condition-Based ' Prognostics and Health
Maintenance (CBM) Management (PHM)
AT SE

of PAE MMZEE STE TS HOIHES 2A0h0] (o] HEfS

= =

—

o Xz MO MKE|E ot o2 M= K2| 7|~ (Signal Processing) 1t 242 2|t I
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1. AH| XITh 7|8 =2l

e L. a

=
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H3

Data Preprocessing

Machine

& > gl

=
Sensors

P

Vibration Signal
(Raw Data)

Mt

RSA

Wb

Revolution
Synchronous
Averaging

Down Sampling

o ~NetmIT)

Fourier Transform

!

Spectrum
Aggregation

Vectorization

Data Analysis

Split Data

T\

Test Data

Reference Data

|

Parzen Windows
Density Estimation

y

Probability Density
Function Evaluation

}

Health Index

Moving Average
Convergence / Divergence

Degradation Point
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2. Revolution Synchronous Averaging (RSA)

« IITHO|A EMTE XlEs HOHE 1 2|M tH2 22 F A7 57|25t HA=2 3t
- i@ L O|=(Random Noise) 20| =0{=1 LYo 17 20| F=5| &
[ Raw Data ]
[ RSA Data ]
0 ‘ t 2t 3t Revolution M
Synchronous

Averaging

) -0z #
1st Revolution  /

2nd Revolution

3nd Revolution
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3. Parzen Windows

L HR4 9B U

I

« d AR NZHS| IO 7E US M, 4=

=07l &2 &

heof

=
X =
.=
=)

<
~
&
-
IR
=<
Z-
—

1 1
pix) = thZ(\/_)d

h : Smooth Parameter

1o M

K(x) =

Sl x oML =5

A
— T

WRHe| 8

1
W2yt

| H2 =+

xa

1
2

xTx)

ﬂl|ﬂJ

o
ot

Density function

=

T =

% (Hypercube, h?)

p (_

0.05 0.10 0.15

0.00

d 7|8 (Nonparametric Density Estimation)
EexE F

2L o

ME (o7t ZYHH v =

(Wikipedia)
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4. Moving Average Convergence Divergence (MACD)

Towards Global Eminence

« Ol B2 2dMHo EXZ 7HX|2 JUZ
« MACDE O|s H4to| ¢Xl| A F=AM Bal(ME, otd)E 256t 28 = UAS
- 28 =00 A= Oscillator gt0| 00| & [ =Alo| O{jOf EE= O = A2

2016.06.01 A)-1,976.87 11-1,986.76 H.1,975.82 =1 98272 F -0.68  -0.03% 24 502,290

limear
SJECRE 207289 [4.31%)]

i !
TR LY
i T! ﬂlufhll?!III u : J?' I'i !ﬂh |“'i'lq

L I ! ﬁﬂ|l

2,050

1]

TurrlIf h

2,000

1,950

1,900
EH=FF 1892 75 [4.84%)

Mach  EACDSign ™0 s (12.26.9) FMACD: -3.52 Sign; 852 Qs 300

\ ; "-.\_;/J\-\ /,—*\I B 10
/\ . ff.j\_/ 5 3
AN - Wi 0

L III'. -’" \ -5

-10
v -15

MACD = H)| 0ls U+ — SJ/10l=

0g
kY

signal = MACDS| n 0l B+

Oscillator = MACD — signal

(HolH =8)
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< Intelligent Maintenance Systems H|0{ & [|O|E{ — 2nd Test

« 7|18 7|7t 2014.02.12 10:32:39 ~ 2014.02.19 06:22:39 (2 7¥)

« Sampling rate: 20,480 Hz (10 20,480 7| &) po— | i 1 R

. 7|8 7H7: 108 71702 1% S0 £H W TTTT ¥
T 4 984%) e e o

- = 7|2 312 20,152,3203| S e L

-+ & $|HMAE: 2,000 RPM (10 2 33.3 3|H) al ]

o %x‘ll NASA AmeS PrOgnOStICS Da.ta RepOSitOFy Figure 1 — Bearing test rig and sensor placement illustration [Qiu et al., 2006]

20,152,3203| 7|2, o 7Y
\

[ |
( J\ J\ J ( J \ J | J
| | | | | |
1Xx 10 & 1X 1xX 10 & 1xX
20,4803] 20,4803] 20,4803] 20,4803]



A% 0|

% H]0{ 2 C|o|E mt
e 1 HO{=0j A Outer Race FailureZ} 2 st w771 X| 2t A| 71 A (Test-to-Failure)
* 2F700tH uj cf|o|E{0jl A 1tH HjOj~I2| ZIFO| HEIH S 5 = AUS

IMS Bearing Data: 2nd Test

Amplitude

Amplitude

Amplitude

Amplitude

Lo | I | | I | | I |
ST BN S m e o DR N D s @R N S e @R NS B oo

1i] 123.0 246.0 369.0 452.0 615.0 738.0 851.0 984.0
Sample Number

10
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1. Revolution Synchronous Averaging

© 2 TS O|E ¥ RSAS M3 0= N
+ 17} GIO|E| TFUS 1 SO o 33 3| TS H0|E S 333|H0| RSA A4

03 Sample Signal during 3 revolutions

02

01

0

=

-0.1

Amplitude

q N ‘ | i ' ' ] || I \ M (il
lJ" 1 u"* 1 a]ry\' l'h “'”' “ 'l* ai“. i LM | "f' l‘n qHy‘a’p',f"\i
wf 1T ‘ LA L

-0.3F

4 i i i i i
0.000 0.005 0.010 0015 0.020 0.025
Time

RSA Result

03
0z
o1 : : i

-01}F

Amplitude

-0.2F

-0.3

04 I I I L L
0.000 0.005 0.010 0.015 0.020 0.025

11
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2. Down Sampling & FFT & Spectrum Aggregation

 Down Sampling2 2 MLiHe| H|O|E & 7|1 E2|E Z C|o|E{o] FFTE XHE¢g

Down Sample, 512Hz
417) 2= Frequency Spectrum

' ‘ | | [ ’ vl
—

- ’ i -1
RSA, 20480Hz = AR
61571 2+=2k 3 N
1 s T ’j% \’\ = AN | — f |
" ol il | | I | | Y O Y
™ e . 3 e

W! ‘

*’*ﬂ uw”l M f"("'” fh [W fiph 'r"w'm"\'”ﬁr' Er AN

i-w fih H ||

|I|I.|.|.‘|.||.||I||

- 157§

£l L
1] (] m W.) 14 i

\\\\\\

o e A .A\ —\ 7, N -
\_/ \/ ./ |

Pl | ‘ T B | | 1.
N ” e 2 )

A/ S T WY A H
N . \ ~ AR Cang
‘ V | [ 11l
R | [ [

[ ] [ J
o — [
[ ] [ J
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2. Down Sampling & FFT & Spectrum Aggregation (Cont.)

* Z} SpectrumS StLto| Spectrum 2 T A|510| £1F H0|E2] SHE F&d

Frequency Spectrum

G ‘ | | |
—

M | | |

L ‘ [
o

[ | ‘ [
—

L | ‘ 11 |
m 2
-

Aggregate Frequency
Spectrum (Mean)

13
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3. Vectorization & Data Split

- H|0{&! Y5 (Bearing #)2F F1}t4=(Frequency)

, = (Amplitude)S 7}X|

« X1 = Bearing, X2 = Frequency, X3 = Amplitude
o AZF X|HEE 2™ 7|7t9| §|0|E{E Normal Reference DataE A2

- 25 X|™EEH 2™ 7|7t9| H|0|E{E Abnormal Reference Data® A&

[ Normal Reference Data (10X) ]

L

e

HE|Z T4

[ Abnormal Reference Data (10X) ]

Data # Bearing # | Frequency | Amplitude
1 1 0 0.020
1 1 12.8 0.003
1 1 25.6 0.005
1 1 384 0.005
1 1 51.2 0.003

10 4 204.8 0.004
10 4 217.6 0.004
10 4 2304 0.002
10 4 2432 0.004
10 4 256.0 0.002

Data # Bearing # Frequency | Amplitude
973 1 0 0.011
973 1 12.8 0.011
973 1 25.6 0.011
973 1 384 0.012
973 1 51.2 0.011
982 4 204.8 0.004
982 4 217.6 0.004
982 4 2304 0.013
982 4 243.2 0.003
982 4 256.0 0.004

14
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IV od 74 _|I.
R
4. Parzen WindowsE =253l 2l &
Normal Abnormal
Mean of Prob. (Density) (Density)
Normal (Data) 0.122 0.072
Abnormal (Data) 0.049 0.055

1) 2+ AEjO| Reference Datasetd{ Parzen

=

windowsE M2 =& 2

4) ™AF AME|E Reference2

o o
HO[E et B8 HOIHE F&E5ts 80|

Lo
AN O

=K

NS 0 Y

Normal Ref. Density (3X)

Normal Data to Normal Density

Towards Global Eminence

Abnormal Ref. Density (3X)

Normal Data to Abnormal Density

018
0.16
014
012
0.10
0.08
0.06
004
0.02

0.00

018
0.16
014
012

010

0.04
0.02

0.00
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5. Health Index M| H3let s XNot X|™ F=H

Reference 3 sec

013
ZF Ab | J " i \ ("
1) Te St Data -1 © EH | R fe rence WMWI\."IJ ﬁ‘l,"l“‘lf" r‘H'I'"“;"‘.'PUP'IHA*M"r"‘,wr'l*h\w'“fﬁ""""rr"":‘.‘"‘ﬁ"“rV‘.*"1r‘\‘.ri‘M-J'f‘f‘i'|'L !L'Il'ﬁii'{mru‘ﬂ'#'\“u'l'.'“‘ﬁ"“fl"'ﬂdk’ﬂl"ﬂ“t‘-'"“’F n'fr"vw'\f;f\*‘-i“l-‘H»"‘!a'ub s ""‘"ihf"‘PP“"*\"-":"**{P'H‘V,“
ou !
Density2 BItst11 HAS %
B ool ‘
5 \
= o = 5 o008
HAtsto] 2t AEfoto| RAtE £Y (- |
0osH :E::::.:E:E:I:E:ie;::w 'Mﬂﬁﬁadmﬁy.mwm*quuﬁﬂwmﬁw.w""'m.uwm-WW:M’.—‘*MMﬂw’\q*m'/v'M“)'W\Nu\rn,.,“v\w.\l:
Dm:\U 124625 2&6‘ 25 /74875 2805 611125 32Ts 854375 576.0
Data Number
008 Reference 3 sec (Health Index)
2) dd JHC| Baaldh HEY "
SEfo| gt XtO| 2 Health -l : W
N = ! L\
In d eX% ODI' § 004 - Diegradation Point: 864 : ‘ﬁll
DU: — Health Index E L’,
ooz MALD *
— Ma4o
DUISD 124625 Jiﬁl 5 3B7875 4835 611.125 TIETE 854 3'.:'5 576.0
Data Number
0005 Reference 3 sec (Moving Average Oscillator)
3) MACDEZE ™ -Z¢dl| Health Index2
) = -1 O H | 0.000 L%M.F-M%“JMW#
Z N B2 Solsta, MACD Z40| . oot |
= o . = = |
S AAY OGtR YAHS [E =
JER HEHHAH £ |

0,020,

L L |
1246325 4525 367 875 4895 Bl1.125 854 375

Data Number

73275 976.0
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6. Reference Data Z 0|2} 2 A|ZF HZA Al A}

Reference Data Zl0| (X)

e Reference Data Z0|7} S7tct A4k 1 2 3 4 5 10
o] MrC|Zto| AT 22 ML X3} XA 1000300 | 868 | 866 | 864 | 863 | 498 | 127

-0.00275 868 866 | 864 500 | 498 127
AA L -0.00250 868 866 | 864 133 131 127
-0.00225 868 866 501 133 131 127

= AAHEE S JENol 7Pt NS

e HF2 [O|E7} Parzen WindowsOj| A= -0.00200 | 868 | 502 | 134 | 133 | 131 | 127
2 MACDQ| ZIZ0| K| sHAag BX
=@==-2 00E-03 -2.25E-03 -2.50E-03 -2.75E-03 ==@=-3.00E-03
1000
+ X2 37]9 AAZS ABY 2 MACD ¥ ——
Sz Uz uge g ™
2 500
L]
T 400
o XMAEBI QA ZS AIRSICIH M2 QFo E ggg
Reference Data2 & [|O|E{7} B2 AL o0
of QAL M5g B &olst oz s a5

Length of Reference Data

17



y *“*15% S8 SUFo ZHLRE **HISZf IAE YHOIHE =8 = 9,171| =
* RSA, Down Sampling, FFT2 f 242 LISt M2 7|HES e8| Al XIRIeZE

=
« Parzen WindowsZ A4 F)é,FEHSEf H| & A AE| 9|

Of
SFL
o

[HTo= o Al 28| JEiE TEHE =

o
+iE= TS HolHE 240ot0] 24| JE €8 7=

— =

MZA At (Artificial Neural Network), k-8 0|2 (k-Nearest Neighbor) 2]

o
255 =40 HE8ot0 95 Hlu 5 74
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