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An Integrated Software for Machine Diagnostics and Prognostics

using Wireless Sensors

Jun-Seok Oh

Department of Mechanical Engineering, The Graduate School,
Pukyong National University

Abstract

This study presents integrated software for machine health diagnostics and
prognostics based on measured signals using wireless unit sensors which have been
developed in|previous work. This software consists of four modules sequentially: data
processing, data analysis and condition monitoring, diagnostics, and prognostics. Each
module has its' detailed" function to identify| faults from hidden signals. The algorithms
which are used these diagnostics and prognostics modules have been developed and
estimated from ourstudies in the recent 'time. In diagnostic. algorithm, 5 classifier
machines are combined for accurate decision of machine diagnosis. Additionally, some
methods utilized to feature representation, feature-selection, feature extraction, etc are
also introduced in this study. The aim of developed software is to offer useful
information and propose one of solutions for practical problems. In order to verify,
two different data are used in this software, which are K-Water system pump data
and 7 kinds of faulty simulated data. The results indicate that the software could be

used as a reliability tool to real application.
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Fig. 2.1 The configuration of wireless unit hardware
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Table 2.1 The specification of wireless unit

Item Function

Input range +2.5V

Supply voltage 5V

Operation temp. -25~60°C

Sensor type MEMS(acceleration, current, temp.)
A/D resolution 16 bit/channel

Bandwidth 0~4000Hz

Data transfer WLAN(TCP/IP)
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Fig. 3.1 The observable variation of amplitude in time series function
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Fig. 3.7 The variety of fault cases
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o W& F¥ F3}<(ball pass frequency of inner race, BPFI) :

BPFI=f,= N(f, — FTF) = %N[l + %cos o] (3.6)

o 2, 900rpm .2 3] A 3}= FahnirAle] Model 7209Wlo1® > A3 F3t7}
Table 3.23 o] ALk

Table 3.2 The result of bearing fault frequency

Fault type | 1X frequency 2X frequency 3X frequency | 4X frequency
BPFI 122.370 224.740 367.110 489.480
BPFO 87.240 174.480 261.720 348.960
BSF 37.290 74.580 111.870 149.160
FTF 6.225 12.450 18.675 24.900

Bae o2 wEow wolw AMEAEe Hal AE U velw Fy

Ansh ol woly AF FoFdl dE YuE Wl Az o F
s AnE Pl e o] 2ae AR AW nmEd e S5 7

710] B} (gear box)= TS Loy Y e S5 AE T E o
|3l HTFE AN FEAEZH grhrlel A Solle 7
710l et v 57]o17F A&H o w griel st H=T ofuf o] A]Z¥lof A
= 7V 71EH o w g 9d(side band)E 717 GMF7} @Akt [16-17]. 7]
of Bt=d FagE 7]o] ol(teeth)®] G Z¢}F 3] £ No| 5o 2A v A
7 Zo] @I 4 Utk

N
fmzaxZ (3.7)

_15_



[
]
]

(]
c

z

[

Rotalion

Side Band

Side Band

TN ¥ ————]

3T =
ISy X —mmc——]

apmyrdury

3X GMF

I

3XGMF

Drive Gear

2K GMEF

i|l|.

22X GMF

Frequency[Hz]
— 16 —

Frequency[Hz]

1X GME

1XGMF

Frequency

Fig. 3.9 The generation of gear mesh frequency

Fault Gear

Ix Ourput ll
|
Fig. 3.10 Difference between normal and fault condition

Normal Gear

Output

ix Pinion

|
|



Fohpol 23, 339l 23k YRSl @ wASA Hed oW 53 2% =
s 4ol 14, 34 28 JEuc JiHoR 2 QEL AT, o]E 7o
o ST A acklastE £A A 1] ol 3 St A5e s A

weAE Az FY @ 4o JleldlA 2t 9 W Al 17, Fe slolE
e B9 ) loje] Ate]e] Friel s Jloj7h okt AmE AL
ek ol 3HQl slolol AE Wedt @A A4 el AE AER o
A, zggel ol o8 WAzt wARTh BRE Wt Bysy
&

=0 A Eo| WA, Flg 3.118F o] 7]0]9
}\

Excessive Backlash 1y anp

3x GMF
2xGMF

L

Amplitade ]

Resonant Freq.

A - B = Backlash l I

Frequency[Hz]

Fig. 3.11" Excessive backlash

7]
A
S

GMF+=

O

2
ox X X 2

daE ol 7]
o] 7019l =t
oA GMFe| 23} ir@r@v‘i‘—ﬂ J2= Yedsd o2
710l AE AR 8 oplH e A FueE FE

-lN b
ol

oft Mz

?Ero

_17_



3.2
2 ZYyd

o
of W) op =
< O_E
\‘%

T <
] | @ =
sy o co ;
WW%aai
~ :“ "R T .
7A
oo . mm_u - -
k) | = < i) .
o o T : z
o) T T % . o . i |
: : : - . 5 ) \\1// 5 3
ﬂ : ‘m_ﬂ 1&; H :L I,Url _6._ 11X_-o B L mc 8o
mﬁ_iﬂroﬂ _W o ° Z.a S84  § :
Mﬂn}ﬂﬂ WMM AP g
X ox ﬂ_l o g _._ J e
n_m. : : L]m _ﬂe sz Z 3 B g Iy o o
: = > Z 5 [ b e a 32 oy
g T AT . A L b
= X0 IR : - s mann i AT
wr B o ® o n_ :
1 E O_E o 0 —_ ma B - —_ H.E
N | Ty X X o | M= s =l :
—~ N NS il %L o ® | n_n_n__u | /.P.u\
~ Mo wr dp = 7 iE 1 5 i
ﬂlﬂl“ko_eot ]“,_mwﬂtﬂ 3 § 5 ol 3 : ;
ﬂ]ﬂ B <o Mo X i b iy a
03 NoTm e X o P ] . ! :
= T 9 ur © iAoy N2 : :
53 e w2 =\ 2 g
L ur%af T mnfﬂﬂ s 0
3 mw 5 i = m._.e o No = s ~ 4 & i
ﬂooﬁbo»ﬂ]ﬂﬁ_&r Wm_%&oo l _wm@ f : m E
uroe A or == B N o n e 3 d
1 M L =37 3 < e o ) ,m o & mu i R
" g c z %0 X o7 o)) ~r = w© mu & s 8§ ar
: s s - ur W o oo 2 i k 5 7O
: 2 M) - <O ) iy 1% # g 5 5 =2
Wy i o murr X | A wo 2 -\ = F AT
= roH = M T WW Pﬁ = " NI /\l/ e mn_ﬂ
jans _ _ | b
ﬂmﬂé_n_onﬂzs 5 %LQE “/\ g E F
: EO ‘OI 1#rﬁ o \NO ,_Iww.._ i ﬂ e % ,m..,
= po - oo o U.N. : |
[ ) e 8253 3 5 :
° ~ X o : |
. Z—' N ] -
T E . %
on 71_
oh .
i ol
ﬂAO
-

Table
3.3%
¥} o] AejH}
=l TF [18-19
].
— 18 —

[e)

L

543k



Table 3.3 Definition of features

Parameter Definition Parameter Definition
1 4
- 1 . - Z;
Mean ==Y Kurtosis n Z;; ’
ni=1 ﬁ? - 4
g
RMS Shape factor S/F=x/x
Standard
- Crest factor C/F=u,/x,
deviation :
1 7 3
S 3
Skewness ni=
/81 3
g
T , C(F=FO? « s(f)df
Frequency Flo= ;:]2 " Variance e / L UmEOP - s
center 27ri]:cf frequency / “‘ s(P)df
h =4
M zn]x? Root i .
ean square = oot variance
fre ugnc o iy 2" frequenc EVE=T¥A
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) ICA

PCA+= 9 dHolge Fiitel] o&l A2-%= Ayt 2 17] A (orthonormal
basis)= X ¥ ™, 7}--2~(gaussian =
ol Z3+%7] wjitel] 7he= B3 {9 e M= A gt ok
T ANk JE Ao v 7bg-2 nom, o]y Agox THHoR
Aed F e A¥gHE wyo] aF¥Eth ICA(independent component
analysis)= A4 AAS n#H3 APHS 7|Ho2 fojEe EXHHE
ot vk WRoltr [21-23] ICAE HolH | FA4 5H4s A48
8 GELE=dgo AFEE o] &k ICA B2 4 (3.13)9 2t

& -4+ & (covariance)

rE
i
o
!
rin
o
=

X=A+ S (3.13)

A7IM A dY AEES Eet=dl ol8== &3 3 ¥ (mixing matrix),
S+ ¥8AE2 5784 3 H(independent component matrix)©] 2} ST} EH-3H2]
T XeE % d4E A g8 SE T3 SAEU= mAY ASE TIH XE
TAste PEY P2 Az AdFTE HHY, 42 ool 574 HolE 7 Ak
dEAsE et ol&d S8 E AS dAls Se dHA UA FoH,
EFHAAA Aol F7F E F AUk ICAE EERl £3A S XEFE £F
g0 APy 2= 7Ho|rh

S=W- X (3.14)

AE AZ St A (G142 HA Fos ], o7 Wi AgH <l E 2 (joint
entrophy, H(y))7} HWZ 34 & 4 H SF(mutual “information)©] A7} &+
2] 9 D (unmixing matrix)E 9|V STk A (313) 2 (B.14HE ol &3HH, 2
(3.15), (3.16), (3.17)S <A HAt}.

X=A- We X (3.15)
=AW (3.16)
A l=w (3.17)
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ICA®] AL A& Qokstd o3 2o

Step 1. X5 A5 txd 3

Step 2. (X& A= AZF A ) x (HelH ) 4 74
Step 3. w2 FHW) AL =91 A AE ALt

Step 4. Xl&s A5 A4

3.23 gk
1) LDA

DA(discriminant analysis)©= % =2](clustering analysis)¥} 7] 7fA ol tf
 FA4E SAMEPFS o8t 54 Wese Ad 2 dHY wE
< TotL o]E ol&ete] AELR NAIE Eiete WHoRE JhA R 71H
(individual directed techniques)et 97 =tk 3 2242 JHA ¢ 22 2 (class) 7}

[e)
1t -1
Aol gelsolof s, Jojd FeriERE AAw BENS Hohys P

Holt}, 53] LDA(linear -discriminant analysis)<> PCA®} 7 54 #g A4

=4 71 F9 stvE F3s 1 24 FY s W 24k HlEs FHuis)e)
= WAeow dHolHd 3t 5 MIE Y AdS S5 FA Fdx It
Tl o wWEo] Lol FEE O|FEF FHOE AT HHE T
Elg=

Fig. 3.173 #o] 284 A, B = o|Fo| 3 HloJg ko] vt S o
FEE X2 A Holyg FJEFS ALY AZIA HE F Sk o) 3 2
L& DIgt 2ol F9HH, F52 X, 2 AootA HH 5+ FH=% T 2
LT+ D28F #o| ndHATh- A 25 722 AHosH 5 Hr v D39 2
o] FHEY. F55 ZE & WD D2 Ao ¥ At Ao F FYx
B EE A AT 7P HoAlE As g0 ¢
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Fig. 3.17 The concept of discriminant

(3.18)3} o] ALY

(3.18)

lu,— u) = | WU, — U

D(w) =

e, Wl wskayg

—
fite)

tel 2] (3.18)S 2] (3.20)7 Zo] Ao

(within-class scatter)©] 2}

T A [24].

sk
=

(3.19)
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|U1— U2|2

Dw) = —=——=- (3.20)
(sf—i- 33)
2) SVM
SVM(support vector machine)> = 2719 HFE B/l ol E/7]9]
ot SVM+ & 7FolldE HAS st 43 LM(lagrange Multiplier) & ©] 83l

Al4bek il QP(quadratic programming) A& EolAl 7HE HA S A AA =,
2] 7 Al (hyperplane) & 2H= W o)), # 4 <] 7374]*‘ T+ HAgAtolE Tt
oY JFoemTE 7MY He "ol BeAAUS 2t AAHe 7
7}7ke] = WEZE SV(support vector)Z} 3T ]L wEAAHY nd A
(32103 Zo [25-27].

wiz+b=0 (3.21)
o714 we 7he A BIHo]aL, b bias o|th, WY 5.9} 24 AE LY
A ZE vk (Margin)o] 2FaL &Far; 2] (3.22)¢F 2ol & & 3t}

wlz+b

T Twll (3.22)
wer, wlerb=1 2 \3AZAS P HW FABARAAY AL ol 2
. wirtb=—1 2 AAxAE.F4 = 2= 9A Uw
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Support vector

o

Maximum margin hyperplane

Fig.-3.18 The concept of SVM

SVME «?

S HA23GOoR2A v @margin)S e 7t He FARE e F
Ash ZA7F A

minimize |l wll> (3.23)
subject to y,(whz; 4+ )= 1 (3.24)
1ol HA g TA= IMeEAL G & JJon, 2 (3.25)¢ T}

L(w,b,c;) = 5 I wll? EaZyZ WIL; —I—b)—i—Za (3.25)

i=1 =%

20 O, wek b S99 folekn AR, wek bl AT 4%

_:w—zaiyixizo, %:_ Zaiyi =0 (3.26)
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ot 2 dimension

" 3 dimension
:;-. 1* N 0 .
. Nobseguable T i linearly boundary
by alinear boundary ’ :
. : @ |
] MM “— M :

Fig. 3.19 Transformation to higher dimensional space.

3) k-NN
k-NN(k-nearest neighbor) - o] &35t HoJHE 737 flsiA =, dlol
H 7H] fAME 52 AgE AR o ke HA2A deHE T MY B

H&e AASE FUXR FES BRI PHoR HYE @

7HA ALtE AR B fAEE 4l §-HTh
&SR AF FFEo] e AS 9uditt, kNN 2aElE WAE o
Zoh 4 dAS Ao HMEER FA4E st Heoly J{E sttt v
d FUe LS kA mA 9 dielHE RS 4%, 7L dlelHe 74 7t
& Azl A8 ke HeleE AP oju HH kzkel o8 EH
Anh depAn e ke HdEE A ke tasld AL e e e A
T H2o QEF FE Ze kw2 Agsig. E3odHolEz Age
Eucleadian norm< AF-8-3Fo] 2] (3.31)3 21 [28-29]
D(xyy)= llz;—y, |l x;,y: l°lE (3.31)

dolE 7 ARFEAHTE AEE S4% u, Az dolH: WU whe)a
Aol 4@ WA W ole@ welel 4T gloly] A8 Ang AN
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Fig. 3.20 The concept of k-NN
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1) ARMA

ARMA (autoregressive moving average) =22 AAAEH A|AIEHolHE 4]
71918 ok maz HolHe] BAANARS A LAFMAe]l A
I A 7ol A7) 8 A LA(AR) ol & AADAR(y)7F A FE=A
Aol Pt Ry oz 2 (3359 ).

Y=y, Tay, ot tay, g (3.35)

AA@® 9 AE) NAL FHy)e R A7 () FOZREH o VE, (t2) 7
oBRE onE g wedd o £ Atk aEeR B AN s
of yol AFe FoA T A$ A (35E tF A7lsF Lol | Fan,
AR T E@FT) whm 2719 gtol @AY fel = e TS F A

il

ol W (MA) EHEL AAERE7E A5AQ 2AFEY] dFs werthe
Aoz A (3.36)¢F ©rt

Ys =& Bigs_ = _55857(1 (3.36)
2 (336)& mA olEHd Rl P2, MAmE Jehdth vtz o]l
3L QL——C

Aol @atgnto]l %) AL 12 o]F=HrEdo] Y MA(1) 3
o] ¥t}
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ARMAE 94 F 714 R3S g3 Fo= AALAR@)7t AA) AADA
3 wed eageER 189 5 oy mEs BF e A Tev
3 7b4E mdolth ARY MAZF E9¢E Ede 4 (3.37)% 2

y=ct 3By, + D0 te (3.37)

i=1 j=1

ARMA(r,m)C.2 %d3sH AR(1)S! 4% ARMA(1,002 gt} [30].
2) GARCH

GARCH(generalized  autoregressive  conditional  heteroscedasticity) %22
ARCH(auto regressive conditional heteroscedasticity) = @& UHIsIA|Zl 2 d

5 °

d

S AAL o] HEAo] HoFE
S & Hkgstar-gltl. ARCH
il == i S R | B %oH Engle (1982) [31]° Qéﬁ xﬂOPEl A~

ML o PN

€= \/_et,et ~ idN(0,1),

h, =w+ Eaet i (3.38)

j=1

= ARCH(q) 9o} gt} ARCH(q) =&
e HAANE] LA Sl ek Al
A ARCH(q) =& Hlwd 71 AzE =

2]
74§ B (parameter) S Al FA SIS

[,
2 e 1-‘%
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I Al 7 Bollerslev

2

o] +2 ARCH Y&

<ls
(1986) [32]7}F GARCH =25 #A|otallon 2] (3.39)9} 7t}

o] a]fs

Vhoe,e, ~ iidN(0,1),
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(3.39)
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So Mawojofsim, FE% HolHuo| st FuEW o F ugow Wit
A% 2e25 4elas A
A wEY @7 A A BAEFE ® she mERA o mEol
ATH A EE I FEgh THHolHo RV oA Hess Eolv T8
g AA7F =W F7zrel] A dHoly Folok A VA FEHE AP A %
dote= FErHE ZHe o] 4ol Hr) oA EEl HAE dA dEHE
Hrteta v FEE dSFomA 7A TR A Z1Ad gk B {8
S ARE ATFOEA WAL A o] g2 FE o] HF BHo
L=
------------- EE |_Fa ult Classifica tﬂ ::é 4 Decision Mak gl
N _i
P S
i Th N\
\ (3] :: (4]
1 E:Jﬁ : =
Fig. 4.1 Software interface
42 AT EJo ZEL
smegole] 53RN Fig 42 o 1reFal UEhch $4 dolE Ae w
Fo T2 M7 AAEE, dolHE A& T4 Alss s oy 7}
A58 RMS @ EUEHSHA HH, AXF 4= RMS Wstgho] 22 Zo
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2 el e AL 2ZEo] Fes AFstaxt 27k 9 dolE 7t AL
H Fig 51& @540 3A WEAFT FEZA 20 g Aol
th AAE RE Y Hah/mkR o}— H o] Rt

WEFow HdAEon, F 8EXRJIER FAHA AT ERIE |,
Zh wlojgo] AR Eo] gl *ﬂ/ﬂ“’ﬂ ek AA dEe= Al OS] Table 2.19
v g g,

| MEMS accelerometer
U5 HiZo] Ml AFE2 Table 5.1 HER T s H 7Tl A ASE
OB o] galE AL AA Algel A dol *@a— 711%L LZES oo =&
7] 919 2otk A% 9A Wxel FHE PP F5 Jegon,
JE] ZAE B Este] Ad 2 X RES H357] Yl Figo 5.200 UER
wol wH AY dolHE Agsl Atk me) Y dolH: A2 £
sto] & 709 FElE uEH, dAgE 82 Table 5.2¢] 8 oFstSiT.
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Table 5.1 K-Water Pump system specification

Operating Speed 880 [rpm]
Number of Pole 8
Number of Vane 5
Pump total ahead 75 [m]
Position Model 1X of fault type Fault frequency[Hz]
BPFO 118.969
. BPFI 233.052
Motor Bearing SKF 62301 BSF 21,010
FTF 19.828
BPFO 310.665
Pump DE Bearin SKF NU326 BPF 452.045
P & BSF 152.817
FTF 23.898
BPFO 210.504
. BPFI 317.526
Pump NDE Bearing SKF 6330 BSF 138,789
FTF 23.390

Rator unbalance Rotor bar broken Stator fault

Faulty bearing Bowed rotor Eccentricity

(a) Test rig. (b) Fault conditions

Fig. 5.2 Faulty motor simulation configuration
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Table 5.2 Definition of faults

Label Fault Type
1 Bearing fault
2 Rotor bar broken
3 Stator fault
4 Normal
5 Bowed
6 Rotor unbalance
7 Eccentricity

_40_



52 A3
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= File Name List
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(b) 2X and 2.5X order results for RMS monitoring
Fig. 5.3 The result of data processing
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146.7 Hz : 0.5x of VPF(58.8x 5 ) , 1x of BSF(Bearing)

ias : Enlle)
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i i
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No. Band 1: 100~180 [Hz] Band 2 decreasing rate(%)
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2 0.655 0.548 16.34
3 1.980 0.721 63.59
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9 1.359 0.282 79.25
10 1.711 0.801 53.19
11 1.884 0.637 66.19
12 1.152 1.002 13.02
13 1.910 0.988 48.27
14 1:776 1.172 34.01
15 1.942 0.432 77.75
16 1.974 0.773 60.84
17 2.070 0.476 77.00
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