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Strip Rupture Fault Detection of Cold Rolling Mill
Using Support Vector Machine

Seung-Wook Yang

Department of Mechanical Design Engineering, Graduate School,

Pukyong National University

ABSTRACT

There are several types of fault occurred in cold rolling mill. In/case of common faults
such as strip breakage and chattering have been studied by some researchers. Furthermore,
the study of strip rupture has been developing due to difficulties of signal analysis. The
main reason is that fault usually happens in transient section.

In this paper, we propose a-fault detection system to detect the strip rupture in six-high
stand cold rolling mills based on-transient current signal of an electrical motor. In this
work, signal smoothing technique is-used to highlight feature precisely between normal
and fault condition. Subtracting the smoothed signal from the original signal gives the
residuals that contain the information related to the normal or faulty condition. Then this
signal is segmented to get more information from original signal. Using segmented
residual signal, discrete wavelet transform (DWT) is performed and acquired the signal
presenting fault feature well. Also, feature extraction and classification are employed by
using principle component analysis (PCA), independent component analysis (ICA),
kernel principle component analysis (KPCA), kernel independent component analysis
(KICA), and support vector machine (SVM). The actual data were acquired from the

domestic steel company for validating the proposed method.
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Table 2.2 Present status table about production blocking

No. FFAA 2 FATHE A A ZH ] ol 3

1 08/12/12 05:35 08/12/12 05:42 0.12 BA7] A

2 08/12/12 09:25 08/12/12 09:33 0.13 BA7] A

3 08/12/12 15:45 08/12/12 15:51 0.1 e A

4 08/12/12 16:17 08/12/12 16:24 0.12 BA7] A
5 08/12/13 01:54 08/12/13 02:01 0.12 W/R 2STD 3%
6 08/12/13 02:41 08/12/13 02:47 0.1 Rl

7 08/12/13 03:12 08/12/13 03:28 0.27 +5 3

8 08/12/13 10:56 08/12/13-11:09 0.22 Welding Point
9 08/12/13 11:38 08/12/13 12:01 0.38 Welding Point
10 08/12/13 13:20 08/12/13 14:03 0.72 W/R 2STD 2%
11 08/12/14 00:56 08/12/14 01:03 0.12 BA7] A
12 08/12/14 05:53 08/12/14 06:22 0.48 =

13 08/12/14 10:28 08/12/14 10:43 0.25 BA7] A
14 08/12/14 14:48 08/12/14 15:00 0.2 BA7] 0
15 08/12/14 21:02 08/12/14 21:10 0.13 BA7] 0
16 08/12/15'01:19 08/12/15 01:25 0.1 W/R 2STD 2%
17 08/12/15 0729 08/12/15 07:38 0.15 453

18 08/12/15 19:24 08/12/15.19:40 0:27 453

19 08/12/15 20:04 08/12/15 20:17 0.22 Welding Point
20 08/12/15 23:10 08/12/15 23:16 0.1 BA7] A
21 08/12/17 02:51 08/12/17 03:01 0.17 W/R 2STD 2%
22 08/12/17 03:43 08/12/17 03:52 0.15 RIS

23 08/12/17 10:23 08/12/17 10:34 0.18 BA7] A
24 08/12/17 11:21 08/12/17 11:30 0.15 BA7] A
25 08/12/17 12:58 08/12/17 13:03 0.08 BA7] A
26 08/12/17 13:20 08/12/17 13:30 0.17 BA7] A
27 08/12/17 15:56 08/12/17 16:09 0.22 BA7] A
28 08/12/18 04:54 08/12/18 07:49 2.92 gk
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3.2.2 F3 99
1) =3+ F4l (frequency center)
oAt AAIE AT E A Fug oA BEgks w ~9E

epdh.

i

i)
k1
1o
o

>,
fllo

n

2 XX

FIC=—2 (3.13)

n

2

27[2 X;
i=1

2) WAl 37 (mean square frequency)
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3) RMS F=3}<*(root mean-square frequency)

RMSF =~ MSF (3.15)
4) T4F T34 (variance frequency)
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5) Alx <t 4F T3} (root variance frequency)
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mad ol x =[x (1), x,(2), w, x,(m)]", & m<I°|th PCAE= 2] (3.19)¢ #
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1
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3.3.2 Kernel Principle Component Analysis (KPCA)

KPCAE H[AE < Bl Adkemnel) 5 o|&3te] dnkste H3
PCARZ Freh= Wjoltt KPCAS b2 98 #H x, & axd 54 &3t
D(x,) 22 AFFA7IL O(x;) oA PCAE ALFETE @(x,) qtell A& PCAE
x; qtell BAdE pCASH #ddo] Utk x, & ®(x,) ol A (mapping)X] A & =M
AL ShE S R FokAAl "k

KPCAE 2] (3.23) & (3.24)%} o] ZFAZE & I At}

Au; = Cu,

J

i=1y00N (3.23)

€ :%i(l)(xt)d)(xt)T (3.24)

1715 €= D(x,) 9 dE FnAPelth 4, E €< 0°] opd 1
sfolth u, = afu ey, 45 Ade Had T g gl
54 e FR\ERE 5 e, 4 @23)oE2RY do Mg 2 afA
Aol ME IFHE uweE 5T F AelA F AEPC)°] Hr

Uk Ad & Table 3400 A Al k3 Tk

~

Table 3.1 Kernel function

Kernel K(x,x))
Linear x' X,
Polynomial (rx" X+ ', y>0
. x-x[
Gaussian RBF exp( . Ay
2y
Sigmoid tanh(z,(x"(x,)+1,)
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3.3.3 Independent Component Analysis (ICA)

ICAE= Y99 vdd dzs A4 #d WHor dasyAdl Adz=
ggath #H2o] o] V&2 EFE Ay JEANTRTE S 24E
FES g Sv AR AuH ok 7IM SHAclg A2 sl &

)
2
o

fr
o,

1o

1o
>,

fol
1

N

o

P>

Lot

i

1o

=
X

=)

3

3

vo

ne

2

™

i)

o

>

td

a2 (3.25)9 Zrh

x =A% (3.25)

o714 AT &3 3= (mixing matrix), ST 5 H 24 3 H(independent component
matrix)®] 3L, xi= 54 %¥ dloJE dHo|r}

ICA?] A= AY so] BE glo] S HolH xttew A sE H7}sh=

Aolth, dwkdo =z ICAE 2 7H¢ WS F35to] =3 24 (independent

U} ICAT 5 2l E 2 ] (negentropy)<} 3 ] ¢l E = 3] (maximum

entropy) £ ©|&2 &8 3E Frolditt WA W rHolHE AT AdEA

i
4
lg

component)E

=% pre-whiten 23S 3l xE A ey C=Exx']9 &
o] 3k #3l|(SVD: singular value decomposition)= 2] (3.26)2} Z T}

c=¥> Vvy' (3.26)

ANM D =diag(0,,0,,ms0,) = 50] 7ke] 14 Ho|1, ¥i= 5o
P37 Bl gk o= A x= 2 3273 Lol BAY 4 9k

32

x=Y ""¥'x=QAs=Bs (3.27)
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o]714 B 24 3.28)00 98] A dHo] ).

~ ~T
E[xXx |=BE[s(s"|B" =BB" =1 (3.28)

o H5% dlolE WE 2 WE y2 waes Redd we gejsn 1
EOE FuYES yo Wr(uriosind] AHHS AW = Leldy we
)
i

By Sdee7k agar 22l Gao)sh 2ol 2 & Ak

2] 3272 B $YE s2 0ed go] Hrks F ol
s=B"x=B"Qx (3.30)
21 (3.29)9 (3.30) 2 5-E Wk B A= U2 Po] mawh
W=B"Q (3.31)

BZ 7A4Hel7] 98] 7+ 49 b= Z718Ea A 3324 iHA SPes
7} HE H]7F9-A F(non-Gaussianty)= 7 wj71#] JHlo]E Hr)

s, =(b,)'x (3.32)
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3.3.4 Kernel Independent Component Analysis (KICA)
KICA+ KPCAE A}-&3F 54 SH(centering) X ¥ A SK(whitening) 273} ICA
5 o] &3l HHESl= HF- i (iterative section)S X33+ Aot} -4 KPCA WHE

o]-&3to] Hlo|HE FH 53
Sy =$§Q(XI)®(XI)T (3.33)

4714 8F= A4 F5E o] &sta] AE aAkel ol
Ze]al 2 (3.34)%h o] KPCAE ©]&3le] r& 38tal, ICAE o] 8314 r2

BE 5y 4%se Ta.

s=Wx=Wr (3.34)
oK1, KICAE AFE 3 e 59 F3E 0ge) F 744 Wi 39

1) Kernel PCAE ©] 8¢t whitened 74
2) Kernel PCA whitened & 7Fol| A1 2] ICA ¥ 3+

3.4 Support Vector Machine (SVM)

9de SFEsigon, WRd olgd ¢ Jue Fi gtk ol Heol
nloly Rop BE 9294d 2o Auld Rop Wz AeHm v

[10, 15, 17].
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SVM2 3l'ilg aiabd 54 o m AVAII  dthe A g4 o=
Ao Aol 7hegk EAE 7MY AV HMEYAY 7 A (weight)= Al
3y F& =71& 712 QP(quadratic programming) Al S AT O =M ozl
E3tete] BAA sEdA W 5 dEH
2l 7R Eo] kg HlolH Y =S HAstetr] S AdAS A% HAs

empirical risk minimization) 5 x5 U= 3, 2 114 SA
(empirical risk tion) ol 71%&ta e W, SVMES A H o] 9
sL= O
== =

Aastshs T249 A9

ATt

3.4.1SVM9| 7]& | &
SVM2 =2 o]F 5ol o]&% ™ Fig. 3.49 #o] %% W(hyperplane)s %
Ao 32 Positive class, Th& %> Negative class= 7). 7 dlo]H

A%l A7 HE 29de 4 (335 2 (3367 2ol HHr).

M
H:(wa)+b=2wjxj+b=0 (3.39)
j=1

weR",beR (3.36)

o171 wiz 5 dHlolEl Hekel BAY H= 7 A WE, x= N AL 9

B 223l b= SHA| Fk(threshold value)©] T}
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| Hy:{x|(w:x) +b=+1} |

g

I Positive Class I

@
0 90

SupportVector

Hyperplane

‘1

| Haofx | (w- x1+b=-1} |
b

| HipxHw:x) +b =0} |

1wl

-

Fig. 3.4 Binary classification of dataset by SVM

Fig. 3.4 & 229 dolg7 2 o3 =73
< F 2929 A (margin)7t H 7 HES A
Hole &

fitting) 2} EH|~E A
th A 2 o] E o

7FA] AL

e 2%

f(x) = sign((w'x)+b)

oy

+

7 slojof g,

29 H 3} H, Abele] AdE Fahd 2] 3.38)7 ow,
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e
=

F ek

g olof s, o] o
Support Vector(SV)&} gt
Q7] W E e, o]Z A3 U

H
=

B

B

N

A, aeee golE e T & over-
golE & A& g2 dag

3} (decision function)= 2] (3.37)3} T}

ol wlsl w=

(3.37)

o] #kol i

b



margin = 2 (3.38)

vl

2 (3.37)3 (3.38)= APlskdA, 4 (3.39) ¥ (3.40)7 #t}

minimize %"w”2 (3.39)

subject to y,(w'x, +b)>1, y, ={+1or —1} (3.40)

Aol A2 Kuhn-Tucker £33 7= £AE S7F 224t 4o 24
(equivalent Lagrangian dual problem)= H3LshH A (3.41)3 #Zo] H)
1 2 X Y
minimize L(w,b,a):E”w" —Zaiyi(wxi+b)+2ai (3.41)
i=1 i=1

001 5171 91eh L8] EF47F BAGH BA wh bl hAA A Gang

o0, Z-0 (3.42)

N N
W= Zaiyixi, Z%J’i =0 (3.43)
i=1 i=1
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2] (3.43)% 2] 3410 HYdste] A,

maximize L(a)= Za —— Z oy XX, (3.44)

i,j=0

subjectto o, 20, i=12,..,N

N 3.4
Zaiyizo (49
i=1

Aol A HAg FAE FH AT = F Jdon, o AFE 4
(3.43)° tidstd wE FF = oAtk A 3.43)S ol &ste] A T4l 4
(33N AAdeska A (3.46)7 2t}

N
f(x) = sign ( Z a,y,(xX;) +bJ (3.46)
i,j=I

kA, A gt ohE FEkH A ES 9y HolH xa BFE ¢ JA "ok

A71A b= SVME| Sh5 alE] 5 <l SMO(sequence minimize optimization)©l] <]
o e,

SVME A4 5 o]&sto] vAdY EFEE AMEET. AA &&FA el
A g o9 HHES 48 S el vdgd e s FxskA Hoh o]
E el EFEooF & HolHe aakd 54 F3te] APtEHE, ol A
wRwel etk A9 9 MY xF 149 54 Faone] A 9

348 AE G O®) = (40 (0) & AHETIRA T ul, HF A4

e e} o] Foldt
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i,j=1

f(x):sign(iaiyi(mf(xi)m(x_,))wJ (3.47)

o2 Q13 over-fitting T3 EA5HA Hoh FAke] TAlE AY

Kl
Kl

il
>~
>
oo
ol
ol
&
:?L_"
it
o

3 otk AYL K(x,X,) = (P (x)P,(x,)) & AT

f(x)=sign ( i oy K(x,, x_}.)+bJ (3.48)

i,j=1

Mercer?| ©]&% WFeke e 54 sl L WA S AlLtsr] f
Ad = AHEE 7 At -SYMAl AR H =AY T linear, polynomial,
Sigmoid ¥ Gaussian RBF ¥ #Zo] tpaatA Ut AdE 85 HeolHE
Fohe 54 aiks Aosty] wid, AA A s AdEEs sl |
$- Fa3ith Ogdd Ad F4E Table 3.2201 YERIASH, o] FoA

Gaussian RBF 3F-7} 71 o] AF&5 a1 Qi)
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Table 3.2 Formulation of kernel function

Kernel K(x,x;)
Linear XTDX/
Polynomial (yx" X, + Y, y>0
Sigmoid tanh(axx(ly/b+2)
Laplacian RBF | X — y|
Gaussian RBF eXp(—”X -X; ”2 127%)

3.4.2 Sequential Minimum Optimization (SMO)
SMO= SVME 33A1717] Slel, 719 waliat fAgE o 7hedt
7 22 A7]9] Quadratic Programming (QP) = #| = oAl HA QP FH 4
st EAE A @k SMOE QPEAE siA A W ow 7] wiel] Wiy

FEEA A ARAQD FAA QP HASEE FdeA] Stk g Fadh
Hzgle] 77|% 8 H O]E (training data)e] F 7]l wel A¥H oz dEpRl
oh wEba o9 Bdisk ol ElE HoHE oE ¢ dSs WY oyt g5
of A8 AIRFE SVME ZA s HUtetedl A7) wEed A¥

SVM} G55 ElolE ol A-&d5-d A< s

1) Quadratic Programming (QP)
Vapnik:= Chunking® 2 <e]#] 21E SVM-QP #4192 3145 93 Projected
Conjugate Gradient &i18]5& AR&-gh ¥WHoletal 39t} Chunking &ile] 52
0 A st dAeh= P P9 A& AAWS A 22k F 2 (quadratic
form)e] #ko] ZTHE AJAS o] gt} 18T Chunkinge 0°] obd 13
T AlEE ot dlolEe] srFE PFHe] AV|E wol

=
S oQuk ey FolE Aol Wx e AXsH YO, ChunkingS o7

[e))]

PPN
A s Rt =
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|

O

5] W2 WLl A= oE 71 @itk Osuna 52 SVMS 93 QP &
ngFe AR ARE AFS Aodes dgs Stk o dEls & QP

BAE O e Qpel 9 FA A%om RMHTE A& FYsArh

o
)

2) Sequential Minimum Optimization (SMO)

Plael] o3 AHE SMOE F714 A Aol A4 Qb A4 W
Glol= SVM-QP BAIZ F 4 A d QugFelth of WHMe £YL
95 Osuna®l 9% o] geke] AA QP LAE QP &9 AR Heh@r

TS HaBA 55 e e FE] GE, A A SMO olE %%
of e AxAS AStL FEEE HAGS TRt olE oY AER

52 0<a,a,<C=E AY (a, a,). 3 el & Z= glojof gt

ay +a,y, =a’y, +as'y, =constant (3.49)

2] (3.49)Z Fig:3.5% F&3 = vk

T=C T~
ay= /ﬂrzc {Ir=g\ a,=

Vi F Va2 A=y Yi=Vs 2, Fa;=y

Fig. 3.5 oy, +a,y, =a’™y, +aj'y, = constant
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If y, #y,; L=max(0,a)" —a™

(3.50)
H =min(C,C+a —a%)
If y, # y,; L=max(0,a5" + & ~C) (3.51)
H=min(C,C+ )" +a’™) |
WSt B 23 BESE e dol e 4 Ak
n =K(x,,x,)+ K(x,,X,) = 2K(x,,X,) (352
w4 o), AR FHAeR B Aol 49 UE A

otzzie] A Aol Wl

22!
<
O
i
2
12
EN
A
Lo
)
>
=

Eold _Eold
c{;ew =a;1d +y2( 1 2 ) (353)
n

7| E & A &5 HolE Y oS oxto|th v HAHoAN = T F
Z~gko] A 3-(line segment)] ol A H] -

RIS

Azgke A WouH TaA
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H if o/ > H;
lipped __ :
oy Pl = S if L <a)™ < Hj (3.54)

L if o)™ <L;

s=yy, e SR o Y #He MEE U o L2RY FEXIT

alnew _a +S(a01d a;CW) (355)

s

A S0l B3I (3443 FuEsE Ao SVME FAFE pE S
F ok wEbd FA% b NEH o AXE ool ) AL b, b= A

28 0o, a7k 217 G0 e el Frasioh

b E +y1(anew —a0]d)K(X1,X )+y2(anew clipped old)K(Xl’X )+bold (356)

b E +yl(anew _aold)K(Xl,X2)+y2(anew clipped old)K(Xz’ 2)+b01d (3 57)
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4. 3 g3 Az FHE& 4

Fig. 412 & B3-S A8 A% AAS =4 gtekslvh. 2 E(work roll)

2 PEHE GE 4B/ AF AES ASAAL, o2 A AP F Aol2
(o3}
=

A B FE5& sl SVMe R E/E Faste] Fdn A3 e &
Ak dlolg 7 127 =
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Motor Current

Signal
Preprocessing o
{smoothing) v

Wavelet Transform

v

Feature Calculation

& Extraction
v v
Classification Database for
(SVM) ~._Training W
= T :
v v

o = Training

iy, 4 el (SMO Algorithm)
— ~
w

Fig. 4.1 Process for strip rupture detection

Update

4.1 g9 Izt 44d7]

4 Y3 EA7VI7E AREE, o] Aol M= Fig 4.29
o] seAlR AL ddets o WRE 4AVIZF AREHAT. AS ddT=
3 Mo WA oR S gdomA Atadge] SUEe FHe AUH, 6

o 4wttt grstelo] Bate] malel FAE wrt ¢ ¥ F vk
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Backup Roll

Work Roll

[
I
=7
|

Coil

Stand1 Stand2 Stand3 Stand4 Stand5

Fig. 4.2 6-high cold rolling mill

Fig. 420014 Holx& vpel o] 285 Y1t 9fA7)+= 5719 2=z -4
Hol lon, Zt 2'E=E 2708 B E(backup rol)d} 1719 2 E(work
S5 JEERRLTE Y Rl Aoz E oo

SAE AA AEE G Ao web AAEHnE BAES AYES H5 3

27 (gear box)7F & FETE o714 wAE FE ZAZo] gaHor AUy

3 YA Z20 E (universal joint) 7} AF-8-% T}
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Stand

Gear Box

Backup Roll

Universal
Joint

Work Roll

Fig. 4.3 Side view of cold rolling mill

7o 9 A5 aw signah S etk A5 AFo] WAEE TR FETL

4.2 "oy #H=

B!
AF grol dBHem Fssts slo] oy}, o] 3 9ol AAje Al uh

3 o1 549 e
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Fig. 4.4 Current raw signal of normal condition of stand 1~5
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Fig. 4.5 Current raw signal of fault condition of stand 1~5
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Fig. 4.6 Residual signal of normal condition of stand 1~5
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Fig. 4.7 Residual signal of fault condition of stand 1~5
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Fig. 4.9 Wavelet transform using normal signal of stand 1+5
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Fig. 4.10 Wavelet transform using fault signal of stand 1~5
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Table 4.1 Applied features

Domain
Time Frequency Auto regression
Mean Frequency center AR coefficient
RMS Root variance frequency (ay~as)
Kurtosis Root'mean square frequency

Crest factor

Shape factor

Skewness

Entropy estimation
Entropy estimation error

Lower histogram

Upper histogram
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Fig. 4.11 Feature calculation of stand 1~5
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Fig. 4.13 Feature extraction of stand 5 using PCA, ICA, KPCA and KICA
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M NS B HlolHE, UrA 571E HAE dolE = ARgshith

7} Tableol| Al T A & %(training accuracy)™ o5 Hlo|E 5 dF-E 5
diolg ek wudgt =25 Jehar, Al g Zis(testing accuracy)= St H o E
o A1 dlolE e HlWE A5 YERATE Number of SVs= 7} FEHIE T
= A7) & de® st svelIlEE LEHH M, CPU Timee #RF3t=d &
TEHE= AR Uit A= ARG BHAe E AES YEh= A

o

4 AFE} P Faw e pe
o

o

Table 4.2¢] A|Al¥l SVMZ} Original 54& o] &31%lS = 8% 7/ 4
W7F ER e, %= Svel JlSE 327131 RBFS 91 A g dhepn|
Bl C9F yolA #7649k 42 LEFSE
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Aol

SVM#}

ol dg e

o 3t

ol T =
FEia

s

ICAE o] &3t

83.9%%} 84%°|N o, o] wl PCO F+&=
SVe = 3271 e, et E O 32, y = 10]3ATth

A3E YERH Table 4.6 XA =W, 853 A
ZY7; 80.4%%} 84% = 7HY EA e

U} 283l SV=24,C=128 183 y=16°]At}.
Table 4.2 Classification result using SVM and Original feature
RBF kernel
Accuracy (%) Number 'CPU parameters
Training Testing oL8Y3 e C
80.4 78.0 32 0130 64
Table 4.3 Classification results using SVM and PCA
RBF kernel
0,
PCs oy (%) Number 'CPU parameters
X ; of SVs time (s)

Training Testing C y
3 78.6 80.0 33 0.142 32 16
4 82.1 80.0 29 0.108 256 1
5 76.8 80.0 36 0.022 32 2
6 80.4 80.0 31 0.090 128 1
7 80.4 78.0 31 0.016 512 4
8 82.1 80.0 27 0.118 128 4
9 82.1 82.0 33 0.017 32 8
10 83.9 80.0 28 0.329 128 16
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Table 4.4 Classification results using SVM and ICA

ICs Accuracy (%) Number CPU I;il;é](g:re:
Training Testing of SVs time (5) C y
3 80.4 80.0 26 1.097 64 8
4 78.6 82.0 24 0.027 128 4
5 84.0 80.0 23 0.129 32 8
6 83.9 78.0 25 0.133 32 8
7 85.7 82.0 24 0.105 128 16
8 87.5 76.0 19 0.049 512 4
9 89.3 76.0 24 0.334 128 16
10 89.3 76.0 27 0.059 32 16
Table 4.5 Classification results using SVM and KPCA
PCs Accuracy (%) Number CPU I;frl;ﬁg:::
Training Testing Y s C
3 78.6 80.0 35 0.071 64
4 78.6 82.0 34 0.035 64 16
5 83.9 84.0 32 0.162 32 1
6 80.4 80.0 34 0:213 64 4
7 83.9 78.0 31 0.071 256 1
8 76.8 82.0 32 0.038 64 16
9 78.6 80.0 36 0.187 256 2
10 82.1 80.0 31 0.045 64 1
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Table 4.6 Classification results using SVM and KICA

ICs Accuracy (%) Number CPU I;:iimkzigresl
Training Testing of SVs time (5) C

3 78.6 80.0 29 0.052 512 4
4 78.6 80.0 30 0.051 128 4
5 85.7 80.0 19 0.210 64 16
6 78.6 80.0 33 0.053 32 16
7 78.6 74.0 32 0.049 128 4
8 78.6 80.0 31 0.098 32 16
9 80.4 84.0 37 0.044 32 8
10 75.0 80.0 36 0.029 128 1

Fig. 41414 /SVMS ol 487t 1o 25 292 Jelaoln. a
How 7k M MR fAR ARE dE@on) =4 Aawe FAs9S
Wt 54 FE704 585192 W BeEe ¥ F Avz tehgon, Ay
FhE ASSAS W7t AA B HMEY EFao] | Fdh O A4

o
F47HA 18 akgdSs W, KPCAS o] & A7t M £ Qo et

100

20 - , —
60 -

40 (-
20

o

Original PCA ICA KPCA KICA

Fig. 4.14 Classification results using SVM (current signal)
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Fig. 4.15 Classification results using SVM (vibration signal — up)
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Fig. 4.16 Classification results using SVM (vibration signal — down)
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