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Abstract — Process monitoring technology is able to detect the faults and the process changes which occur in a pro-
cess unpredictably, which makes it possible to find the reasons of the faults and get rid of them, resulting in a stable pro-
cess operation, high-quality product. Statistical process monitoring method based on data set has a main merit to be a
tool which can easily supervise a process with the statistics and can be used in the analysis of process data if a high qual-
ity of data is given. Because a real process has the inherent characteristics of nonlinearity, non-Gaussianity, multiple
operation modes, sensor faults and process changes, however, the conventional multivariate statistical process monitor-
ing method results in inefficient results, the degradation of the supervision performances, or often unreliable monitoring
results. Because the conventional methods are not easy to properly supervise the process due to their disadvantages, sev-
eral advanced monitoring methods are developed recently. This review introduces the theories and application results of
several remarkable monitoring methods, which are a nonlinear monitoring with kernel principle component analysis
(KPCA), an adaptive model for process change, a mixture model for multiple operation modes and a sensor fault detec-
tion and reconstruction, in order to tackle the weak points of the conventional methods.

Key words: Adaptive Model, Fault Detection And Diagnosis, Gaussian Mixture Model, Kernel Principle Component Analy-
sis (KPCA), Process Monitoring, Nonlinear Model, Sensor Fault Detection and Validation, Statistical Mon-
itoring, Principal Component Analysis (PCA)
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Fig. 1. The problems with using univariate control charts per one
variable [2].
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Fig. 2. Classification of diagnostic algorithms of process fault detec-
tion and diagnosis [33].
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Fig. 3. (a) Decomposition of X into a process subspace and a noise subspace, (b) The geometrical interpretation of PCA with the concept of SPE

and T2 measures, respectively [3].
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Fig. 5. Motivational example of KPCA (Left Column: linear PCA,
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Table 1. Type I and Type II error using four monitoring methods
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15 01 &3to] FAlel ZPEX*EE o]Fojth rEgk FH el
Choi[34] 52 HWte® 4R 2 (maximum likelihood
PCAE] 81 o] §5jo] B
Rdlo] 7]E2] PCA BHe] 3HT} U Fe3t JrE AAehe
HEIt} o] ollX= v e Hrirbs = 374 2 23l o
3to] £ AAs] A EI|E st

2-3-1. FbeE T Bl 23
K9] =4 RS 7B 23t Bdlo] S5 (statistical distribution)

= the s} o] heith3, 35, 361,

K K
p(x) = Y aup(x[k) = 3 [pCxlt, k)p(tlk)adt (17)
k=1 k=1

A7 xeR” 9 xe RS ZHzt =4 #E| 9} A519](score) W]
Elo|t}. A50] HE]7} 3FE7 £ (standard normal distribution),
= N0, & mHEThs 7Pdstell 7 AR g SEiEs vt
o] FHE

x|t k) =V (Pt+ . 531) (18)

Zfi

RETAE Qlete] S84 HE D = {x4,Xp, .. Xy} E 0183
B A% 0= (00 & T Bk o114 o= 2
2] AAR) AEAE e Sa1S RS, E

0= {Puipory = ZH7F KA St FARREA mde) 24
(loading) 3, o WE, =o] 22| AR w3t} B vl A
50| BF 745 (constant)©] L ofw g A K. (prior knowledge)
& itk 7H slelld 29 Al Ve s HulE ke #
S2 Aol "rt. A7alof sz Al Wo L 7hsE $rl
HA@ o] S7HEE o] A3t TAlE vuS SakeiAY sie
Azt o3 AlFto] AgHnt o]d A EM arelsol 23 &
A8 ¥ g ) 3 £ scind

M 1|52 7 2 AHe ndl A4S

H

on [

S A7gshzd 3loiA

—“iT bl A3} EAIE st vk duE|E o= WA 48|
E AYshk= Zloltt. 2¢kd dlo]E (incomplete data)=F-E] T|o|E]
s Ashe BE A Al 7Fe s SHAE T8hE Zl0]
AutA ol EM dae] 52 ¥4 ot} 2 1755 (log-likelihood)
= Huglsh= tiale] EM g Folls 7|d eddlels 21

7}5 % (expected complete data log-likelihood)yE # t3}stt}. o] &
el AREE R ks Wy S Sdto] Al 1 gkel
Wz kR B}%Lz‘lff} 4= 7HIA At

M &aE5S AA B9 MEAR vrolxict, E-XA el
1}:‘ A v—7§ 2] WZ3} A MGA A dojxl el AFE o] &
slo] 27 (hidden variable)E (017141 230] WEIE UE3)<]
g5 Hxs deth MM E 71 $hddlols 2 ks EE
Hdp7t HEs 29 AgEo] AR ko= 7YAldrt. o714 1
D Al $he ZF 54 PCA RE9] Betd Ak, 293, 7
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A4 Shabgel] Sl wae] T2t ofv] Asle] ek 7
3

SATAIE S8t PCA BE 238 THE7] fIgte] w4 2El
Nt o Bde] FARS A4S Fallok it 1 HAs|
= fletd BE 7Fsst slE Bshs WS 2wl gy ARk
S Ha7 vt Mo SN KNS 7Fssh o4 o] &

Nt 739 mmK-1)(m-1)719] 7} EA. web 42 02 A

kel
=
&= cross-validation BPH[37] ©] -0l 282 79 v A

o7] $lste] T ERE] ol Aleks &t} o Tippingh
Bishop[35]> E.& T4 Bdo] 22§72 AR MTE it
7Pkt ey diF o BE 24 2El A tE fo]
H PEXE Fgshe ZolBE 22 TR S VM 7Fs e
A}, 710 W Eo] 7F BEle] 3% JgE 7PdstaL 49
10| = Fik(variance of noisey= F7Yshk= W2o]ATHA, Meincke
9} Ritter[36]7F AATSE WL 0= Ak oz Fofrpd
A HH o TR TS Fsh Yoz Rdgo] x|
AL o7 ME UE TR JI5E 7HAA et gk, AlAlE 3
oA =A BEle] 4= 7] WS4 wlg] Foi7l e E v
At 1B 4 2o TR et B AFES
2 BA2] e} Aps 244 etk gy A Rl fxs)
AFEL A2 AeE 7K1 o g Hrtsds 7HE 2d
< st e F28} AlFES Al sl REs
A7gsh= Ao] uigkalst). Choi 5341 =4 Rd9 Jl5-E 4%
3171 918l ofEie} B2 B EE o] 83Tt

P

N
il
B>

K’ = arg min

K
| N K X
0= T X Pk, Onp0x ) Y adney | (19)

S 21L& Xu[38)7} ARkt Hllo| At 5-FA) 2~ El (bayesian ying-yang
system)®] BT 74 (complexity measure)®] $F FEfoltt, HA g
T ke B Al ¥R gero|n R S BEL) A kel o)
st} e Aol A%E Foll Ik) w2 Tl Bk 5 A&
2do] 7= 357 (overestimation)=] 7] & k=t o] S5 A
29 M7t 2FEete] B AT P geA FEENE W A
ofttt. wEbA o2&t A Ikl #tol sl sk Al

ks =4 Bdo) ViR oA Hd s 92 5 Qo

232, T Y 23S o]8st 3

& 378 elA Dol HlolElE o] g3te] HtFe e TN
| 2 &, F F572 A FAIR] (monitoring statistics)”

7oA AR theFst oS FHsk=tl ©]-8-dtt. Hotelling’s

[ = [}
T? EA A= RdZ437Hmodel subspace) WF-ollA 2] AMZx) &

2] mahalanobis A21E YERNH, oIS olle] Al (squared prediction
error) SAIX = RAFAFIHO ZHE] ME7EA] 9] euclidean AR E
LFERAITE bRl PCAE 2] H7bs T PCAIME Aa1o] ¥)

E7} gl e ske] dl, 2 pitk, x)E e Bk ek o
L3} 7o) YiEmgre® Bk et

i, = E(t/k,x) = H;'P,, (20)

714 Hy=cl+P/Polth 4,98 Fwst T4 47 0
PG/ P o2 EHHAT 3 x,0) FHAE x, = Wi+, 02
R 5= 9Tk o714 W, = Py(PiPy) H, oItk ARA 0 {5
L3 = kAA 4 299 Hotelling’s T2 SAIA= v
o] FrofzITh34].

oL B

T; = 4(P{G, P ' & @1

01714 G, = P,P; +o;1 O]t} $BH, A wele] 2157 H(residual

space)olA ] dlSel2iAly BAXE tha3k 2ol YeRdtt.

_ -1 _
Q= XY 1-P,(P;P) P/qu (22)

=14 PCA 299 57} 571kl uet #e| e /% S7tet
Al wo] ofe] 7] AHESE FAJEoF sh= ofefo] wEth Teut
AAEE FA) AEe] FGls wa Blel At RUER AkER
= Ak H PR 9-El el th$h F-2HE (posterior probability)
& WA BT owmA AR AEo] ough w4 Bl &3l gl
A5 gRlst. 1§ sidehs A4 Bl digshe Helenke:
RIFH o5 A F4<] s st Ert

(¢3

2-3-3. A8AH

2-3-3-1. H]AE 4

TR 23] vdY o R A4S ERlER|
$J311 DongZ} McAvoy[24]8] &=amollA AREESIE HoleE Ald
313101, o] loJE|E 71HEC E PCA, 55214 (principal curve) H]A13
PCA, 18|31 PCA RO A58 vwsisith. Al 714 #igE

71 Og ) 2 AlARRE sl

> M

E

x = [f2-3t—£+36], te[0.01,2] (23)

S SN E s flste] N©0,0.19)2] SEwEE
= QF o)l=E HrkeRlth. 44 S vlolEl= 20070
o] AER o]FojA] 9, HIAES |8t HoJE & FHEoE
/d=]ef otk A5 200719 ME(1-200)> H/ds7d 2 SLs
glolx dojRar v 20070€] A& (201-400)0l14 = AlAA WS
7} x3= 18+ 3Rl x, = -1.163+3.262 2] . 2 HE] AojFT) Al
7 Fe] T3 el 7INket o) 74 AkE oo
Table 20 Q.°ks3it}.

A7 BB & (false alarm ratey> =2 T? EAX U o534}

Table 2. Comparisons of three monitoring performances using the
multiple model

Confidence False alarm rate Missed alarm rate

limits (%) (%)
Linear PCA 0.022 1.5 98.5
Nonlinear PCA 0.01 1 74
0.05 5 68
Multiple PCA 0.022 5 47.5
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Ay FAXZE ARk ZAF el A #2]24$HUCL: upper control
limitys 'gold e vlES Rt $:3, A A 9H]& (missed
alarm rateyS WZ20] EAX)7} v]EA AeelA BeEs Jolrt

Al 942 vE-E VRt webA S ulgo] Ahers 1] Bl
dsol Holuprkar et 4= Stk e whiEe] 88 7k A
AZQHBES B3 bl PCA 23 REo] x| Adu]go] thE
T 7 Sl vl8l] 7P A ke BolFlvh34].

3782 7 sl n7gat AdeiellA dojxl dlole €] i s
glo] wl$- fARE] wlzell A3 PCAC] 7IRkst IRl es A2 o]
A A it WA, PCA Z3el| 71dkst diSoldAly &
AR ] HE S oV FHEH ARSI o714 v E e
< F oMY w4 BEE /39 PCA =F ‘j‘“i FA= At o
A& AbelellAlE AjEeE We] nlAdE F-8 FAIsh=t SlolA
AR FA0] ZfeEaL oj#fe- HIA1E PCA ”}‘ﬁ% AE = Sle
she] 3t ticle] & 7 e HolFlth

2-3-3-2. 8% 374 BHT

7 FAelM el = sidlo] ARlTKsinusoidal) A1 A H]7}
$-A|QH(non-Gaussian) 4 73 d*(steady state) 375 AJEfNA A
o7 AlE B3 HI7ReAIRE FHIE HolA "k o AE- Al
A= o 3391 Tl

x(t+1) = Ax(t) + B[u(t)-v(t)] +p(t)
y(®) = Cx() +Du(t)-v()] +o(t) (24)
o714 u@), y), x)= 42 48, 28, *del(state) HE0] 1L

v(®), oft), p(t}l: e, &8, 24 wo|=E oulsit} A|AH aga‘g_
A, B, C, D= v o] Fojxint

—| 0.67 0.67| g—|-04236 0.1253 -1.1465 1.1892
—0.67 0.67 -1.6656 0.2877 1.1909 -0.0376

Table 3. Monitoring results of sensor faults in dynamic process

.o]ot]}jl

R

0.3273 —-0.5883 1.0668  0.2944 -0.6918 —1.4410

c=| 0.1746  2.1832| p_| 0.0593 -1.3362 0.8580 0.5711
—0.1867 —0.1364 —-0.0956  0.7143  1.2540 -0.3999
0.7258  0.1139 —0.8323  1.6236 —-1.5937 0.6900

25

4714 3% AL ut)=[10sin(t) 10sin(26) 10sin(3t) 10sin(4)]”
O veRdth BE o2 N(0,1)4] Xé%yrii wErka 74
st B A Qs A W HAE ”‘:]-4 & 217 200702 13

o, 2 7S 9% 34 tolEl= B 3P0 ENE dojAl
th HAE Fgolxe ARkl wet 41*1 o]}\c}g] ol AyF o=
Z7Vsh= FElQ] AlA o (sensor fault)o] =100+ 5 WA AlA]
of| vpebdtt. A4 o] de] HHl= U,(t) = uy(t) +s(t—100) 2] 52
o7 B@F o714 s 015 0.8 Afelellx] Mgt A& T
s gkl thgke] 100:H2] ¥He A& (monte carlo simulation)©] ©]5-0]
Rl P2 o)(ARL: average run length)7} H] 3 X 3E=A] AME-
AT o714 | dol= 3ol o) do] st & dE|e] g3
7ol dol ¥rdd wi7kA] deli= Alzlolet gositt, FHAom

B To AT} Hask &Aooz 33] oA BeAEHS ol
735 el o)Pdo] Slrka ket 40].
PCA, =4 PCA, 18]11 PCA =] oJa) ozl Ry 2

77} Table 3¢ 14Tt PCA %8 2L 71 2 7429
& 7P A8 Hgwldo|E RE 799 Aot s B
oAFaL it} 53] PCA X3¢ 59 742 s
= Aol gl disliA 2 YeRdtt s=0.1 & A-5-2] A4 o) g
thale] PCASH £2 PCAE 100709] ®kE A9 = zkz) 197)9)
27112] AFef dizl] Alxol g A=|sh=t Auisigltt. ¥FH PCA
Z3RE 7] o SdeiAly FARS AT EE 10042 BE
7350l tialA Ao & AT At E A B/ 57 2
o}ALE pCA %3 Rdy) & mdyle] 7H4] &5 9] xjol=

B8 7ARTH42]

._LEO

—l—‘

0{

Sensor fault size False alarm rate

Empirical average run length®

Missed alarm rate (%)

(%) T SPE Overall

s=0.8

PCA 1.2 9.6 39.4 11.3 113
Dynamic PCA 2.5 8.5 32.0 99 9.9
Multiple PCA 2.1 7.3 39.7 99 9.9
s=0.5

PCA 1.5 15.7 62.4 17.4 17.4
Dynamic PCA 2.1 13.5 41.1 14.3 14.3
Multiple PCA 3.0 9.3 47.6 11.4 114
s=0.3

PCA 1.4 73.4 28.2 28.2
Dynamic PCA 2.56 21.9 76.2 23.0 23.0
Multiple PCA 2.27 14.4 72.5 16.8 16.8
s=0.1

PCA 1.8 733 ND® 69.7[81] 69.7[81]
Dynamic PCA 24 65.4 ND° 60.9 [98] 60.9 [98]
Multiple PCA 2.85 34.1 77[31] 37.1 37.1

*The number in square brackets ([444]) represents the number of simulations out of 100 realizations in which fault detection using the T- or Q-statistic was

successful.

"ND indicates that the fault is not detected by the monitoring chart in any of 100 realizations.

Sl5kast H46H H|2S 20084 48
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2-4. M202Yl(adaptive model)= 0|2t ZHZA|

T 1001 WZF PCALF F-2] A5 (PLS: partial least squares)
59 s BAE F9 (multivariate statistical projection
method)? &g 2] g5 o] &3 thi® A7 37 ¥ (MSPC:
multivariate statistical process controli= AAIZF A& 4l 372 3
Aol I AREE]o] ghth. UREA MSPCOlA = 3 HFE0]
A2 &7 Z o] 1l(independent), FA 3 FX 5 7} (identically
distributed), 413 A (linear correlation)s 7}t 717g e},
T olst 7P 5 u)AE, T4, 17 (nonstationary), A]
H(time-varying) 3735 U D7 AHEA @A S, webA
O|= gk FHTA A5 At W A A T5 oPsith o
ZAdl], 2797 (set-point)e] WSFEFEA] A=R]Q] =%, FHullo] T4 A
ske} - AN L] AE7E Alkte] SFel wet Wshs A
of afjgsitt. olz|gh A-f-olli= 710l Fei3ie ARl 1 o]
A 3RS B3] BARE = gl7] wiel AlE BEkEs Z3Alsfopet
st} &, g% shte] Bels ARl Zlo] opufel REs ARE
of whet 7BAlehs A g RES e s Pk

Wold[41]&= PCAS} PLS 2E& 7Y4lsl7] 915t A47FgXo]
& (exponentially weighted moving) 785 ARESISITE =, 799
Hale] mE 2dle] wEks fJaEx 7P ol dojzl 54 =71
o] ABE TS o]gste] RS thA] RiE= wajojnt, e o]
WS RS AES 91 RAS AT wekc B2 BE b
o8& AREaE] witel BEH Al7lo] 28 Hul= wilo] girk
Dayal?} MacGregor[42]= PLS #E (kernel) &118]5= o83k vk
5 X571 (recursive exponentially weighted) PLSE- |11t}
714 FtAit HL AE2 AEo] dojA wjmic) AAZES = wb
5 73218} Qin[43] AE 2] (sample-wise)?} £ (block-
wise)2] §H5Z] PLS 1|55 AXBIATE 144 7Jals $18ted
T4 Ago] ohe} 2RlY W QlEY AFodE| 9] IF Al
(regression coefficient)iF o] 88k A& Ao =M 2l 7Y
2l MRS AT TS Lif44] 52 AT AES TAIE] §
st JHs PCAY] F7HA a&2Q1 744 &aglsS ARksIsitt. st
A H S[451> Btk ks AEA eshar PCA REs 34l
317] $18te] B, it W FtAke 73AIE] st AlEa T &
2] duglEs ARt 81 74 kg o]-&ato

= HAehE A8 A 7S BolFdlt) 53], 34
Q1 ®3P7} ohd o) d] (outlien® &l E-S 7JAEH Hi=

e =7] 918101 A (robust) T2 7341 7S A SIS

o [

(1) B 2 4 B-de 734l

(2) 73 H (correlation matrix)2] 7341

(3) 9 (loading) 3™ 2] Ak AZ AXFSIAY 52 A2
EAEI AZE AEEF)S ol83to] 784l

(4) Hotelling’s T2 A1 Bl dlZollef s SAX1S] Tl st Akt

(5) @A AZel slidsks 77 SAA G ARS E§ 370l
g gl

AukA] 0 2 Fytouf AkS 7YAlEh ] $18te] HE tlolH Y-S
t 7R o A HelHdTs beAE AA e R

r(weighted sumyS ARSI Hct. ], 71E 2] H9- v
I 2 2o 7 AllEo7ITh4S, 46].

-1
x,+ox,_+Aa’'x -
m =222 N -wi om, 26)

1+0L+A0L'f1
o714 mE& 7FeE ol il xi= SHAEE YebdTh o= Bt
< ARkl QoA drb whEA] 1A MEES] FES A
A ANAE A= 23 (forgetting factor)O |t 71 AR
A Ak A0 R AL Hof Xvk. Fatat k] ARt 3
oA WP 22 wks /M B Sk
7P ol 19 A9 At HojR)= Ft ) Eake
= HolHE o] 8313 We] 7Fs = (likelihood)E | th
AR 7L ek, G2 grol 15k A g Bl Ao
50 REollA QI dolElE AASH] gote AFsA o ® 7t
SR} AgEo] 1 o] ARMAA Ak ] kel 10l 7k
M)A A Bde]l JES T A dlolH e T Sk
ok =, @A Aol 2Ee] ZgAle] kA dlolE €] gko] A%l
AXA Ak, @A o2 AR FRA aSTE T
AR ARESISIT. webA] 37gdRiske] Sl wAIgle]
Ak S wEle] s HoiQlle. ey mee] 4 E
48] flete] Al HA RS 3dwste] Lol wht
A Wsfol gtk AR e] Wstel o] o] whEA| W3
7% 7ANE T} welol sk, wbH WEE T} e DAl F
AAEIE oW ARE fA1E A9 &SRS o) gt wEgh ¥
o] F3] SEEA] WS AT 0] Fe FHHRE A
7] wiol B2AITE] gto] Aok sk do] By s ALt
S WA 4 Qlrh42]. dubd oz FYHsT A7gst
g 7HAL Ao o uk
1ol BA o mka] thEA| A Eofof it
o] wslel] wt =g gl g t2A ) flete] Bt
AFE A1 Slo] o2t 374 <] Aol wet 2dsks 71
o] A1 E7)% 33tk Dayal®} MacGregor[421= 2-3- PLS &ale]
ol ATE 248k 918191 Fortescue & [47]0] A|bgH 78
21215 o] 8-815iTt. Lane[48] G- 2> 7841215 WHE PCAl| 4]
715 3hltk. #Zell Choi[45] 5 ¥Hg PCAC] #-8517] <]
Ml 245 918 B4 F21e Al Ak
2| SHoll T8 7841213 Zpol 7} Qink. S, BE Bt
| BEAEES 73As] Sl A2 ok WsE Al E ARSSt
CEA, S 0] BEA SAIRI S wistel] whet gzt
A=) Fhs WSAIZ T, ARk W e 9 Ak E ] W
slol] A A o RGeS wrot 1 gho] AR EE o)t
S A g dloA agfslof 8 I o] T8 Qi o)A
(outlier)?] Z2] Aot} o dA]= A3 e] F7delx] dAAR]
Al 1ol 715230 Al So® Bl ARl AR 7159
AES GviEith 48 Bl oA Hels A TR A
ksl & = Qlth 3|, o X E FAShL v AlE S BFo|
aHE A7 RS e kol T BnEkg ARgE 4
Stk 3Hd, 73 st Alg 327 (robust parameter estimation) &
] S galeh=t] o) dRe] s HAaslehs ke
B ot} Ank o s st 9l ko] AAFdS Q18 Ak
H

2
== W Huber[49]°] 23l AlREE M7 2} (estimator)©] T}
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o] AT EE o] oA S 3 HoJEE o] 88
of A=Y Sl RS ERIsk=t] ARgET) whebA, oA e] &
A7F rlE] geA QA or R wERIt o] ERle] i
7} 7R o] 97dd wizbA] RkEA o 2 At Teu, 2SR
27 o] 9-of= gt pCcA Kdlo] oju] Ao 0]
o AZL- A1Eo] oS w] Ae|eE IO wH
o] = &1 7hssith AlZo] o AR AW HE &
] gho] 7&21%% A2 A E]o] Bekg 73alsh=t] ARG-ETh
oM o] A9k rR7 A 2 FRAlS
1_& quH UIHT 0 o] ;‘q HHU]— o]_qa. J_xﬁo]/xl—o] vk
ki %%Oﬂ& Reg 7828 913do] Slnk. whabA F7dol gt o
2 3 FQslh oA YAH o ® wAyet
ZF &Rt A% A&EE B Fe] At o]

& 54 RS
3le] gefeol] e o el 5ol T )

—rﬂl €. :Leqxl ve 2% e 7l

2-4-2. A-EAH
o] A-grde] 7|Hkst 3 S8l v AL R
(e}

W

o= haN o o U iRl

-5-7](CSTR: continuous stirred tank reactor)s 112 3T}, W3-
AL o9} BgEo] 7] felue] AAHE B Askar,
e} BEIS R e 27 W R A
S 2Asto 24 Alojert, ZE =T} ol (disturbancey> 1%}
autoregressive(AR) ©.2 =2 A1} Al 5o oJs) ATt w3k, &
Arol=E BALEl] flste] BE 33k 7H9-AIQE o] =E ¢
aloiet. B4l ohet o AbHlg A A 9 el o
gk A #[45] 5 st

9 A% wHt B Wk REs
HE BART, FHL 5008 B 2 5
Sh= 3013 Hi= AlRelA AR 5 7] S0l v
aph A ESICE 100704 3002 Atolel] dojxl MES 7]
PCA RELS Rh==u] ARREQL 3015 $-7E1E AEo] 542
et AA)zte 2 mds 73/‘]6]-031?]-.

E ) 71/\% ZEne
USSRl gt o
SI5j0] kR e 7

Fig. 72 duta] Az (statlc) PCA, ﬁg PCA BH, o|%d=] ®7
& welg B0 PCA wile) FATA e nolEr). 44
PCA RE2 Fig. 7(a)¢} (d)el Bz vhe} o] 372 Wk o
ofubtekAL 43 2l Bt wel Fig. 10 @A A
& PCA F2lo|A Hotelling’s T?¢} A5zl SAA= HEE
o Ase] Agme Ao FAPAE ASH R s
Aot 1efu SR ellefell g 2] o] |7 F EAFE. o3
o] Tz BEl 73419 AlEde Astrl17] wiEel olF ¢skrlY]
) Slalo) o Qe 4D A WS A8 Wl vl
A AR EREo] dA s Fol= As ER1E  AUTh(Fig. 7(0)
o} (f) ).

bmma

ifd

A Fich) 23
SN HgsHs W gAke] Ao m A%

Sl5kast H46H H|2S 20084 48

(@ PCA (d) PCA

0 0
200 250 300 350 400 200 250 300 350 400
(b) APCA (e) APCA

0 0
200 250 300 400 200 250 300 350 400
0 (c) Robust APCA ) Robust APCA

0 0
200 250 300 350 400 200 250 300 350 400
t t

Fig. 7. Monitoring results using static PCA, adaptive PCA and robust
adaptive PCA [45].
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l ® l
Fig. 8. Sensor faults (a) bias type, (b) drifting type, (c) precision degraded
type, (d) completely failed type [S50].

(actuator)L} AA, §1&8 Al59] &gt 5 o8 7IX]7} Qi)
BUE Y ARl = 379 od-g wEA 7Aeh= A

A ]017\]‘3 olgfgh o]do] oftjA] WAsh=A] Wdsh= ¥
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Fig. 9. Sensor fault detection and identification result, (a) faulty sensor
in an ammonia influent sensor, (b) sensor validation index|57].
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