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Table 2 Fault detection results for numerical cases

W 1 R 2
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TR/ % RIRR/ % WRT/ % BT/ %
CPV-12 74 0 6 2
CPV-SPE 75 0 57.1 0
FVE-T? 48.7 0 1.3 4
FVE-LOF 46 0 1.4 0
HDWFVE-LOF 28 0 2 0
HDWFVE-MDLOF  20.8 0 0.7 0
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Fig.2 Detection results of fault 1 in a numerical example

FITRAR B R 75% , F W% G0t 3R J0 g AR ) 5]
R &A=, B 2(e) AR FVE T BT ki
IR A 25 38, 4545 38 2 WA, 1° ettt & i
AT N 48. 7% . K 2(d) N FVE FICEBOEF
F LOF fE A G it BB As i 45 5, i 38 2 -
1R 46% , AR 1 B PR R 0 i MBS B 2%
JER/N Ak T i, Bl 2 (e) 45 T HDW-
FVE - LOF [BBERRmZE S 15 25 T XA o0
BN, 3 2 AR R R 28% , 15 2 K R
ik, B 2(f) AR SR 7 i i il e 25 51, ol LR
TS RIEE ) LOF Bk 8] TR MR, M H
FHA T2 ARSI IR R A, R 20.8%

B3 25 T ORFE D iE X 2 iR 25 51, 45
H32 SR, SR L BR T &5 PCA FIH CPV 1
FIOCIEEUENG SPE ME NS & i I R i m bk, H
ROTEBIRES R R AR A i e e e, JHorp, AR S
ST T 1 s B 8 e 1 A I LR AR T 3] e
B A SR AR DR R AR Ar e e 1, Ge it i i £ 1R
LN TR BR 1T, 1 At Ty 2 e A 2 R A
J& , gevt i i A [l B4R w4 (B 3 (a) |
(b) .(e)(d)), 5l HHk.

T ik— R LOF /E M ST i s,
4(a) (b) 4T HRRE 2 HizE A SO BmAUR &

70 PC, Ml PCy WY IESMEA oA, b i Ak AR
T FEA S, DAL bR R e B R B 1 5y
A BRI BRI IR A A3 A, AF R ] 0 1Y) 0 A5 ki
ISt 4 ] B b A% S Sk AR AR
B LGSR B BRI WS | 3 WA X AN A5
(1) ETCIF AR IE S /34, 33Xt A 55—~ B 156 I
TR LOF M ge it i Btk 25 1 BUA D B
SERRIL T A SO vk A S SRR

4.2 EIRESL L FRI0HIE

AN PGEFL T 2 (hot strip mill process, HSMP)
BT AP — A8 T, HA - R s
FizR, HF HSMP fEisf T F P AT = B | e i
Z W BRHIE, S EOLE B B S A R, X
W, AR SCKE 2 B FH RS DU A RIS, R A AR
HEELI (AN 1700 mm A7 A HGE FLAE 7748
WA BE A S A 7 i B BB , MO Y 20 AN AR AR
AR R N 3 PR,

T e R 4 000 S IEH T.00 T A POE #L T 2
FEAEG AT 39 2 A5, P CSE 4 000 N7 A K Fe
FRE AR EA T AR A I, JH vl e s = £ B ] S A
A 52001 3 3000, # BRI 5 HLARR AR )
DAL R G S B, LOF Sk AR50 k W& N
150, I KDE #4748 % BRITHE R, B 58 6 i & h



- 98- b TRZE 2R ( HARFERR) 2022 4F
600 600
500- 500
ﬂﬁj 4007 ﬂ“ﬂj 400
g 300¢ ig 3001
=~ [ 38
200F 200+
100F 100+
ORI ‘ Fa i BR
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
kA FEA A
(a) CPV-T? (b) CPV-SPE (¢) FVE-T?
20 20 250
15F 151 ; 200F
, =
¥ 10f R 10f +
g S £ 100
— — S
5h 5+ ~
500
e a
%“rﬁJBEI ‘ . fﬂi“JBE‘ ‘ . PR
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
B Z FEA
(d) FVE-LOF (¢) HDWFVE-LOF (f) HDWFVE-MDLOF
B3 FE S bR 2 R S
Fig.3  Detection results of fault 2 in a numerical example
0.997¢ By h AT
99t Sk ARELHL ERTERIE  OREELALAL  REHAH
B:93F
951
0:90 "'" gl
AL RTjssssse
g{ﬁ 0.50t
= 025t Bl 5 AR PGERLA R E
86(5) Fig.5 HSMP flow chart
8:8%: - ek o] M R L
0.003}: #3 KilamRrs
-2 . y . . .1 .
AR A Table 3 Process variables in the finishing mill
() BATPC, A L el RIS
089§§ 7 1~7 AR G (mm) 56 @ LR34 i=1,2,---,7
g% i 8~14  MEAEE(MN) i HRMELHID),i=1,2,-7
" e 15~20  WHRAEE(MN) 8 HUREEAE D i=2,3, .7
2 050 S o
025 F65 AR T A
0.10 ‘ . N . - .
00sk -3 (b) g PCA FIFHESE CPV J5 ik % T 1% 0 15 (14 46 0
0%%2 L S50, T 1 SPE Siit = (I #2350 3R 74. 2%
< 2z B 2 4 90.2% B ARE R JUH 2 SPE Seitht, S IL
(b) HUATPC Kl B &4 1 6(c) i FVE J7 e OCHE

3 5 S S
Fig.4 Normal probability distribution of components
500m(m R EE) . FA FVE 320 X o0 5
AR FR N DG FR AN 4 I 4% D5 % Tz e i)
K as R anE 6 s, BAREERS T£ 5, K6(a) .

TSR E T° Goit i iSRRI A5 A O 32 o0y
B el 75 B O 41 2R KR A, HL iR R R 0
A KM, X 6 (d) | (e) . (f) AT LIS
B ARSI T I AR BT A R A [ B A AR A
T HAR AR R



%3 B A BT B IS OCHE 32 T0 Y SRR Tl R A M A 5 - 99 -
80 5.0
70F 45¢
60t Al
i el 3s)
8497 825
& 30 ool
20 LSp gl
. 10F 1.0
0'50 I 1 ObO I 2 OIOO ‘ 8, OIOO 4 000 0 ‘ 1 OIOO 2, ObO ‘ 3 OIOO I 4 000 0'50 ‘ 1 OIOO l 2 ObO 3 0‘00 ‘ 4 000
FEA FEA FEA
(a) CPV-T? (b) CPV-SPE () FVE-T*
350 12 000 4 500 r
300 10 000 4 000p
3500
. 250 ig 8000 nig 3 000
== 200 E " 7= 25000
§ 150 iLr_} bed § 2000
= 100 = 4000 = 1500f
2000 PR MM 1 000F
50 2 Ll PIX L
\ e il . R e ,
0 1 000 2 000 3 000 4 000 0 1 000 2 000 3 000 4 000 0 1 000 2 000 3 000 4 000
FEA FEA FEA
(d) FVE-LOF () HDWFVE-LOF (f) HDWFVE-MDLOF
Fl6 ok TO0 N &7 ik iR 45 21
Fig.6 Detection results for each method under fault operation
F4 AT T T BT (MBSPCA ) 5535 % T4 5 HLAL A0 25 4 I il 4
Table 4 Variables and corresponding key PCs AL TR A A T U R R AR 4 %2, o MBSPCA
Kbt 7T A E ST At VLT 0 BUE 0. 2, IR T &, 0 0.003 9, 7
PC, - PCy %10 AIEREFES R 95% . 3 6 BYE s ]
PC, s PC,, Xy 1% %o BB ASCHT 4R T3 vk 1 T 4 A 5 R R 8 O B IR
PG, . PC, . L b I SC R HDWFVE - MDLOF 3% (0
PCq Y12 PCyy Y16 5%17 &-ﬁ‘l‘iﬁ,ﬁﬁ@‘rio
PG, %y )5 PCy &g Fo JLFMIA FITEBU M RE LA
PCq Xg PC,, %13 5% 10 Table 6 Performance comparison of some states of principal
PC,, xs PC,; . component selection monitoring methods
Sk guiti WRR BIRER %
TR B R A I 2
Table 5 Fault detection results of different methods FBPCA BIC_T° 6.00 8. 45
ik it/ % piE/ % SPCA 7 47 7.96
CPV-T 74.2 16.8 MBSPCA BIC_T? 4.3 9.56
CPV-SPE 90.2 8.6 HDWFVE-MDLOF LOF 0 6.83
FVE-T? 14.5 15.5
FVE-LOF 0 22.6 N
5 ik
HDWFVE -LOF 0 8.0
HDWFVE - MDLOF 0 6.83 ASCHRH — F 3L T HDWFVE —~ MDLOF 9 i i

R 78 PCA HESL T (1) F oo BE U BEA T FVE

%6 M T ReliefF —PCA FLEE" BURTERSY ik dRBOCHE 30T (R8T &M RS B JFF G
SIHT(SPCA) SE™ OBEAR OG- DU HTHEIT 2 004 Aok I s A A o o 6 3 I v Py e I A 56 S A T
ST (FBPCA) Bk AR T o0 2 H A4y IS, A R P AT 1 ke s T 412 3R 5 R0 A e gk 14



- 100 -

AEEA TRAE2AR (A ARERR)

2022 4F

LOF ti Bttt , R0 T & S ge v % T 5080 70 A
MIRRE o E5fE S8 Kty 9 A 5L S e A = ks 245
%W, 5 ReliefF —PCA .SPCA . FBPCA L) Jz MBSPCA
SR G AR SO B R W T R R R
A%, ERH T AT Ok A R S R

S K
[1] CHEN H T, JIANG B, DING S X, et al. Data-driven

(2]

(3]

[4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

fault diagnosis for traction systems in high-speed trains: a
survey, challenges, and perspectives[ J]. IEEE Transac-
tions on Intelligent Transportation Systems, 2022, 23
(3): 1700 - 1716.

YIN S, DING S X, XIE X C, et al. A review on basic
data-driven approaches for industrial process monitoring
[J]. IEEE Transactions on Industrial Electronics, 2014,
61(11): 6418 —6428.

QU L, LI L, ZHANG Y, et al. PPCA-based missing data
imputation for traffic flow volume: a systematical ap-
proach[ J]. IEEE Transactions on Intelligent Transporta-
tion Systems, 2009, 10(3) . 512 —-522.

LUO KW, LIS L, DENG R, et al. Multivariate statisti-
cal kernel PCA for nonlinear process fault diagnosis in
military barracks[ J]. International Journal of Hybrid In-
formation Technology, 2016, 9(1); 195 —206.

KU W F, STORER R H, GEORGAKIS C. Disturbance
detection and isolation by dynamic principal component
analysis [ J ]. Chemometrics and Intelligent Laboratory
Systems, 1995, 30(1): 179 —196.

MALINOWSKI E R. Factor analysis in chemistry[ M].
2nd ed. New York: Wiley & Sons. Inc. , 1991.
VALLE S, LI W H, QIN S J. Selection of the number of
principal components; the variance of the reconstruction
error criterion with a comparison to other methods [ J].
Industrial & Engineering Chemistry Research, 1999, 38
(11): 4389 -4401.

KAISER H F. The application of electronic computers to
factor analysis[ J]. Educational and Psychological Meas-
urement, 1960, 20(1) . 141 —151.

JOLLIFFE I T. A note on the use of principal components in
regression| J ]. Applied Statistics, 1982, 31(3): 300 —303.
TOGKALIDOU T, BRAATZ R D, JOHNSON B K, et al.
Experimental design and inferential modeling in pharma-
ceutical crystallization [ J ]. AIChE Journal, 2001, 47
(1): 160 -168.

VAR, T, fROLEE, 2. 3T ReliefF B9 Fo0Pkik s
BRSO AHT]. TR, 2017, 68
(4): 1525 -1532.

TAO Y, WANG F, SHI H B, et al. Principal component

selection algorithm based on ReliefF and its application in

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

process monitoring [ J ]. CIESC Journal, 2017, 68 (4) .
1525 —1532. (iin Chinese)

JIANG Q C, YAN X F, ZHAO W X. Fault detection and
diagnosis in chemical processes using sensitive principal
component analysis[ J ]. Industrial & Engineering Chem-
istry Research, 2013, 52(4) . 1635 - 1644.

B3, HEh. BT FEIT TS e R R A i
WM [1]. AR, 2018, 69(3) : 1114 - 1120.
CANG W T, YANG H Z. A process monitoring method
based on informative principal component subspace recon-
struction[ J ]. CIESC Journal, 2018, 69 (3): 1114 -
1120. (in Chinese)

SONG B, MA' Y Y, SHI H B. Improved performance of
process monitoring based on selection of key principal
components[ J]. Chinese Journal of Chemical Engineer-
ing, 2015, 23(12) . 1951 - 1957.

JIANG Q C, WANG B, YAN X F. Multiblock independ-
ent component analysis integrated with Hellinger distance
and Bayesian inference for non-Gaussian plant-wide
process monitoring[ J|. Industrial & Engineering Chemis-
try Research, 2015, 54(9) . 2497 - 2508.

HARROU F, MADAKYARU M, SUN Y. Improved non-
linear fault detection strategy based on the Hellinger dis-
tance metric; plug flow reactor monitoring [ J ].
and Buildings, 2017, 143, 149 - 161.

CHEN H T, JIANG B, LUN Y. A newly robust fault de-
tection and diagnosis method for high-speed trains[J].

Energy

IEEE Transactions on Intelligent Transportation Systems,
2019, 20(6) : 2198 —2208.

BREUNIG M M, KRIEGEL H P, NG R T, et al. LOF;
identifying density-based local outliers[ C] // ACM Sig-
mod International Conference on Management of Data.
Dallas, 2000 93 - 104.

LEE J, KANG B, KANG S H. Integrating independent
component analysis and local outlier factor for plant-wide

process monitoring [ J ]. Journal of Process Control,

2011, 21(7) . 1011 - 1021.

DENG X G, WANG L. Modified kernel principal compo-
nent analysis using double-weighted local outlier factor
and its application to nonlinear process monitoring [ J].
ISA Transactions, 2018, 72, 218 —228.

Warfh, on, sk, . T A AR AR L AR
PRESHEDR i 5 A R A [ 7). s e 5 0
A, 2020, 37(3) : 651 —657.

FENG L W, LI'Y, ZHANG C, et al. Time-space neigh-
borhood standardization-local outlier factor based fault de-
tection for complex process[ J]. Control Theory and Ap-
plications, 2020, 37(3) : 651 —657. (in Chinese)

QIN S J. Statistical process monitoring: basics and be-
yond[J]. Journal of Chemometrics, 2003, 17, 480 —502.



%3 W B OBAE BT IREMRS B B ANA G B T 0 AR b R A I A - 101 -

[23] BASSEVILLE M. Divergence measures for statistical data nitoring[ J|. Journal of the Franklin Institute, 2017, 354
processing-an annotated bibliography[ J]. Signal Process- (2) . 668 —688.
ing, 2013, 93(4); 621 - 633. [29] shfgL, dk52s. SEF AR AN 37 B 5343 BT 14 5 A )

[24] DITZLER G, POLIKAR R. Hellinger distance based drift FEE[J]. EEHSHRE, 2016, 31(2) . 242 -248.
detection for nonstationary environments[ C | //2011 TIEEE HAN M, ZHANG Z K. Fault detection method based on
Symposium on Computational Intelligence in Dynamic and weighted kernel independent component analysis [ ] ].
Uncertain Environments (CIDUE). Paris, 2011 41 —43. Control and Decision, 2016, 31 (2). 242 - 248. (in

[25] LI C, HUANG B, QIAN F. Hellinger distance based Chinese)
probability distribution approach to performance monito- [30] LEE J M, YOO C K, LEE I B. Statistical process moni-
ring of nonlinear control systems[J]. Chinese Journal of toring with independent component analysis[ J]. Journal
Chemical Engineering, 2015, 23(12) . 1945 —1950. of Process Control, 2004, 14(5) : 467 —485.

[26] . RIR Lebesgue M EMESAGENI[J]. $aFmiR, [31] JIANG Q C, YAN X F, HUANG B. Performance-driven
1988(3) : 38 —41. distributed PCA process monitoring based on fault-rele-
TONG W. On the establishment of Lebesgue’s measure vant variable selection and Bayesian inference[ J]. TEEE
[J]. Bulletin des Sciences Mathematics, 1988 (3): Transactions on Industrial Electronics, 2016, 63 (1) :
38 —41. (in Chinese) 377 -386.

[27] MAHH, HU Y, SHI H B. A novel local neighborhood [32] ek, REASIN, soJBAR. T gUR =T H £
standardization strategy and its application in fault detec- PCA SCRENEIN F (1], ERifbse TR 244, 2019, 33
tion of multimode processe[ J]. Chemometrics and Intelli- (6): 1499 —1508.
gent Laboratory Systems, 2012, 118(1) : 287 —300. GU B B, XIONG W L, SHI X D. Multi-block PCA

[28] ZHANG K, DING S X, SHARDT Y A W, et al. Assess- process monitoring based on fault sensitive principal com-
ment of T2- and Q-statistics for detecting additive and ponents[ J]. Journal of Chemical Engineering of Chinese
multiplicative faults in multivariate statistical process mo- Universities, 2019, 33(6) : 1499 —1508. (in Chinese)

A fault detection method based on Hellinger distance-weighted
key principal components for the process industry

ZHAO Cheng SU ShengChao*

(School of Electric and Electronic Engineering, Shanghai University of Engineering Science, Shanghai 201620, China)

Abstract : When a principal components analysis (PCA) algorithm is used for fault detection, the selection of prin-
cipal components and how to manage them directly affects the efficacy of fault detection. A new fault detection
method based on full variable expression( FVE) and Hellinger distance( HD) is proposed in this work. All the key
principal components are first obtained by FVE | and all the variable information is retained. The change rate based
on Hellinger distance is then defined, considering the importance of fault-relevant principal components. This is
used to measure the difference between the principal components under normal operation and abnormal operation.
The principal components which are more relevant to the occurrence of faults are weighted in order to highlight the
effect of fault-relevant principal components in subsequent fault detection. Finally, considering that the dimension-
ality reduction data often follow a non-Gaussian distribution, the improved local outlier factor ( LOF) is used to
construct the statistics and the corresponding control limit is determined by kernel density estimation( KDE). Final-
ly, a numerical case and the actual data for a hot strip mill process have been used to verify the effectiveness and
superiority of the proposed method in fault detection.

Key words: fault detection; principal components analysis; key principal component; Hellinger distance; local

outlier factor
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