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Research and Application on a Novel Self-validating Soft Sensor

XIAO Hongjun' ,LIU Yigi® ,WU Jun'
(1. Mechanical and electric engineering college , Foshan University , Foshan 528000 , China ;
2. School of Automation Science and Engineering,South China University of Technology,
Guangzhou 510640, China)

Abstract: A soft sensor is widely used as a alternative for process monitoring, but robust problems pre-
vailing in soft sensor application hinder its further usage. A novel soft sensor such as self-validating soft
sensor is proposed, which not only deals with input data online calibration and fault reconstruction prob-
lems, but also further ensures the reliability of input data by performing Principal Component Analysis
(PCA) analysis. In addition, uncertainties are characterized by output variance and inductive confidence
predictor (ICP). The output with uncertainties, model statuses uncertainties, faulty messages and valida-
ted output are implemented for ensuring proper fault reconstruction and model calibration. The effective-
ness was proved in a wastewater treatment process.
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Fig. 1  Schematic of self-validating a soft sensor

211 HREHFEEH BRI GRS
R, AT A A I A B RE R
FNEFRD, AN T80 F LB IE A4 B 1 AH
SR X Tl B A RS AT B T o TERRIR EE AL Z 01
2 JE, AR LT AR 22 1 SVI X E AL 1 B
FIvEAl e IR R AL A A, R 2E S kA mIAN
O =37 ArS by B e T iU P e IR € ER P
HRGHA 30, B (4), RGBS A4
Antg, Horpx, o ox, EAEUE . PR T IRT
BRBEAE TR S B B ST v . AT
TH RSB AL AR ISR, 35 0 728 S 1) 0 0 (L
RAFE B A F] PCA W EEAG v, B RIS 3]
—ANRUEAE 2, WX ASE BE A T iR 1L I8R5 1
fliit, SRR FRET

Mo [ahoxl ] = [alMal ] (15)

new —
g = 63

HPC=PP=[cc,],c; =[c;]e,, s RE
T X HEFERATE, Ths —i, +i AL R 1 RT
i~ 1 AMEFG m - i M, Dunia 257 2 1 A0 8
SERE M S B — AN FR o PR, TR B X A4S {H RE i 2C
(16) HEM T HITLWRER,
_ [xT_l 0 xTﬂ-]ci
1 -¢;
2B b, PCA BT 3 J0AN K B 2 2 M LA
Y B P TR e A BB 5 R T T T A,
DAy A B K AT RE A K i oo ok
WEAE L MR, ANSRFTRE K BT, s
AT BES B T B B A5 AN 31 78 40 1) F A T 7 A
Ao MHh, 78 PCA FIFHIEEM ML RT, Foo
(AR e — A A R ARG, SIS /)i s
(BE T, HiRE R [ o AT R
Dunia 2 % B 24 PCA #5575 F] F T 4 i s f%
AR, 22 M U5k URV & 0] AFE S 7 2219
[FES, TR oA, I X EEROR A —
SEMHE AR B, A4S i iR 2 u FR,
B, -z AT 2R

(16)

3

[x[ﬂ 0 xil ] C;

l_cii )%

u, = var(x;, —z,) = var(e x —

1
(1 - cii)2

el (I -C)R(I-C)e, =

& Re,
(e;V,V,e.)’
Kb R=E (o) EHEIROT I 2, & 2
W PR AL R I B ) et DR O A AR o x B U
AT 2R 1 R, Blu, =1, R4Sz =5, W
w, > 1 PR EMROR L ZE .
2.1.2 AN AR FON SRR E I K A
SRR AT REPE LLAUD, BRI, O EAR A S Rt
FIZAA RIS e A A AR B B2 W . A
R s K R B e, SRAE )t W] LSRR R
x =x" +fg (18)
Horp " ARRIEWBIGHITRY, &, EURAL AR 1)
PN, T f R RN, AT RO IEE ] L
NE. AT UHINERRCR,, EAEEE R
xJT = I:x: z; x{j] (19)
WAL B ) i RE WG BIRIRS RG22 5 ), AT T
S SPE 4 F
SPE(x;) = ||x||* =« (I-C)x;  (20)
MRS MBI R AR TR R j # 0, SPE (x;)
AR B, AT, WUREREIE R RS
&, Bl i=j, SPE (x) W] R s/, [Am,

(17)



48 HIlRA R AR (ASRBERR)

553 &

HMRE SPE (x) SARIMAEK, ik, ARSCEITH
SVI HF41F

SPE(x,)
i = SPE(x)
Hil=n=0, N EXTFHTUER, HEERK
BEE, SPE (x,) ZJEDE/N, 1fi SPE (x) ZZJHR
AR, L SVI 2 P43 T 0, B, 357 F 0,
[l L B4l B SPE (x) B4R, Dunia 2517 18
M SCHR A T BAREITE . BEAh, TR ALK
TR LR A DG, LR IR (AR S AL K i
Sk TP IR AR e, DA S A A 1% T R AR
E o
2.2 BWMIANRNENZEER Y

NALGE A BE SR, 3 — AR N R
MR . KON TGN &, A SR A
A AN b A A R AL s i oA T
FAC K, FBRE™ 4 ZF (55 PV, ISS, 0SS,
VM H1 VU,
2.2.1 Fa4E (PV)  TME S5 5A% B 15
HMIFTE2E S, RIS, A2 5 I i 1 SRt (1 iy ATE R TRL )
FEA b I A
2.2.2 AR BHRE (ISS) HAMLEERN
REFIR T AMGIRAE RGBT P T 2 B
WO IE 7 s TR . RS HN W 1 R, 1SS
RE N BLRAE N AR BRI IE T T ) B R AK
¥

SVI = (21)

F 1 ARG IR E

Table 1 Input sensor status values

R Wi
CLEAR i A\ AR I IR
BLURRED A IR A
DAZZLED AL RS T R B E 2
BLIND WA AT AR B s
OFFLINE BRI T B RS

2.2.3 R ERS (0SS)  WmTi{sKT M
ey, EEACGRIRA e EwRE. T
Sh, TR E AR S, TR, B, A
P T PV E, AT XS TR L B AR AT R AL
B, M 1ML, A S PRSI AEL T IGER
AT

2.2.4 FAZHRE AHHE, BUVHE, 68
ELSCR PNE SR B nT SR i B A ], ) DL A
BRI TR AR A LA B B s o Sy 1 T A
XE R H A, [l Bt 2 3L+ ICP ( Inductive Confi-

dence Predictor) By 5%k, A< F| A ICP
SRR BT AN E PR EAT T A ICP R
2, 23 (Inductive) AHHEMERIAT I,
ZTWEhFE (Transductive) A 5 m AT HRRCR,
BARRZ 0 Scik [14], YT ICP 5k, 4 14
REERBIES vy, (o), (v + g0y +
g b, Hpi=1, -, I, =P HMamAR v,
7" o 1CPRGE fin A L, B9 AT BE S (E R v,
R HAf A EA AR G RS R A i, BB anh
%(xl’yl)’...?(xl’y/)’(xl+g’yl+g); (22)
RIRAGE v, A 2, RIS M ERIBERA 25,
Hrpy, a2 (22) W&, A (22) &
AEERT (x,y) 23— o fE R AR 28 HAE I
Bl —3rk, WRARRREL, HABRF/R AL
{8 v, MBIAE 7., B—BtE. B TAHKIHTE
o', ICP R e S (XA EER) 43l
GG (m <IDEHEX) FREES (¢: =1~
m ANEHER) o B, FIHINZREE G RN Zr ] 45
B (RPER AT ) AR A 36 4R 5 R SR R
A v, B9 p (. P, Bk R THRDR S
M x, MATREAN RS v, 1 o AE, FEVER p EAE
L,
P(yie) = p((ay,y) o (w,y) L, (%, Y,)) =

#li=m+ 1, 00 +g:a =alf (23)

g +1
Hrb# AR TES A PnRE N BoE T LatE
WEG A BT RS Y p B, AT p (E
BB UMW 2 DA R R A . ik, 45
EEGR 1 -5, ICP MK R
{9’1+g2])(9’1+g) > §} (24)
SAAESCER [13] W3] AR IE
ST ICP &3 F1 RPLS vk Be % 4 20 i 25
A, —BEN AR bR, B — S
SR bR R FH Ot A i TS L (N O ELAE X R A
MEZSEAR, it FHk o SOk B RN SE
) 246 % 1R 2% -
a =1y, -y (25)
ICP B3k P = AR B A5 X ] AT ok RPLS B4
BEA R EFAS . WRAEL A R s B
X IH], BUIZERAE N DT 22 A A TR SRR 1)
AlEEE, PRIUE, RPLS #9055 0 Ay s $2 A1t ) AN -
SRR R EONE R, R T A
WE . AR AR T R, B R AL
TE R BRI O A B s 25 | S v, JCig g RPLS
A Bl ICP B33 R U AR AR S DA A~ H5 8 2 8] 9 2



439

HLL7EAF . —Fh A A 5 5 ik T 5 49

P R FEat Y . EAR RPLS B0k ICP 3853 a4 4n
2 PR,

#%2  RPLS B ICP BIL ;&
Table 2 RPLS algorithm coupled with ICP Algorithm
RPLS Sl ICP Bk 4 &
1) BIGEIEAT S 25 [E
2) BINGES | (2,00, =, (x, y) b P APIAEE
B BERES { (a, 7)), 0, (x,, v, 1 TR
BE:l (s Yua)s s () s
3) FIHIEBCAE AUl RPLS HA
4) X TEERBES TN (2., Yu), 0=
L, -, q: REEHARB «,, JIZ% RPLS #5578, [R] A
FIA (25) i a5
5) AR sRHRII SR sy @y 3
6) MEHEAE «,.,, B, FIHL (24) HEBE
PRI B A X

2.2.5 mEBEwEME ETHGEIRAELHEME,
TELR I AT A RAT IR ] A A A i 14 sl e ) 1
Do [, BMESCGRTARIES, [ W2
AR o I, A BN AR SR E I R L
o TEASSCRYHFON BRI R, TELR TR
(i RS f) R A S Y o R,y T
B A A E BRI, YHAEL
IR R A R, RS HAR BT RS B

3 rEE

T ARAE P — AN S A AR AR AL B R, 5012
15K B AL e Bl I R R K AR R R AR
[y, HAR YRR B e S i R AR A2k, B2
WWARIER, MBI FMES, (KA
AOBER AR Z 4 . BODs Sl A AL B 22 A 1
KRR, W E MRS % H AT BOD, fyill &
TCIE A TSE AR LRATIN , T3 1 B A SE LR
5 d BOD i A& AR i, S TR Aod Ik 22
P, 53 BOD; 9 52 i 8 2k 4 4 A 28 O T 2
PRI AR T EEED AR — 5K, R 2 4F
400 ¥R . AR 38 AR, ASCR A
Kohomen [ [ ZHZ1#H 2245 (SOM) A I AL FEAH
e D, Gt PR R AR R 3 TR
Forb 200 I HIAR N ZREE Y, 53 5h 200 %)
RAHAERL, it BOD;, i AZZ RS 19 Al
Bz

K3 HiEER
Table 3 Auxiliary variables

firt o
] [ fff [ R M S, [RD-SED-G], &
. TR E S, [RD-SS-G], 47 4
AT
& BOD,,, [RD-DBO-G)], fb2¢1 &
CoD,,,, [RD-DQO-G]

ul

C]

{0

YA i BOD,, [ RD-DBO-P) ], &%

IR
o [ A g SS,, [ RD-SS-P]
AW A BOD,,, [RD-DBO-S) ], fk2¢
/TR
it FHE4E COD,,, [ RD-DQO-S]
K YA BOD,, [DBO] and b2 554
A
# COD,, [DQO]
CoD.,,,, [DQO], AW A& BOD,,,,,
“Sub¥e [DBOJ, BVFEARWKEE SS...,., [SS], PH

FIRT i [ AR S, [SED]

fesriti st COD,,, [DQO-ST, T [ fifk [
ok PR i S, [SED-S] , ki [ {4 i &
SS,. [SS-S] #1 PH-S

3.1 BRIARMERBENERSFHRE

N TR AR FICAEL, AR T
BeREI URV 193158, URV GAE] 1/ ME, PC A9
IR PCA BRI T o0, &R (3R
AL FIEHRBL T, 200 4185 F R Il 25 PCA A
B, A 200 41 B di R AL SR PCA BRI, AT
FHE]T PCA RS ANIE #OR S B 8 1 A
PCA FERDXH I A g A, RATBCE — Dl
(1 pH (A E B BRI ALl il b, Q&2 (a) P
ARG 120 KEN 170 KAT 8 LA 2= 1AL 2
(b) HATLAFE i SPE I SVI BEAREE 5 iy ko ) L 1%
SRR, SPE (I W THEHRIR, 2id B
HHLLS, SPE REARTRAY IR IEN, (H23R %4
AREBRZR, WE 2 (d) i SVI HERE, R
SENLH T pH AR K AR e, O SVI(ELT-4%
T 0 (HAZRER R SVI WAL IE-F T 1, Kl
B ), HFHBARMERS . R, {21k
BAE LR, RROFEA T IER IR 535h,
2 (a) W 7 H AN SE PR RE G2 AR 47 W) 7,
U T EM R [FES, SEVA B & A LEE
BRI R, T HREE— 25 s AL AR Y
RE, IEWE2 (e) PR, @RI pH EA



50 R AR (ARBREMO 55 53 &
12 - 100
— SEBR{E — SPEIEWTH .
105 e B [ SPEMBEE (®)
g | ——=— EHH —— SPEEF(H , 80
SPE# il Fi ;
6 r 60
T 41 >
[=7
5 ra0 7
O L 20
240 Y A A
-4 ' - - - - : , - - 0
60 80 100 120 140 160 180 60 80 100 120 140 160 180 200
Day Day
; 71.0
ISSIRZS ’
CLEAR }4 0.8
BLURRED/ H ’
r0.6
DAZZLED{ s e N
- F0.4 @
BLIND —— SVIIE# {4
........... SV A
OFFLINE —a— SVIFEME # [0-2
(© |- SVIHEHIR : iE a8 (d)
: : . : . . : ; . . —— 0.0
60 80 100 120 140 160 180 60 80 100 120 140 160 180 200
Day Day
B2 fkkE, 1ERMEMN pH
Fig. 2 Fault, normal and reconstructed pH
1 8 ZEATOMRE IS 120 KF 170 K, il THbEl) N —
KA, 1SS CLEAR JREH: 75 2| T BLURRED R 7,

[T A S AN 2 A A PR . {H & i1 T PCA
BRI AR I A LAY, pH AL Rk 2] T DAZ-
ZLED R, HRFEX MRS ERMGRWKE, H
75 ISS 7E55 170 J5 k3| T CLEAR ARZS,
3.2 BRIARNENTNENKIENAHER
(UV) By%it

T B R BNAL R IR 2, e s AR
J5 2 (RMSE) FAHIC 2 B0 HERR 09 PEAl 2000 5 A
BRI EE G R, ROATSKT M 28tk MU 325
AL WA AL L K5 K H s A AR AR R R
AL ) PN L P AN AR AR AN RE AR A P
BRI DL RAMERIANER E PR, B, AR ICP 45
o S m b LI RSN = N TN By i
PIAHEE. WE 3 B, BT o fe v 4
A B JRAS O FR IR AT, UV SR 1 3k A
TS AH I A 7 A R AR R o
3.3 KRIME (VM), MiHEREsRE (0SS) L
B H RS W i Bz F

TE LIS, AR SO T i,
MRS AR R R, DRI, R TR R AN

— RPLSH-#:

BOD,

4| RSME=0365
=091

60 80 100 120 140
Day
B3 90% A DX ALY A A G Sk ity T 2R
Fig. 3 Prediction result of self-validating

soft sensors with 90% confidence

F M AR S SE A AN AT A oy T RPLS B
TP i TR S TAELRAGR y, He, a
R 0 SRR X RE R AR AE AN . IE
B4 (a) 1 (b) 205050 AR S Az 9 28 Al iy
EER PR, 75 90% M BESE T, #PREME e
BRARLIN oK o BEsh, SEVA Bl AES AR 4F 1oL
B B AE L AR BE A S A ORI ELAR 7 FEZRAX
FEUFTAPRAS, AMTHE—2P AN UV R RO R
T ZRICVM (A RV & A A FD o



M LLHAE . —Fh A B A 7 ik ke S B 51

(b) ER

Day

0 20 40 60 80 100 120 1400 20 40 60 80 100 120 140

Day

(c) OSSR

(d) OSSHRZS

CLEAR

BLURRED el
DAZZLED L
BLIND
OFFLINE

=

CLEAR
BLURRED
DAZZLED

BLIND
OFFLINE

0 20 40 60 80 100 120 1400 20 40 60 80 100 120 140

Day

&l 4

Day

AL FIEERS A ECERR ST A2 I L ROIR2S To s

Fig. 4 Fault detection, diagnosis and status alarm under the bias and drift scenario

4 z5 p

AR SCARDE T A G I (AN AT SR ), 4R
T SEVA H BRI HEE . SEVA ) i A
RESE IURE ALY H 2 W AR 9 B By, T HL RS 1R
B Fpint, WIEHIE (PV), HO i AL
#RAE (18S), M RERIRE (0SS), Kiguk
(VM) FIREH I B 2 4 0 AT A5 B A f s 1
H (UV). BETETS/K) /Y BOD, Sl h 752 17
ZHWIN . 3T PCA #HIE) SPE A1 SVI $5 AR TR
B P S B 2N R A i A TR B A T e i
BRI, i H RPLS B3k BE7E H B0 S (19175 B
TG K K S AR, BEAh, SEVA iR fE
FFARAELRANTE, X EAET5 /K 1 K 8 AR S50
AR T B TE . R ik ae e 2 H A
FARM A R AER A AL AL PR A

SE Lk

(1] BIE, X 277, 2. ) b 7 1 /K Ab i ad A b i
FEEMHILT ] AT 244k ,2012,62(1) -1 -9.
], Fom e, 5 it FE TR R A Y R AR
RHZCR RERL A [T . R & 24l A SRR A, 2009,
48(1) .22 -25.

U, SRR AR R A& Rt A Gt @
PRI ()] AR 441, 2011,32(3) 1690 — 694.
YAN W, SHAO H, Wang X. Soft sensing modeling

based on support vector machine and Bayesian model se-

(2]

(3]
[4]

lection [ J]. Computers & Chemical Engineering, 2004,
28(8): 1489 — 1498.
KADLEC P, GABRYS B, STRANDT S. Data-driven Soft

Sensors in the process industry [ J].

(5]

Computers and

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

Chemical Engineering, 2009, 33(1) . 795 -814.
YUE H H, QIN S J. Reconstruction-Based Fault Identi-fi-
cation Using a Combined Index [J]. Industrial & Engi-
neering Chemistry Research,2001, 40(20) . 4403 —4414.
MARTIN E B, MORRIS A J. Non-parametric confidence
bounds for process performance monitoring charts [ J].
Journal of Process Control, 1996, 6(6) : 349 —358.
D, ZHAE, REE BT ZEREG M Z M4
B 7% [T]. Al R =4l B AR B AR,
2001,40(5) :21 -24.
QIN S J, YUE H, DUNIA R. Self-Validating Inferential
Sensors with Application to Air Emission Monitoring [ J].
Industrial & Engineering Chemistry Research, 1997, 36
(5): 1675 -1685.
HENRY M P, CLARKE D W. The self-validating sen-
sor; rationale, definitions and examples [ J]. Control
Enginee-ring Practice, 1993, 1(4) . 585 -610.
LIU X, KRUGER U, LITTLER T, et al. Moving win-
dow kernel PCA for adaptive monitoring of nonlinear
processes [ J]. Chemometrics and Intelligent Laboratory
Systems, 2009, 96(2) . 132 —143.
JOE Q S. Recursive PLS algorithms for adaptive data
modeling [ J ]. Computers & Chemical Engineering,
1998. 22(4/5): 503 -514.
DUNIA R, QIN S J, EDGAR T F, et al. ldentification
of faulty sensors using principal component analysis
[J]. Aiche Journal, 1996, 42(10) . 2797 -2812.
PAPADOPOULOS H, PROEDROU K, VOVK V, et al.
Inductive confidence mach-ines for regression [ C] //
ECML 2002 in Machine Learning , Berlin: Springer,
2002:185 - 194.
RALLO R, GIRALT F. Best feature selection and data
completion for the design of soft neural sensors [ C] //
Proceedings of AIChE 2003, 2nd Topical Conference on
Sensors ,San Francisco; ACS, 2003.



