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Abstract Associated with the issue that the industrial processes have low tolerance in performance degradation, a
performance monitoring and diagnosis scheme for a class of feedback control systems is developed based on system
performance prediction. The Riemannian metric is then adopted to predict and monitor the degree of the control
performance degradation, and classify the fault type, so as to improve the real-time ability and accuracy of the per-
formance monitoring systems. Firstly, a prediction indicator is introduced to predict the system performance de-
gradation using online process data. Then, the Riemannian metric is implemented to predict and monitor the de-
gree of the control performance degradation, and the randomized algorithm is adopted to set the threshold for dia-
gnosing the performance degradation. Finally, by computing the center and threshold for the performance predictor
set caused by all the possible faults, the fault localization can be achieved. The effectiveness of the proposed meth-
od is verified by a case study on a three-tank system.
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BT ARG R EHITER I T R, &7 R NE
LR 5 AR 2 A TN P 7

2 SURSVAR

1) M RA BEA K N ANBEVLA T E % RS
R (1);

2) IS 2 i e B2 9MH P, FIBME Jo,.

FELAT L AR

1) KRB H, i 5% 16 e R Gt
RETRINAE FE Peyw BEAT IR

BIGR

FIH RA SR N A
BEATLANE & 1 2R A Y

A4

ARG I PR B T
pE P,i=1,, N

v

TR “%ig &
P, = argmin Z dp(P,, pP)

JEMLMN i=1

BE R
J, = max dp(P, P)

i€[1,N]

K 2
Fig.2

HI 2 5 B SRR RE O WO S R GE A T
S Proy (IR T T SURA B E, (6 Py (U
YT RS SRRSO, SRR
AT, A6, T Bellman 47076 2 5k i
S o G ) 7 S 28 5 T 0 R 1% i T
SRR thy T DI T 2 5 bl ) 53 1 A
fif.

7ESCH [42) 1, Ding SR BN R T i
B4 U7 28 51 B 5 2 5 W RE R VA 778, 20
o T S T B8 7 3 % 2 5 A e
(5 S HAT BRI IE. T A0 T 0 2 S
R HIENAS RS, b G0 Al 1 S T 9
VR, it 5 P B SN M R U bR A S A,

FELA I

RIS
EY

l

ML 1 #HA
SKINPERERERE P,

l

J=dy(P, P,,)

Y N
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Flow chart of Riemannian metric based control performance monitoring

|
I
I
|
I
I
|
I
I
|
I
I
|
I
TR RE M R bR I
|
I
I
|
I
I
|
I
I
|
I
I
I



9 RIS T AR B R R BRI R GE 1 RE M 5 12 I 1935

FEEERSCHL ARG EREML I 512 Wr. 530k [42] ML,
ASCEAIR R RHE:

1) Bt 7 AR i) 2R 45 1 M e 3 AR T 7 %
I TR R AR LR T

2) MMER SRS T EH LRI 52 W,

3 ETREEENHRERS

MM B RFE ARG, BiE w2t
AT IR 51 K R G e R i B e AT B 5, #
W AT PERE IR ()R, AP Wi S A A SR EX
FERLFE T F T 0Pl B 7 5, AR i AN [ 1l
2 I TE R AR 2 R A A, IR R B 22 VA
BRI KR R SR 38 R S B RE 2 . IX ROV IR B 0%
SRAET: 1) XP 20 B R b AT 3R 2., 2) Witk — &
F Bk 72 KA AR RUE R — Mk 22 R AR 2% R Horp— 3
R R 3) S0 R — ANk 22 R AR AR TR LY [
EPL H T afe v i e b 5 (R BIE T AR B D DR AR
AL I T AR R P e W R PR O B T
B RGEA M AR, XT8N
e B 0 S — AN BE T R R SR P i =1,
M. ZEE G (M e TR0 R R w38 B A AN
PERIRISRAR. N T SEBL Wk RR o B, B e TR EOR HUEE
—NES P R SWEAX R BE. RkEs
P; e TR Piyn=1,-- Ny H Nl
B Py P BE IR RS E. D) L AR = A T
IR g (38) 132
N;
P,,=arg Pnjue% ; d%(P;;, Pi.) (38)

ARG I AN ER G B PR N % i P A S ) s
BT 0 R 5 i AR S h O 1 2R 2 b i e R AE N
Y = P?l»%)%i d% (P, , P, ;) (39)

WA P, ; RO ~; AR, A8 NN i %
Cs, ={P:d}(P,P.;) <} (40)
AR AR AT — WA 8 T — R, 49 7E

LA I B R I, T S IR R 2R 4 A i T
DUFERE Prew, I DSR2 4 S I B Rl 25

{d%(‘PIICW7PZ,'L') S Yi
dQR(-Pnewapz,j) > YVi» .77& ia.j S [LM]

SN Tl R
4 ZFKERGRMEREIEN SIS
ARATHH =K AR S5 & (DTS200) X Hr

PEH RSV TIOALE.
4.1 ELWFEENA

=K R T R T 2Rk GE EIE
AR, 2 MR o R i) Se 38 i 2%, Al 3 s, =
2 KA W T L SRABE AU, oLk A 7 o A v AR VR AL %
i, A5 BE W UL 2% ol S e N P P A1 R e, £
IR RN AT A8 R AR AR K S 3 R P 28 4%
PR EAE B s DU BT T T B AR 3 1 B,

C A A
" A o A
KFE 1 KHE 3 IKFE 2
lZaS
p —~—" SN
m N
Y
= M
hy N
— hy
¥ hy |

K3 =&KeErER
Fig.3 The schematic of the three-tank system
=K FE ] AN R B AR T A
&1 = Ainvtt1 — Ainvaisigsgn(z, — x3)\/2g|z1 — 23]
&y = Ainva + Ainvassassgn(zs — x2)v/2g|rs — x2| —
Ainvso/ 2912
&3 = Ajnvaisizsgn(zy — x3)\/ 29l — x3| —
Ainvassessgn(xzs — x2)/2g|rs — 2|
Horb, () = ha(t),i = 1,2, 3 R KFMIKAL,
AFTRKFEH, Ainy = 1/ A H 513 = 593 = 50 = 8-
uy, ug 3 RN IKIE 1 FIKIE 2 kK&, F 2
Hom i SLpRLEe - S EA ], Wk 1 s, =8K
FETERRME S hy = 25 cm, hy =20 cm, hg = 22.5 cm
B3 AR, /KA EHE R AE B B 25, LIS 7K AR 1)
AT A (1) BHATHA, Ho

[ 0.9591  —0.0005 0.0370
Ag=| —0.0037 0.9388 0.0341 ] , Dp=0
| 0.0384  0.0380 0.9229
[ 0.0127 0 1 00
By = 0 0.0127 |, Co=1| 0 1 0]
0 0 0 0 1

RE SRR R g%
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S 49 %

F 1 /K4 DTS200 1S3

Table 1  Parameters of tank DTS200
ZH i) fi FLA
KA IR A 154 cm?
FKAE 1) 4 T IR sn 0.5 cm?
TR B i 7K A Hyax 62 cm
1 R Q1max 120 cmd3/s
A2 B HEK Q2rmax 120 em®/s
I 1 KR RE a; 0.45
I 2 KRR az 0.60
BIE 3 KA as 0.45

0.9329 0.0048 0.0982
0.0049 0.8876 0.0967

H T KFESH ar, as FEAETCIERE BT, 7T RE
TE— B VU Bl WP Bh, W a; €[0.35,0.55], az € [0.35,
0.55]. RIS T 8 s b 2 &5 2 M ASE R 2 SR AN s
XN 8 P AT DU ™ 22 TR AN 58 TR AR, Ferh

0.0088  0.0001 —0.0079 T

Ay, = | —0.0002 0 0.0002
| —0.0086 —0.0001 0.0079 |
—0.0087 —0.0001 0.0079

A, = | 0.0002 0 —0.0002
| 0.0085  0.0001  0.0077 |

I 0 —0.0002  0.0002
Ay, = | —0.0005 0.0080 —0.0085
0.0005 —0.0079  0.0084 |
I 0 0.0002  —0.0001
Ay, = | 00006 —0.0079 0.0084
| —0.0005 0.0078  —0.0084 |

4.2 MEEMEMLER

X = ANKAR NS, WAL 2R KFEIE T IR
BMREE. HULrEvEREFa br b, WAL & B 1 A B
HEIRFHEK, BAN Q =500, R = 1. 44 E HhER
WEa=001, BEENEEEKFI=10"", F
H RA HyE018 N NiZA/NT1604. 8475 2
AT 1S EIMH Jo = 0.0524, %R [KIER S 3508 K
4.4323 0.5024 1.5905
0.5024 3.5168 1.2925
1.5905 1.2925 3.5264

FEZRFE BRI, A7 LK YR S5 B 2
EIET RS B —ERENE . HENEER T
=K IR P — AR A R, Bk,

P, =10 x

AT TR X = ROKAE I B TE B 5| K (P T g
FEIR T RE ML 5 2 W i SIE 6 B8 4IE . £ 55 2000
AKREERL BB 1 RS, TS BUKR R L
Nay =0.25. KEDFEHSE, PSR ED ZRHE
% (BE 1 RIEACSEIL) Xk BE I RE B HE AT 72 2k
HARL HO B P RE I AR B 4 B, SRR
B A, VRS ERBUR P T RE. 2 i, B
RS RN UL 2 W i, SR, aTAe 21
iE 2 MAETE 3 KAEFEIE KRB BN ay =
0.3 Mlagz = 0.25 ) MW &5 R 73 5 FE 6 fr
ZIN G R NI TN EUilE S 0 da S N UN W N Bt B
1 35 AE 2R 2 000 A RAFE R JFR MR A%, Hou B
FIPEREC W RN 7 o, B8R, P i i) s ik
AMLRE L Wik SHE TR RE SR, W2 i H] 2
HAR 5 R T REIRAL.

0.40

0.35 1 ey

0.30 1

0.25}
ol ]
015} mr 1

0.10 1

‘]7 ‘Ith

L :

1 800 1900 2 000 2 100 2 200 2 300
PRE2/€ 3
Kl 4 BIE1REHENSHECRE
Fig.4  Detection performance of plugging in Pipe 1

0.30

0.25} T a|

0.20 1

Ja ‘]th

0151

0.10

0.05 - mmmmm e nf e .

0 : : : * * . * * *
1 800 1900 2 000 2 100 2 200 2 300
PRV C
Kl 5 I 2 KAEIER SRR
Fig.5  Detection performance of plugging in Pipe 2
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0.40

—J
0.35 - Ju T

0.30}

0.25}
= 0.20f
~

0.15 1

]

L0805 2 e 1

0.10

1 800 1 900 2 000 2 100 2 200 2 300
PREVE
Klo EiE3REEEMZSHBILE
Fig.6  Detection performance of plugging in Pipe 3

0.20 ;
—J
0.18}
Jon
0.16
0.14
0.12}

0.10 -
0.08 +

g,

0.06 -
0.04 }
0.02 +

0 L L L L n n n n n
1 800 1 900 2 000 2 100 2 200 2 300
REEUHEL
Bl 7 RIS UL R 2 W ORI
Fig.7  Detection performance of controller
parameter unmatch

4.3  EEERSELG

T B S R RO 1) 2 W A A R A X e
Tt R — SRR ST R, B OCER [16] B IR
FEH . ZONER SRR P R R TN 5 S T
oA M, 0 2 R A B R M B 5 | S ) R G
6 T2 B AR S ISR 5 4 o R R A R R, A
ARSI I U S SR [16] R T
ZAPEREIR LR R (Indicator for the system per-
formance degradation, ISPD) 14 fE WS 5 L34 T
i, fE5T ISPD ftkRe s &L, 2T (k) Pz (k)
T X AR PR RGP R EAT T, 27 (k) Poew (k)
F TR ST 22 G5 1 REAEAT 00U, T 9 3 1 B A
2T (k) Poow (k)

2T (k) P,z (k) (1)

Jispp =

14 ISPD HTXF R4 14 Re 2R FE BE AT 0. 72
K (41) ', Poow R FHEE 1 BB LN
(A S ISP BB TIOIN RE BE . it RA B0V 158 78 X o7 1T )
1B Jrspp,cn, WU RTIE I 201 RGO 32 6 S B RE MR DU

{JISPD,th — Jispp > 0 = RGTLRHE

Jispp,th — Jispp < 0 = ZGiMEREEIR

MEIE 2 RAEER OKIRARBE N ay =0.3),
FT ISPD pytERe IR &5 B ani 8 Fron. 5K 5 L
BATa, RTEREE SRR T EX RA R
TEIR BRI BE 77 B 0.

1.10

1.08 b — Jisp

B J[SPD.(h

1.06 }

1.04}
21020 T
g

~'1.00 et

£

Z0.98}
0.96 +
0.94
0.92 }
e

1 800 1 900 2 000 2 100 2 200 2 300

PRERV€ )
8 T ISPD [ Re ksl £ SR
Fig.8 ISPD based performance detection results!!

Seby b, BT ISPD B e I I 7 VEFI A SCRT
& 1) 5 VA T P R T HE A o S I e
P AN R Z AL AE T35 T ISPD 75 14 M I i 2 —
I B bR 2T (k) Pz (k) 5 2T (k) Poew@ (k) 1X P
ANbr I FO AR, T AR ST I A A T R T 4 A
RERE 2 8] 2R 2 P B R SE B RE AT, SARE AL,
255 P B i O e T e B R TN R A 5 [ AR
J7 T 28, R sk T DL A 28 A 0 22 435 1k R P A
Ak, TSI R I A R L X TR
2 ER RN LS5 E T ISPD ik, A
A5 B v P ARG I £ J5 A

44 HPERBLER

LR B RGERERIR G, & EW RSk REE
BRI EATRR &, PIWTEE RS, DA RO B
FEE VA BRI AT R Dy 3 2K A 1 B
EE 2 HEZE ETE 3 AR, ORI IR M b R AR
%, B RA A 13 B — NS R K 0



(8

¥ i

49 %

1938 H ]
[ 47222 0.4175 1.4102 ]
P, =10° x | 04175 3.5403 1.3440
| 1.4102 1.3440 3.6406 |
4.4682 0.5971 1.6472 ]
P,,=10°x | 0.5971 3.8132 1.4452
| 1.6472 1.4452 3.6122 |
[ 4.5140 0.4079 1.7140 ]
P,.3=10° x | 0.4079 3.6688 1.1249
1.7140 1.1249 3.7223 |

o I P A B - 4243 ) N
v1 = 0.0808, v = 0.0414, 3 = 0.0712
AH IR 5 MEESE 0, = 0.30, ag = 0.35,

as = 0.28, ay = 0.27, ao = 0.40 K56 A2 1k
e o 1 . o S ) i o R 2 45 R N 5% 2 s

2 IKAIETE MR RS
Table 2 Isolation of pipe plugging
Bl dR(P,P.y) (P P.o) di(P,P.)
a1 = 0.30 0.0388 0.1088 0.1193 Wk 1
as = 0.35 0.0894 0.0270 0.0810 W% 2
az = 0.28 0.1258 0.1099 0.0478 W% 3
a1 = 0.27 0.0636 0.1325 0.1409 Wk fg 1
az = 0.40 0.0809 0.0139 0.0732 R A 2

HHEE 2 AT LA, 818 1 RAEIRZERT, n15
dR(P,P.1) <™
dR(P,P.3) > 72
dR(P,P.3) > 73
AR, LR T A 1 AR, S, W R
R AR HATRR R, SR 2 AT, XX 4 ik
AT R B B 45 R 5 FSL R R AR AT, X R IR
TR R T RV RE R TR 5 B2 2 R 2
e o 125 7 2 A 1
EAFERERZ, U=8KALETAF TR,
N B UM AR BE B AN AL PRI, A AN (R B T
VEIAH R B VE RE AR Ak B IR A SR 3] 43 2. @
I Y ZRAS [ 00T 7T 8 R4 B TR0 B Fy 34 A =
A, TR B BT 3 Hh i 52 o A6 7732 AT S B A [R]
TBLANAS [F] SE 2 1) 1 B AR A B A IR A 1L Y [X 4
I, AT M TTEEAME H T RG240, s,
38 SR E N R 5 KT RE R, ta] AT
RGEAF O HNE.

5 REERE

BEX— A BRI RIS RS, A
fRth T —Ah T A S R S P P R SR B A
REMTIN 52 Wik, BoE, SRl T MEREIEIR I
TR bR, JFas Mz R AR MR SRRy
% Rk, ETREEERM T RGIERERERE
I, JF 2 TRENLER 7O N A 2 1Y)
H5BMERBE 7k, M seBLrEREMEI; fm, il
Ao I3 AT SR B PR BB A 3 % S R A A T R
Vertoxd L AR BRI, 32 1T SR 0 SIS S Az
= ROKH R G IR T i s 2 W s A
k. Prit TR 2 RN TR I 52 Wy
IRBE AT LS AR e RESEIR I, SRR bz
B, R AL B U ) AR G P RE M Hh R R A
0 1 e

AR SC PR P B I 52 W ki 1) e AR
gt B IZ RS, T A5 BB 88 5 ST BOR B
K2k TV ARZRNE 28 Ge i) P RE 32 1R 00 5 M B 12
RIS A SR PR RE I 2 B 2 ) ik th 52 BIoR
2 B SGVE, ] 5 T4 A T2 AR T A0 4R Fr ST AR
Gk RERE BT, 546, Bl Tl AR5
SMER, ZENL T RFAELPME RN,
] S B4 A 2P e AR ) 5 A A s ], (1S
TR L
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