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Abstract

This paper presents a novel data-driven fault detection method for linear systems based on the dis-
sipative threshold. First, by introducing the concept of the dissipative inequality in linear systems and
adopting the supply rate and storage function in the quadratic difference form (QdF), the dissipa-
tivity conditions can be transformed into quadratic functions of the input and output data trajecto-
ries. Compared with traditional dissipativity, this approach can capture more detailed dynamic fea-
tures. Subsequently, the coefficient matrices of the supply rate and storage function are obtained
by solving an optimization problem with linear matrix inequality constraints. Finally, an evaluation
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function based on the dissipation rate and its fault detection threshold are set to online inspect the
input/output data trajectories of the system and detect the occurrence of faults in real time. In the
experimental case, the effectiveness of the proposed method is verified through a case study of fault
detection in a heat exchanger.
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1. 51§

TR AR TR R b SR G 28 R EIHLAL, Rl R ERedE. (B, HIZ5. PR = R IR
PrAEEES A, KR B REENERH . BEM TREAN HR SR, REMERR AN 20
T . Isermann [ 145 E SN RF N — DB ANRHEES BN B AT 56 4F, SRS TCEHAT LN
Dhfg. AT RO H a6 IR ) 2R S e VA SRR FR SR, A I 5 72 Wi (Fault Detection and Diagnosis,
FDD) .4 e 5 i) TR IR FERTHY 2 — o ITAER, BHR 2% Tol RGBT VA1 31 1) 2 1
WEFE, FRGEIAS 1R . I B A U 75V AT KB 2R B AR () T VA A T B IR B ) 7
B TR R B U 7 v AR T R HCEEY, AR A G EE[2]. AR AE[3 ] f1 2
HORANE[4)5 . WG T VR A SR 22 T HEAT TR SR, ANTITASE A R 2 0 i R AT R AR Rk, T S
BRI SRS o A 2 R g v DS e A i AT A 1 (R PR 22 ) R A R S 2 (Rl — ke . S80H
AT SR RGBSR AR S, TR S TSRS T IR S H AT . SR, X T
LR PRy e A 7 9 A T A A R T v B R R Y, MR IR A TR Gerh, HERA R S A4
B R — RIS, JCHR SRR, X R A A s Se e i N . PRI, 36T
Bt Ixsh B A I A N IE AR, R AR AR AT b, HI RGHIRAEARA,  ylE R IR 1
BRI BATT R 5 WIEE T2 R 30 (1) 7732845 32 585343 B (Principal Component Analysis, PCA) [5]. A
T2 W 4% (Artificial Neural Network, ANN) [6] 5 3 ¥ ] & A/L(Support Vector Machine, SVM) [7]%5.

ITAER, R T ARV RFE IR Wi ar ) 7 VR M e . FEHIME/Z BH Willems [8]4& Hi I —Fh RGN/
g, BT RGESARERARN, BN RG AR o R EE TR Flan, s T sE9]
(101 H T —Fhog A4 1) B IR 3N i kB Aar U 07V, 0T ER H RGFEBUREE, 4 RERIFEEEA PR R
I, (ERERS RN R Wl BRI, 1% 07 i i A4 R0 A7 At ek ) — IR 22 43 T 2(Quadratic Differ-
ence Form, QdF), fiftif | BSHIUT [H] 26 1% I AN 38 (Linear Time-Invariant, LTT) 545 o (1) Bar i i) R, AL
PR WAE[ 1113 73— PR R, 1A FE A 5 B — R U AN S5 sOR AT i S i, 11 E i
BEFE9] [10]H B REAS TR 5] N 2 FEBUE A S

e EIRBE IR R T, BB R AN RGERIFERRE S KA RER, AROGRI T — T
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FAE, BHNIEAR I . 7E B A G AR EURME SR A b, %07V RS A A I W, [ R
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FHRGERDR R Z (27") Fke BEAh, 0, Fom mxn WBAFE. X THEREM . M7 1M >0 S Hls
SEERIESERBRAERE, (M) RAEE M. 0 (RY) FomF oy AR AT MO 45 5 28 0. 4 fs
ue@rj,@ﬁ%%ﬁ@@ﬁ:@@ﬂoﬂymﬂun,%Xﬁﬁ%m%ﬁ
wo = u () w( ) e u()) ] R TR AT AR R, M R
TTHI% j ATERRIOBITALIE . S5 T80, HIRIFAu,, ) U LeZ, (T > L) {71953 8¢ Hankel KT F 20t

u(O) u(l) u(T—L)

u(l) u(2) u(T—'L+1).

R, (u[O,T—]]) = : : ] :
u(L—l) u(L) u(T—l)
2. FEMIEILT QdF
FEASCHT, BR8N A1 B U ) R AN AR R G
x(k+1) = Ax(k)+Bu(k),
y(k)=Cx(k)+Du(k).
S, x(k)eX R EREER, u(k)elU c R FRBHIMAIIE, y(k)e) R FR RGHH .
NTETRESARER, ERINTIFERRGERE L.
SN 2.1 (REMURYIS]) 2 SOCTH AR BB R B H s (u (k). (K)) - R” xRY > R, WIRAFIERT:
REZ B GLIEER-RE Y (x(k)): R >R, BV (0)=0, EAXNTHARRE x(k) FifNu(k), #HH
V(x(k+1))—V(x(k))Ss(u(k),y(k)), 2)
U1 SR T3 s (e (K ).y () FERERRI. 3 B AR REMUR S
Fhk, HEHIEI(O,S, R )AL 2R 0y -
s(u(k),y(k)) = y(/’c)T Qy(/’c)-i—Zy(k)T Su(k)-i—u(k)T Ru(k). 3)
SR, TR S8 A IR B Rl AR T ARSI, Bk, Q) AR SRR S A ok
EREA TR b T X —HERE, Willems [12]7EIEZEN (B R G4 51N T Z kM 1 :{(quadratic dif-
ferential forms, QDF) A7 fif B 45 2. 52K, Kojima [13 PR HA™ & 2 2 HUN 18] RGEH) — Ik Z 0 T3

(quadratic difference forms, QdF).
I YT AN e -

i(k)=(w(k) u(k+1) - u(k+n,)’),
PR =(y(0) w(kr1) o (k) )

SRS, SSFd RN K QdF £76k iR 8 O, FIBLZE R O, 735 A

)

DOI: 10.12677/pm.2025.153075 48 PR K2


https://doi.org/10.12677/pm.2025.153075

A&, Rt

Hof, ORI HE RBGERE . FIN L, QR AR IR E A R B O, (u(k),y(k)), BXTHHE R u(k)el
ok, G T HIAE

O (u(k+1),y (k+1)) =0y (u(k), ¥ (k)) < Oy (u(k), ¥ (k)), )
MRS HEIRE T0E 7 O, (u (K ). (k) JEFERLI . 3 BHHEERRE O, 5 3L
Q, (u(k), y(k)) =0y (1 (k) y (k) =[ O (u(k+1), y(k+1)) = Oy (u (k). 7 (K)) ] )

Forbt, FEHUE O, > 0 5@, FoRi LR R . SRS M0 % 0, (u (k). y (k) FIFERE
B0, (u(k),y (k) HRGR MM, RGN bk 06 2R o BORERK.

BEAR, KT k2 N, QAF B3 0, (u(k), y (k) 3 CLHE AR B ASKIAE 13], ELATRN
GIRHAI(Q,S, RYEA RO R,

Oy (u(k), y(k )T .
—%%LE iﬂ 2]

kk+N] kk+N]
[k/+N] [k/+N] '
;H\:I:P5 szax(nu,ny) %%{%éﬁ%ﬂgykﬁuﬁiﬁo %EﬁiQy ’ Sij *D Rij %Q ,y S R E‘]_‘%Bﬁ’ E‘Qy :Ql/T 9

0o S

—pT —
R,=R], Q—[ST X

} HKiohts, HETARELEMIEME KB, QdF AR EN:

0, (u(k),y(k))= Iij:[k,hﬂ:l Lﬁ ;} |:i:[k,k+N]],

[k, k+N] [k, k+N]

X Y
Hre, xX=Xx", X=Y", ¥= .
Y' z

3. AEESH

T IR R S I N RN B R B8 R 3G UEFE RO S (4),  Willems FIT42 H4 ) Fundamental lemma
EL B A 2 00 B AR HE U751 Hankel 4B AR AT ATHL IO B S T H. Ak, %631 ARSI
(I

FESL 3.0 (FEESMUT141) W15 Hankel S5 REAT BRI, 80 rank (M, (. )) = L, MUACHRA u
2 L R SsR i

PR R AR B L NS S B 7 MBI R GT AL B, R 3.1, RGBT L
LlquﬂTUM%A% SR AN AR, A

[0..-1]

ﬂﬁ3JGmMmMMmmﬂMDﬁ&@wﬂ(”“ RRGOIMBIE, Hoktu, R L+n Bt
BRI . 24 EACSAEAE R g e R (545

H, (y[o,T—l] )] g= |:y[0 L= 1]] (6)

HL (u[O,T—l]) [0 L-1]
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4 O KA

EE 3.0 5 RGO (3, o0, ) FEREIBEFT] j =12, Fhug,, 2
L+N+n SR8m0 . iSRG )AEAETRE i, WX RIS  ARERIE S B R L O, . EA % O

&ﬁ%ﬁﬁ@wetx Yjﬂ®é(g ;Jﬁ&o S SR PR MR A2 7 A

Yy 7 s
MEEQ, S, R, X', Y, Z':
E,P'E >0, EOF >0, 0<i<q,i# ], ©)
E,W'E, #0, or E/OF, 0, i=], ®)

¥ > 0. ®

i Mo Viwonose
R ML S (-
° Y HL+N (”[k:k+1v—1+1<])

UER. MR SIEE 3.0, XTI OB (3 1.y ooy ) FETEIVR g € RV, it

H, (y[O,L+N—l] )] g= [y[O,L+N1]:l

H, (u[O,L+N—1]) _

Uro,L+n-1]

PL, MR RS R@), A
0, (' (k+1).y' (k+1))-0,, (' (k).¥' (k)< Q,, (' (k).¥ (k).
0, (u' (k).»' (k) 0.

R

(10)
REFFT (3o sonogotio oy ) RS RAOFAAIEPERTLR, FIRHRRAULI B g, #15)

—HL+N(y[kk+N 1]) -” 7—[L+N(y[k“"’ l])}>O
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EAERERE, NE@)ZATERFEL W, W ICIEMH 2 1E E MK (semi-definite programming, SDP)
K. it, X HERH[10]70 96T A58 FE REAN S AR A BT DAEUE SR I 78 73 2% A, BRI ZE F) 7 X
tr(Eg‘PiEo) <0, or tr(ETGEl) <0.

4. HEER
T b R AR R BN S SR AT, FEBCR & 5k Bk, BRI, 3 BRI 1 1] 3 T RE R
() HITEAb 5 %
J(k)=] 2 (i), (11)

i=k—T,

Hoob, k2T, Q (k) RAHEHCE, HEURMEAR T >0. Sabh, M (k) RAEKEE DR - rH
T EE P HEAT A, VPRSI B RO IRA 5, SRR T RGO . SRIT, AR
O S0 G TR R 5 o XL, 511D BT U A T AL e B e MO R, AR
MR MO W KT 2 TRERE MR B, B

TH, = Bmax{J,,. 1, (12)

R, B>0, T, =T, HI[0,T,, | F£mTCHbE B HL X 6 .
BEI, ARAE S AN, BT R S8 H s AT AR
J(k)<TH,, Joififs

{J(k)>TH,;, AR = 4l

PRI, AR T B 553% 3.1 T SEBLE e (B A B B S 78 2 A A

(13)

HYE 41 FELMEA I

¥ighAk: REL, N, n, T, B

1) iR E OF FITFRE R O HINRBEIE Y, o

2) WD &,

Q, ((k). (k)= Qp ((k).y (k) ~[ Qb (s (k +1). 3 (k +1)) = Oy (u(k).¥ (k)]

I0)=] % e

3)if J(k)<TH, then

4) RG TR

S5)elseif J(k)>TH, then
6) RGN PR = B
7) end if

8) 4

5. SCHu R

AT ST R, A AR FR T | FER MAGE S [16], Jof, AR 2
BINHE A AT BRI i, RV CUREIACE 8, - BESN, i, A1 9, 28 IR KO BN FHELE,
FEVCHE NS S P B VA LA OO EE RGEHUKIR, HEK DAIF I 8K 1 5
TR
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F 1gure 1. An heat exchanger example [16]
& 1. #3HmegRGI[16]
MRAE[16]HHH ] 2 Hs -
»—3000kg/h m, =50kg/h, —60C 4, ~70°C,
SEPLZ RGN . X B U%F@mx?ﬁ%%%*ﬁﬁﬁﬁﬂﬂﬂlﬂﬁﬂa- OB 1 RN HE N AT A ) ARV
AR EHETE UE, U\WEEQET)\D%M/;ILE’JJJD*W‘% b 2 A BEIRE FEIE L, BHAT 1 AV
), ATTEZ IR K MG RE[9]. AR, 15 B[R9 AN R B T ) 2 Hnt o) e A Y -
x(k+l)= fx(k)+Bfu(k),
»(K)=C,x(k).
Horf, A, By, Cp (f=0,12)5 IR MIE TR 1 2 W% T O RECERE, B

1.1676 —0.6675 025
A, = - By=| 7| Go=(0067 0.093),

(14)

0.5 0
1.0045  —0.5045 0.25

4 = , B = , G =(0.1152 0.1454),
0.5 0 0
0.9669 —0.3756 0.25

A= o | B=| ) C.=(01066 0.1224).

AR A (14) I A R S A B i T A B P2, IS AH R Hankel JEEE, MTIAF 2L L+ N +n
MRESREUN S . XA MBESH L=3, N=2Fn=2, 8 CVX THM[17], BT RMEEH 2.1 10
LAMEAE AN 18], R o) fFERE 0, » W& 1.

Table 1. Coefficient matrices for supply rate and storage function

1. BARFEFER BRI

! i=1 i=2

—158934 178044 —55040 308242 —785924 617411
0 178044 194360 104412 —785924 2525059 —2188563
—55040 104412 —109283 617411 —2188563 1969601
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2227 304 —4.05x10°° ~6632 14271 2413
g 2530 748 1575 29004 49968 —1699
2841 2039 —1247 27966 —44314 -84
908  —1047 135x10° 437 5954 395
% ~1047 356 317 5954 918.5 154
1.35x10° 317 21 395 154 37.1
_ 145705 —120847 90455  —71004
X ~120847 101782 ~71004 56112
[ 2096 1575 1801 959
Y 22540 —1247 ~1441 -717
A 664 317 383 19.1
z 317 21 191 11.6
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AT E TH , PIIZH f=1.02, WIRINEOT =20 . RIEHIE 3.1, HBRLRME 2, 53 P,

M 2, [ 3 WA, B INBE TH, =1.58x10° . EIFRID 1~50, BRIt At nt, P
TR ER AAE TR BIE LR T 775 k>50 5, PRAeR ARG I 2R, 3R B A7 AE R 1 B 2.
Ik, 152, 1513 4 ERH], I e I RECERE W', o FIMRRTIIRIE TH , , Bl AR R AR
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Figure 2. Evaluation function for the no-fault situation
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Figure 3. Evaluation function for fault 1 and fault 2
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