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Fault prediction techniques for dynamic systems

CHEN Min-ze, ZHOU Dong-hua
(Department of Automation, Tsinghua University, Beijing 100084, China)
Abstract: A survey on fault prediction techniques in dynamic systems was presented. Firstly, the importance of these tech-
niques was introduced. Then the available fault prediction techniques were classified into three categories, and the advantages
and disadvantages of those techniques were discussed. Moreover, several typical examples were presented to show the effective-

ness of the techniques. Finally, further problems to be addressed and trends in this field were tentatively pointed out.
Key words: fault prediction; fault diagnosis; incipient fault; predictive maintenance

1 5|5 (Introduction)

FEITER NS BRI TRERREESE
K Eabmbn kR XRRE—BEEFH, AR
ERARVEHE KPS B VL REBRIAE R ER
ST ENSEL2E, BA TA0EENEL BEZHS A
HEHREREER, RS R LRGN RN T —5&5
RyiE1E.

X BB 15 A SR A ) 55 12 T 55 R (FDD: fault detection
and diagnosis) &5 LK {4 T0A (BUENT TUAR) S E RS2 W
AR, — A NNERT 1971 4F Beard & F 18 iV
A% Mehra Fl Peschon & & 7E Automatica - #9130 /T,
EASMEX FEHIT T REHPIRD ). B8, s B
RERABERFEABEROREHRTMZ— BFEENEX
R I2 T 9 IS S SR A ERTE 1000 LA |

BEE X AR T e EER#— S RE, AT UEEEE
i PR R R A AR SRS R EREER AR
A P RTER BE PR S H0GE , it 2 AR S A TR R TR . iR, 3K
BE G5 2 5 Rt 1B SR BURE T By L SR B A B R LB R
Bk ENEEXN AT RHEEREBEENREUAMX BIEFSR
), METROEEAEERERT k.

XY T, S REBIR B GEF5 B H SCHR 4544 il 1Y
THE NS, A TRE A SNES T BB RE ™ R
A MAEFERA T RKN RS ZEGRAGELET, 415

Wi B 87:2001 - 10 — 22; WfE i B #1:2002 - 11 - 27.
EEE . B& A AREEST H (60025307,60234010) ; EXK 863

TS TR T AR 15% L 0%, FEE
ek 4 MY 4EAS B8 FRERTE 2000 /2 £ TR BT T HET,
£y — AR AR & 5547 7 By 4E 5 (preventive maintenance ) 3 1Y i
R , kR E I R & TR (B X K B iR & HLA

B, BLE2RME 4 E—RKED)) XRH BT EAER
BB/ MBS ER, Bh FiHEE, RO EBRE
FERNIFRER, FH-EEEIRREERR  BERRA
HER, A TFALEREASEFRGATRE FHR =202
HI4EE SMAR R TR 2200 B I T B Ao st 25 Mt Bl
MER,EFERCRETERZHEE KN, LRSI
il 39 T 0 4 15 & i (CBPM: condition based predictive mainte-
nance) "7 ~20) X FhUEME (A B LA MR TSR B R A B A, SOEY
WM R GAPRES , X B B B & A SR e, 3R BN AT R
&, SHEGRERERS KA KIBE, F o & 5 R T 4
B R ER BE TIRGWHMAE B TEERA. 51t
FE, R BHE 10,000 ~ 20,000 ETCHATREES , BEH
Fi4 500,000 ETTHIFADT.

MR 2R RS E S B4 TUREAR M S8, 7
7E 1979 4F Sacks FABRFF IR T X H BB R, BRE—
HRZE W TERHRME RS D BB BREAEIR, X Fh
FEJRBREAR/ , BB 3 R G R, W LR ER LR
MErseh MELUH — B 5 sk BRI . R, 53X & FDD Sl
B —ANERE , th R B2 B AR ER.

i B (2002AA412420) 973 3 H (2002CB312200) .
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PIBATALLE, h THERR A AR ERE, FBER
SRR BEAR AR B RELRRE . A GRE X RA
BB BUR 7 B ME— N 53 2 51F 4, 3R 4R 1 — ST BE O BF
Rim.

HAOYERRERT KB =K . F—LHEEE
RE T RITRAME 7 3k XA FE M E SR, BR YT
25 Fh R AR B4R AE AR /1N, X ARSI 3k, 8 B 2 A () A9
%, CRMBE SR K. B, RIE R ST ZBE AR
SRR B, 1T R B 2 RS, BT R
B R EERE T R RUMR AR W 6 B AR
SR GE ] BEFFIE A — SEWRAE /)N AR L 5218 ) #U B (incipient
fault) , 41 SR 6B/ 5 AR b33 S e B, 5K A TR B 4% 0K K i
BEE R 4 X FIAER T BRI R SR B =L R
ETREESITR T, REREHEH AR, #7060 HE
LHHEERIR. :

2 E-FrE B 75 % (Methods based on time se-
ries prediction) :

REFERRERET EMAEAREGTLBL S
GEABRTE AT REERORE, BRE ADIHE
BIBME , AT T RGBS K 4 SO R SR T Jy 2
IR, XA LAS BT L.

2.1 BT ARE RS 1) SRR 8 #7 7% (Fault predic-
tion based on classical time series analysis)

B M 1970 4E Box #1 Jenkins f{J{Time Series Analysis: Fore-
casting and Control)! 21— 33 At , 22y [ 51 434 J7 3 B Y
FRAMARD CEER. X FRIERESE - HEILT
B ARAEAR BRI (B B AT i , BT BOF I ROR LA B i)
FF5! . Box #1 Jenkins HE4R 447 T A FHIR K PRI BRM
ARMA 1% %l ( autoregressive moving average) F1Z8 44 Ik F-fa: #2
Y ARIMA 1% %4 (autoregressive integrated moving average) , 3
FHER/NIFIRE T HTIRAR . Ho M Xie'? o 3t i
R e () () R B B B8 PP S BESE ARIMA B RY, R 2
SB[ 0 A A T s B BUR AR, M T — IR & 4
fr e 4 s TR

Z s RSN RER L ERER, CE2FEER
M A k2N ARG S EE P &SR BT &
RASHBEIEUESHERS Hl, NEF ER, ERES
BRI RS,

22 ETFXREEEE LK MRS & (Fault prediction
based on gray model)

REBRRESRREYERREE 0 FRYBHH—
FRARBRELFEERR (KBRS OB &
FHEMNS SF IBESTEIM TN EZKERKER
S, Ht, A ROy Bk T ZE S R SUR B8 B R BN A
BEESAPIRAETREBBOTMMIEHEEERR
xR 2R A0 HES RGEHAT T B TRR .

R R EIE R o, % o B 6@ ()} #T
—WEM, B ()], He

sV +1) =690 +1) + dW(e), t; = 1,2,

6(1)(1) - 0(0)(1).
RAB IR G, XA ZmF 5 AR EOE, s AT 55
TRHEITIA

‘ %2 + aa(l)(t) = b.
HAZAMITBHTIEMBE L, 83—k 5 B, %t
FREAMBR/P_REH#HTSHMETER o, b. RABI@M
R .

O3+ 1) = (691) _f)(l C e e, i = 1,2,

XK AR GRS ] LUE Y, S — ol
LG R . ME, EIREH R —4 Kt B & 18 2O 1L
R R BB RARKETB R, ERT
BEFITILAAET RRAXMERUAMN TR, HRF
75 TR A B R o o0 9 () R 1260
2.3 HEFHE ML H T % (Fault prediction based on neural

networks)

Lapedes ¢ A B (1987 5 ) R R T W& M 45 5 A T
183 5 B A 3, b VI MW ML Bt EI= 4%
B R FFIF R BAR ST T I MMM . X 25 BT
KB (0K 2 R 48 T TR 9 30 2217 -0 | Connor 25 A2
T—HeEEIEEATINERPAMERNE, AT HE,
RIUE T M2 4% F R E KT ARMA HExIB
Tse 1 Atherton R T [EIFMHZRE X Fis— KA T BB
HIE RS R TR iR E MR
H1ES R — a5, TR A E AR R4 3 5
1THME SIS RE TR .

FH 2 R EE ROIR Y ] LUE H , 142 P45 X5 SO0 1 371 ¢ £
AR, EILFE R LA BrA R9R R R R TT 24 AR B R
ZREMER SN, FECHRENACERERS
s [33]MIEXFR T 2 B S 5 F RO HE R S AR .
{B HATH 2P ERE — L@ H 15 T —H PR

B RBC2UENT A =EN2REAA L EER
LR S R A BE 0 B ANfTH I XA B 2 R 45, B
B R B AHEE . H i, bR, RGNS MESE
AEHHBE BB RN SN BEBMERER, Bais R
B ZKRIE .

HR , 2 M ORIRIZE 547 B 87 S gE e
ZRLERHU A i 22 B TR AN B, {8 3 il 22 Sh HE BT A9 R
= BT a4 .

2.4 BT R #EN97 7% (Fault prediction based on filters)

60 ZE48#0 , Kalman 1 Bucy S SE R R &= M ek, L
BB iR E B, ED Kalman ZEJ 28 , 38 3 ¥ R R RS
REAE/NME, BREEMTO—A R, TERNEZE
TEEHTR 2, B ERR SIS GESIIREMNA . #
mn, CITEHE B R ST TIR DY S A s Pl T ) 45
%.

3613 EH i HLE S RA T, SR 5| A Kalman

R

¢ e a7
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BAs A AL A AT IR B AR T, R 2 — S IR A R 0 2Rl
FHESH N EBRAR, RBETRARG B ER Bk
RIS, AT AT iR B TR

HT Kalman RSN ZERZFEBC H, HiER
HeBOE B, 8 B B 3 R L S SRR I R
LRSS EEBIF AT R ERRE, Fet,
WRREEX RAMREBIE R BIR B — BRI AT, R
METERATRREREBRARE. ATELHERERWT R
Kalman JE3% % (EKF) Rl A 7E X T A A E & # i
ZREEB) T AR RGUA T ERURASE, ¥ k3t 524
RESHERER8E (™) 3 [3914F %1 Kalman 3 i 28 8493 i 5,
BET AR TREREBEESVWASNHETRTE . X#
i R ER BR S 8% RIF MR RATR S et BE s
i AR ER BRI
3 ETEREARUNIBERRIMT % (Methods based on

incipient fault detection)

BB S TRED, RS E R REP R
TEREFHTIMERESRER, MHEN THAR R, iR
6 A FMERUR S BB X R sk R ), B i, BN
W RE AR — FL 2 FDD ) — 1 HERE .

3.1 BFEBHIAE (Asymptotic local approach)

Ja ¥R B (asymptotic local approach) ) & —Ffh & F 4t
HEER TR, T AT R: H, X)) . EP I RAS
HSE, X, BRAAMMARE FT—1 AR BRIk,

v = ¢i0 + v,
O = 01 + 7 H(G,_1 X)),
B 7 B—18 M LB R
R R

Dy(8) = J_EH(G X,).

R0, -0 = J-ﬁ’e* REFRKRESE, 0 RRFEIER
B SE . RIERRS T PO R R E R, AT UG, Dy(8)

RIGEN cov (90), TERA R = Esokvk BIIER ST .

Hit, %%%ﬁﬁkiﬁdxﬁﬁﬁ %{Eﬁ Dy(8) 3y
H &M ETHE Dy(0) MBERERE 0, KEEHK
W 2053 A M R . SC[ A2 1 X O B B — 25 T R IR
FMT EHRANB.

XFP 5 B A9 AR R R O AR PR X SR AT R IR Y
HEREATEBK. AR EZGRMATTELBENHN
FREE, M N SRR, B AR A I R R o, AR
R TR BRI b B e SE bR FH B BEAF 1 — 52 I BRI .
3.2 ZE£: 3 ¥ 89 F 3% (Method of online approximators:

OLA)['“’]

R R B E R B, Bt — R R ARG
HEs BT R, SRE R R

ZE—HKERUERE:

£(t) = &(x(t),u(t)) + B(t - T)f(x(1),ulr)),
XE, B(t-T) = diag (B(t-T),8(t-T),,B.(t-T))
TR . H

r <0,

Bi(z) = {0’
1-e%, =0,
4 o, BUBTR/MEL, X3 R — M/ .

C[43] 2R TR R E R £ %

%= A2(e) + £% (x(1),u(1)) +

Fx(),u0);8(0)) - Ax(2).
Her, £(0) RESERESMHETE,0() RAFENHER 4
R 2 Lyapunov 572 ATIT + ITA = - QWEHHEM, b, 10
=1">0,Q >0 f(x,u;0) FIEELE MBS B(: -
T)f(x, ). 383 BRI 6(), FERMASAHLE.
R, YTERELRE y = fx,u:0) KRB AR ORRE
WH KL/ PEEE. C[40] 3 — B A T XF g
B,

HTF OLA WX BETRIT 0(:) WABR Y
H(ERHE M RIEENE B SRR Rk RS . M H.,
R HELMEZTEME K.

4 ETFEMSHH9H % (Methods based on qualita-
tive analysis)

LR  AMER—SREEEXERAERN
EHITHAR , REFANGEEASREEHENAIN. XHRT
E-fEErSETR L XBFEATERAWERY
PR, NI TEREFEEARZRA.

4.1 ETHFiB897 7% (Method based on temporal logic)

HTFELHENAEMHEERSHEIEENXR.H
L, ATLCRAR BRI B HREZ R XR, FRA
NP EENGEEEN TS RIELYHRSAREERE LS
JB¥s R RO R

X[ M FARSHEREERRZE(XRETHSETF
A A R A E R MR I R 1)), 0 P R TR
MR, RE T —K B4 BLE 200 M EKBR(S B E AL A,
BARINERNE, AR ERMEFITAH BLEME
BAERNEIRNE, REREVLEB Y X T 5 &L R s
AL FIAAREDHANGETHREEE, TN ER
HE B

XM ERTHEZRTFAEERXARHRE.

4.2 KA 7% (Methods based on rough sets)

HIREZE (rough set) B B 80 FRVABEZHEX
7. Pawlak JE42 th 9 — 4 T B i gl g R —
FaEAEENAREENEE TR, 68 Bt st it
P 45 B (imprecise ) . /& — 3X (inconsistent ) . A 5% ¥ (incom-
plete) % £ M A &5 8, B AT LAXT B8 4T 4 tr i 2, 3¢
MR AEE ML BREBENREY AFNTeEs 8
R TFATEEE IR REFSHIT HEEST B
B % S

BRI MR SR AR S MR RE—R, AR
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NEBEES U LHFMRR R U HRIGEREGR . R
FRESEROT T RER L, BHER T4 5 & v Z 8% 59 5
RENERETRTHENFLEMNBEE ATFEHLY
R, B—FEWABIE R .

(48 ¥ M RE SR AL = S I COLBC R AR . B G
CHLRGE LB RE LS, R WA & BUE, anfa st
XS AT 400 A T TR L v A RO, R — N R 3
F 56 LA (lower approximation ) 75 3 % Wit 42 3 iy B 4%
#EATB: L7 ; T8 /8 VPRSM (variable precision rough set mod-
)R X HE , KB HBUR BB 2 AT1A 5 BB
—/NERAT R, X RE A BT H AR R R IETYE: . RE
PRI SR HLI , BEREE RS B s b AT U R 4R

BTSN 58 B T X K &2 AL W BUE #1780
B, B RERANE, ATFHERR. AEARERMRE
A A, UM SR B R
4.3 E T Petri F#Y7 % (Methods based on Petri nets)

1962 FFEE M C. A. Pewri ZEABM B LA AL
AEPERERAMREHRELDEGERR. S RGER
JERLL Petri W Z A% . 23 JLTHEH KR, Peui MZE#TE
REWER. T ERE RIFHBARFRBHMEREL
S A EBER TS RaES aBEREAR
RAOBRRNAR. BRRESS, ML LA KK
B X(S3R M T —FE AR A Peti MBS
B SBAREH BRSBTS R
R X BT ATR S Peai MR TE0HE T =% Petri M ; ordi-
nary , inhibitor arc,timed(GX = Petri M i3 L WX [51]). %
. SRR T AE SRR, LR Peri MR, H)
N BRANSHRESTAFER (BHERERER) A Peai M
Gi—Fn . P Peri WA RAMREEIHBR, SEGER
IR BB R B ok B sk B (R (R A, 3R T LUk W B i, X8R
RERE M B F A TR .

XEHEMREE TN RE RN REETRERM
R BEERAE EESH AR, ABELRTEKN
Petri ¥ .

5 HabABIR)HEE TR 75 % (Other method for fault
prediction)
5.1 % T Hough 3 # /977 % (Method based on Hough trans-
form)

B A Hough 7£ 1962 =12 11 Hough FH A EAE L LU
3 ,Hough A e & i F BB AL 3, B REBRIBER
FAREBUE JUERE . Rint 76 M2 A E 38 1 — #3159 Hough
Ap . £ 15, Hough 88 Fi T R BLE 9] F 31 v B 5 %
#a% . SCIS5 PR FR I 35 A T S AL B TR

{5 /il Hough 2 #ui R & BIRE 85U BEE (., 1,) BRSY
B4R AR R H(p,0)

p = t,eosd + x,5ind, 6§ = 0°,1°,---,180 °,

854 Hough &5 , R FF P B BRE X BLE H

BERERPH— A YRAELEH, RESBE-IBE

ERHES SN XX R ERERR H(p,0) P — B,
SufE A R EEE, ELRR H(p,0) ¥ BH
B (] , 33X 3 A N7 220 1 67 10 TR 0K 2 A MR

XF R B R — R AR R B, £ R, 68
BEREMWRBRAEWFER, A EER LR SBRENT
®S ARXFH LA EAT SRR RAEHNRE.
5.2 ZiE%%%] (Method based on space transform)

X SR E e NS LRSS R B
EHEBE EEAFENSSE 11, 2, RGEBEE LTI
T1- T2 - SPE 1, SPE £ 5T /A B! 4 1 5 SE P WL M 1FL
By FEZ I8 T1- T2 - SPE P, IE¥ MBIEEHE P RS
B , TTBSCRRAR 2500 437 7E WU 3], 78 PR RN 3 26 o i i B R
BA AR JILE . BEEMBERIEHEH , MAEZR T1 -
T2- SPE PR — iz SR, AROTHEIE T B X &5
325 3 33 B A IE R , BT DAk Bk i RS e i)

XM RERMEHRERSC A, MAEREE TSN
9 Z B X RGE R IRAR /S
6 SRR 77 %A 8 BY & A (Typical application of

fault prediction)

R G T BEERR SR K — S 7 Ry BT B %
S 3R

A1 SHBREAGLEM L6
Table 1  Application of fault prediction

B % RAFIE ik

MXBOEARE ETKOERGHBERR % [25]
FRTRAME  BETHEMENSERRT % (33)

AT HEPHBENT [45]
Bt s ET Petri RAIF B (53]
KEPLE FF Hough A # iy h B: [54]

7 4518 (Conclusion)

HEBREARRREBARHFT P H— T FNOTE, &
MEERAW RN, RV HEFHER, UL RRE
HRFERKES TaREMNE L. BRI A Bt Fl
BE FHKENRETERR.

EFHEFFIFRMAOFEEENRESHEE. 45
Sep PR R O e, BT 38 I AR A0 i R R O p AR A TR A,
BERGALABY ARMNSERORER, AT ERRH
BERS RN et B v R . YRR e, A B ik
(N2 anst R) FE 51 43 1 i 22 R 48 1k ) AF 2l T i s —
AR R SEE AL RS, BB EFAE —EHRE, T
EH—-LERE.

BN RN RRRE M S RECEF &
XERFFR TR A HEHER, BR R w2 e 3. 5%
R %o BB /N i B B — A B I R TR

ETERMTHTERATERGENERBEEER K
T ZOEA AR ME R  BARRRE T R E K
R AR, B, S E AP S EREEEN REANHE
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(Rpiz:

FES RS W A A 2R R IR FRR X 7E SR B R

WRBEAFFE. 5350, TR e ) R B S R B E M — Y
b, B, AT LASEIR IR SRR A TR B 1) 44 A e TR
TSR

B4 BT B 120F0 B A4 A U P BT AT B R R,

BN ER R SRR TUR (R R A KRR JEE TR
GLROMBETR % .

5 MR BUHR B E T EMELIAAALS & SR BR

LS RSB EWRGEERRTH R EBRFTARE.
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