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Fault Diagnostic Method for Nonlinear Systems Based on Fuzzy Parity Equation
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Abstract A fault diagnostic method for actuators in nonlinear systems based on T-S
fuzzy model and parity equation is discussed in this paper. In order to detect and isolate
actuator faults, fully-decoupled parity equations are designed to generate residuals. The
restdual which 1s sensitive to a special actuator fault i1s decoupled from system states,
disturbance inputs and other actuator inputs. The existence condition of fully-decouple
parity vectors is presented. T-S fuzzy model is used to describe nonlinear systems and
the fuzzy parity equation of nonlinear system is given. The faults in actuators are repre-
sented as biases and scale factor changes. A parameter estimator based on Kalman filter
1s designed to identify biases and scale factor changes from the information contained in
the residuals generated by fuzzy parity equations. A simulation example of a nonlinear

aircraft model is given for illustration.
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2.1 ZBABEETFRAE
ZR—TIFXERS
X(¢) = flx(@),u(t),wlr)], y@&) =hlx(D),u(t),w)] (1)
KNP x(WDER NRGERE ,u() ER? APWATARBA ,y(0) CERUAEREGZR L ,wlt) € RN
ZHIA f A AEHERAERERR. E— 1N TIEREL RPN A EEE T &
Ax(k+1) = AAx(k) + BAu(k) + FAw(k)
Ay(k) = CAx(k) + DAuCk) + GAw(k)
X Ax(B)=x(k)—x,,Aulk)=u(k) —u, , Ay(R)=y(E) —y, , Aw=w(k) —w,; A,B,C,D,
FAMG REEHEAIERE. XT s+ 1 TEHFMBEE Aye—) ZE Ay (BHEEDA
AY (k) = HyAx(k— ) + H . AU(R) -+ H AW (k) (3)
H AY(R)=[ Ay (k—s)--Ay (B) ', AUR)=[Au' (k—s)+-Au' (B)]', AW (&) =] Aw' (k—s)
AW (BT,

(2)

- C - - D 0 O =« O° - G 0 O see 07

CA CB D O s+ 0 CF G 0 = 0

Hy= 1| . |, H = CAB CcB D -« 01, H,=| CAF CF G - 0

At : : S : . -
CA*'B CA**B -« CB D_ CA*'F CA°F - CF G._
(4)
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r(k) = vI[AY (k) — H AU, (k)] (5)

He r(BDRBRZE, AU (R)=U. (k) —U,,U.(k)=[u (k—s)ul (E)]) ,u, (k—s),+,u (k)
RIEERNPITHERA U N TESARGHREA Yy ITEME. W THEHRBRAZRES Ax(k)
MLshFA Aw(OXFEE r(OWER, FEMEFHE v H,=0,v"H,=0,A]
vi[H, H,]=0 (6)
RIZEBEAFIER WG AR EEP TS TR ER HE.
TREROGFE THERANEZW, BMMEMPITRNNEREERESE - REP. HT
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REWE, AFEFRERS - I HITHRBAFT R M EEPTITHR A MR, AERZE
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vH, =0, [=1,2,,p (7)
He p AEBRGEHPATES DI v XTI IITE [ BB T EM R,
- D7 0 O wee 0 7
CB~ D 0 0
H, = | CAB” CB~ D~ 0 (8)
CA*7'B* CA*"™*B* =« (CB"™ D"_
A D" B M DB HRIESE L3, Z5 % NE R R B ITes LB, X H—4
T D =d, d; - dpjaB* =|b, by - bp]!,iq:' d;, b( J=1,2,3p) N
D,B F )3 jn] &.
B X PR AT 4% [ SRR SURB 2 FRa & R BN 2 T 3 &4
v H, H, H.,] =0 (9)

FERENCOTREERE R NITES [ BB AR, X R GRS KA RAT a8 %0 A AL 30
BARRRS. G— T Te B RER, RE MM — T RETNIEF.
. BEELHe H. HoJBPAHXKFEEREN 7. MXNO)FIEFH B2

BT BNEFE O WNAERGMAESFHETIHN
s >n,/g—1 (10)

n
5> =+ I, g>(r+p)—1 (11)

X B s ABTEE sn.q.7y pﬁf%ij@#ti‘ R RA i I sh i A P AT 2 A B ZE 5K
A1, (2) 5 Hy , H M H, B2 CRTHLLAERE Ho Ho M H, B 5 R (s+ g
X n, (s+l)q><(s—|—1)rﬂl(s*l—l)qX(S"’rl)(P"”l) WHMER(H, H, H,I8FH
AKTFAHEXPINMBHE N, FBRBOEHE. UK DFEFHRPIAEEZERHF R GT1g>
n, Bl s>n,/qg—1. 3[Hy H., HJ,]JWTHERTIIEHN, 5EO)EH. FriBHEE
'H, H, H, W4EHRGTDgX[nt+GH+HDG+p—1) 105, X (O BIEFMHH TR
KG+Dg>n+GHFDGHp—DLEIE R QD K. XA, ML B ¢ 2 T AT
p Sitsh A r /e, B RBEEW s, 2B ETFENEBEAE. LAEEIEESA
s WIEBR MM H . H, M H, B E LR THKHE.
2.2 ETEMEANEBRAELZETEAE
NTHELEBBEKXETBEAFEESHTIERKERS, CE[315] A T-S SERIHE B £ A 3k
ZERGE. N TE N LIERNEREH T-SERERHA
MR 2, (k) H Sy B z(k) K S, B - WBERER r (k).
XE i=1,2,ym,m HRTHEEERP N 2=z, =2 - =z ] AEHZE A0 KYLE
B, RS HBN B, S AR . (B A RFRE R E. B ERRB BRI 4, (z,(R)).
TS BRI A B &y H

> B:(z(R)) o 7, (k)
r(k) = =L (12)

DB (z(k))
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8. (z(k)) = ]'[,u (2; (k) (13)

§%xﬁETﬂE%r¢%ﬁﬁMﬁWﬁw&ﬁ%E{ A 2 (9) T8 H 87 E DT 85 XT R B 2 AR RS Y
FBmE, ZXNGBEAR TIESXN N RTRE RIFELR TERSHAAD B A FE
PAT R BRI E S E R AR R 2. B 48 7R 2= m] A Ul A0 B B vl .

2.3 WEIRANSEMEITAE
WS RER TR AN
U(k) = U,o (k) + AU (B, U.(k) = U, (k) + AU, . (k) (14)
HEHAE T i BRAMMTE MNaBPREER UGB =[d" (E—s)u" (BT K IT 88 B L BR
BIA U (B)=[u (k—s)u; ()" NS Uio (B)=[uio (B—5s)uo (&) " AR L
PERERIFE X THE S MBATER A BRX GO FMOMRAR A2, FHE EBRENFTITES
BT Hr L FTR),UA

m

Zﬁi(Z) ° [:VE;((HI',O&I(& — 5) _'_Hi,cAU;'(k) + H AW(k)) - .&U (k))]
r, (k) = s -
Eﬂi(z)
i=1
AR (O v, H, o Ax(k—s)=0,v;,H, .,AW (&) =0, R (1O LA LR
Zﬁ; (z) * V}:;HI’,{; ZB;(Z) . VE;Hf,f
(k) = <= Uk) — =1 U, (k) (15)
Z‘B (Z) EBI(Z)
W AT AR %Eﬁﬁ%ﬁﬂ#ﬁ%?ﬂﬁlﬂ?ﬂﬁﬁﬁﬁﬁ‘ﬁm
w, (k) = p(k) » uy, (k) + A(k) (16)

X u, (k) RATEF I BIERRBI A su, (R A LEAGRB S (O A ZIEH T A (k) Nk
Z,EfTREPITH MRS, IEERE ), A58 1 0. A BRBEREEN
5] — 4~ AT 28 B A A 9] B9 ik B iR 25

(O H v H, ., =0,05E r, () 5PA74 | LI REPITHMATLR, TR
BT RARNRENZREZEAEZW. DM EHRTHEEREEHRINERSE (&),
AR AESEWITE | T RITHEURWRFERZE (O B AORARXADH R, FZENE
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r(k) = ¢(k)O(k) + n(k) (17)
H A
0k = [(n(k) — 1), Ak ]" (18)
D8z (k) - vI,H,, SV6.(2(R)) « vEH,
k) = | —— U.(k), —— E (19)
> VB (z(k)) DB (z(k))
| =1 i =1
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E=[1 1 -« 1I'"NG+DpHHE,0 AZHEE ¢ HEHEER () RJENFT T
EZREN RO EBRE AARME R, 208 M(19) By 5 R 5 B3 AR, f f#

S A E R E AR T DR A X SR 2 IER . % S 8 s SRy
0k +1) = 0(k) +g(k) (20)

X e(HRBEAT LT EEEN QO EIEILME. A7) 20 M A RIR

B RO B AT T SRR 0. HEAK M T
K(k) = P(k— D" (B[Rk) + (R P(k— D¢ ()] (21)

(k) = 0k —1) + KB [r(k) —Ppk)OE— 1] (22)
PB) = P(k—1)+Qt—1) — KIS RP—1) — KBS QR —1)  (23)

Hoh K(R), P(k) g 25 REFTH 7 25 BE. (1 @C&) AT HHE M PHAT 28 kil B 455 29 1 3 %L
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Fig.1 Membership function for mass Fig. 2 Membership function for Mach number
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Fig.3 Estimates for fault model of actuator2 Fig.4 Estimates for fault model of actuator?2
in case of varied working point
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