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Fault Isolability Evaluation Based on Zonotope

WANG Zhen-Rong'  WANG Zhen-Hua! SHEN Yi'

Abstract This paper proposes a new quantitative evaluation method for fault isolability of the linear discrete sys-
tems subject to faults and input disturbances which are bounded but with unknown distributions. Fault isolability
evaluation is an important part of fault diagnosis. In order to improve the existing direction similarity-based meth-
od, we propose a new fault isolability method via using zonotopes. To achieve the quantitative evaluation of fault
isolability, zonotopes are converted into polytopes. Specific evaluation principles and indices are provided. Finally,
numerical examples demonstrate the effectiveness and advantages of the proposed method.
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x(k+1)=Ax(k)+ Byu(k)+ By f (k)+ Byw(k)

{y(k;) = Cx(k) + Dyu(k) + Dy f(k) + D,v(k)
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PR AT DL I PR 45 B SEAEIE B ® 3 BRI
Sof T B B | & G (1) SRR R B A Table 3  Evaluation of data dispersion
AIN L) ZIN
—2 —05 0.12 1.05 W OKE W% (R) WX (o) WOKE W% (R) Wil (o)
A= 05 -3 |"P=| 15 348 5 09128  0.2577 225 01669  0.0349
10 0.7519  0.1758 250  0.1335  0.0297
C = —0.48 - 0.39 D, = 1.0 —0.54 50 0.3501  0.0882 375 0.1213  0.0278
| 10 035 7' 1025 04 ' ' ' '
100 02941  0.0604 450  0.0914  0.0259
|10 19 -1 10 0 175 0.1898  0.0514 500  0.0718  0.0226
o=l 1) om=[3 3 e[ 0)

BEHN u(k)=0, REARMMA T w, v
N R 2 w (k) ~N(0,0.1)s v(k)~N(0,0.5).
ZIRABWPAT AR, H fu(=1,2) &
. DR, RSB 1 e N AOEUE. % 1 A1 2
A THEIE DK s =5 fls =500 215 T for Al
fao WO 20 B PE A VPN 45 2R

® 1 TR 2B ER (s = 5)
Table 1  Fault isolability evaluation results based on
directional similarity (s = 5)

WH PR WH PR WH TR
1 0.0977 6 0.7662 11 0.9239
2 0.7345 7 0.0191 12 0.3114
3 0.1380 8 0.7235 13 0.6323
4 0.4580 9 0.1939 14 0.3153
5 0.2760 10 0.4178 15 0.2760
£ 2 FETH AR 2SN R (s = 500)
Table 2 Fault isolability evaluation results based on
directional similarity (s = 500)

R AR R AR e AR
1 0.6481 6 0.6836 11 0.6811
2 0.6480 7 0.6885 12 0.6734
3 0.6380 8 0.6654 13 0.6559
4 0.6294 9 0.6294 14 0.6289
5 0.6698 10 0.6168 15 0.6610
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s =5 ERBIEMIWEREEILFT 1, BEF DK
FE s (380, #% 25 FOBRAE 22 B398 /0N, Uk BH 45 S 1)
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45 S 11 W 72 R b o 22 R TE — N AR B/ 1R
(R<0.15, 0 <0.03) I, Fifg P s R A 2 fae 2
ATEER, 0 B B, e K s > 250
B, 1Z A A RE SR AT FEVEAN . AR, IR B (]
&K s /MR, 2 FECE 45 R A HERh. B
DATE SE R 120775 0 8 FH 2 52 21 I Ta) 2 1K B K
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2 ETHOMRESHER TS E T
nrH=%

ET LIRS AN BTN RIE
T IRANEE T T AR ABARE TT VAN R, AR SR
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{m(k+1)Aa:(k)+Buu(k)+Bff(k)+wa(k)
y(k) = Cx(k) + Dyu(k) + Ds f(k) + D,v(k)

2.1

He z(k) e R ARGRE, u(k) € RP ARG
A, y(k) e R" N&RGHH, w(k) € R Mo(k) e R
NRGHIAFEMNT I (BETHEES), f(k) € R
[EJRE s W 2, W2 F (k) = [T (k) FI(R)).
¥iff A, B., By, By, C, D,, Dy, D, BHHE
TR R, H I8 R4 B i, Bk R
LSRR N
x(k+1) = Ax(k) + Byu(k) + By, f1(k)+

-4 By, fi(k) + Byw(k)
y(k) = Cx(k) + Dyu(k) + Dy, f1(k
o4 Df“fz(k) + Dv'v(k
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+

)
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bt By M1 Dy 43 91A By F1 Dy 85 i A5 &
Filk) = [f2i(k)  fLRNT, fai(k) RN foi(k) 2250 Byi Al
Dy kI RS R 24 7 [ B 24 0 P T
RYi, RY (5) W UA—— MBI F RS

z1(k+1) = Az(k) + Byu(k)+

By, fi(k) + Buw(k)
y1(k) = Cz(k) + Dyu(k)+
Dfl.fl(k) + va(k)

xzi(k+1) = Az(k) + Byu(k)+
By, fi(k) + Bww(k)

yi(k) = Cx(k) + Dyu(k)+
Dy, fi(k) + Dyv(k)

FAh, BARB RS (5) 5 Gl A
ANTFITEI AR FEA A1, B
[f(B) < f, lw(k)| <w, |v(k)| <D

Hrh, FeR?, weR"FMweR BCH.

HXTFR 2 B AR (Zonotope) J& H1 H Oy FRFRAE
A B R SR R R — AN O R 2 MR, B
Frae R T HO X FRE, 3K o — PR IR AN 8 PR 5t
(R F IR J7 V21 T rp Lo X R 22 B A 14 il e T 40
PEPEAY 75325 1 o JEAER RO X R 22 B A i ik
BT T R G O R 2 AR 4R
A, AT AR AT B 2 6 £ G HH adk ROHH [R] 2
M 5 BN B 2 Gt it 1R H O R FR 2 MR AR AE A
£, X N AT 43 B VR PPAN SR AR B

T SR T RO RR 22 AR (1) B mT 4y 2
VRO, AR SCFRE A B0 B S A i

EX 1. X THRANES S Sy, BATM KK
WL I SN

S1® Sy ={s1+s2:81 €81, s2 € S2}.

Hrp, o RoRK P RIEE A IZ HA 5.

EX 2. — A m G LR Z fufk 2 B p A
s, hm ANMR—HSL R B™ = [-1, +1] (m > n)
(175 SHHE R AR T KIS, R 8 {ha, ho, -,
Ry} CR™ RN LA VEAS e, R I Hh 0 X FR 22
PRI A A R, & SUA

Z = {xeR”:x:p+Zaihi;—l<ai<1}
i=1
F O 2 fifkid N Z = po HB™, K
© N RN, H=[h, ho, -+, hy] € RP*™

M9 Z WA RUERE. N T RS, H Z = (p, H)#il
IR LR 2 AR Z.

PR 1. 525 58 PN HULTRR 22 B, U EATT (]
Al R E — A PO R 2 Mofk, HERAFWT
ES, 45 Zy = p1 @ HHB™ M Zy = py & HyB™2, |

Z=71®7Zy=(p1+p2)®[H HyB™ ™,

MR 2. X T — N R 2 MR R Z =
p@® HB™, W@ 28 v i AR B K Jim A R e i
N—MEAWFRRERER, xR v R

KoZ=Ko(p, H)=(Kp, KH).
Hrh, o BRI SHE HAF 5.

WRYEE X 2, X THEWMARS (5) T RSV
i, WINZ R RGN ¢ SARFN T B F A0
XIFR 2 Ak AT LA IR
z(0) € Z;(0) = (p=(0), H(0))

u € Zy = (pu, Hy)
fi€Zy = (pr, Hy,)
w € Zy = (Pw, Hy)
v € Zy = (py, Hy)

FRPEPE T 1 AR BT 2, AT A5 20T Fros i) R A4
HICREE 4 I 2R G R A R A H PR A i A 1 8 ) o O X R
Z MR R R R
Pz, (k+1)=Ap. (k) +Bpu(k)+ By, py, (k) + Buwpw (k)
@i(k+1) € Zy,(k+1) = (pa,(k + 1), Hy, (k+1))
pyl(k) :Cpasl(k) + Dpu(k) + Dfipfi(k) + Dvpv(k)
Hy,(k)=[CHqy (k) DH(k) Dy Hy (k) DyH,(k)]

i

FH T DAAS 21 AN i A 20 R G i e
MR 2 ARG, T BB, AN [ )
QAT B8 226 R G H it oHH R 2, B CAAS [H] 1)
MR T R G H DR 2 A A T RE S
TEAEASHE, ATy o LUK il R R G
BT 4> B PR, ez, RG] 40 2 b vy
2.2 TN IERRFIEE

TR FH AR O 6 B 2 R A B A A AN TR D
(I W N T SR Sy N N = g G I A L R
IR 2 M AA R — FRRE R S B Y 2 THIAK, B — A
o X FR 22 B AR AR BT LIRS By 4 06 B — A 2 TR RO
JiT AT LUK 22 G H 16 w0 X Rk 22 AR 40 R — A
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Z RIS B3, NI B 28 Gttt (0 A8 5 1R
U R SN N L S L SRV R 7€ i Il LS S 2 AN E 2
T A PR 2 2 T8 27 R D5 325 R DA 5] 245 -

SI3E 290 X T4 I LR R 2 MR Z =
(p, H), WX 2 R ERR P x z <bNy

(] o[t

Hor
+_LH)T -1 ... m
B =temn, =" ’(m%)
@(H):[~-~, (—1)h+1|H[h]\, ...]T7h:17 s

b =P xp+Ab, b =—-P'xp+Ap

Abl = |‘Pl+ X hl|

Hop, HAREMNEREH P m —n+ 1 MRESE
R AR, P RoR PTIISELAT, b RoRb Tl
WIANTTER. AENR SRR, 50K R id A
P = polytope([P; —P*], [bT;b7]).
AR 51 B 2, WA o A0 B R G £
TH A2 23 R RN
P; ={z € R"|P; x z < b;} (7)

Forfr, TRAAR (), AR AR 4 AT X L ) 2R G
TH ) 22 T AR 25 TR R

1 Z2 g8 ) PO BR 2 AR o 2 T R
N FNE e, W SRR B2 AR R A5 o
PUBEAT R AL, AT SEBIRT i AT 70 B 1k Y AL PR
HH 25 1 AR > 22 8] 375 ) 49 31 22 TR AE 21 28 18] A A
IRAZ mAREAD. IR B AL A 2 iR e SOVH
PR AR A ZERR L LA 25 18], X4 AR TR,
0@ e R Ko, XHFr AN Zo® e R BTH A,
™ 2 TH AR AT ZE AN B Py, = Conv(v(l), el v(i)) =
Conv(V) WA AR K™ 2 1R AL 9 TR 4R
ERINJE, A RCEEAS 2 AR KA — AN
i, SR IE 24 73 i T3 1200 R T AT T R AR AR 2
2, RIT B 3 2 AR A AR 24 30

V = volume(P;) = volume(Conv(V)) =

> VIV dn)T(Vin o in)| - (8)
1<ji<<jr<k

H ik, 51N RSk nl 7 B VAN FE b

Vij
Vi =V, T, Y
Horp, My RoREE £ 58 £ 00 BRI S
BARPR, Vi M1V, 25 RoR MR £, Ao 5 s f A8
O R GeH H RS 1) 22 TR 23 (R AR, v 3R

TR T R G000 H 2 T A 2 %5 A S A

O TT 45 5 FLP ALV 0 A 25 A e
B 5 2R A A A e, U 1% 2R S
BT L 564 4 85 7500, 3 85 R 2 0 2
Gty th 3 AR D (60, A2 496 B R 0 R G
SO 04, R G th 0 S PR K, T
4825 TR R, % 0 O T 40 5 R D A
S, PR 61T 4 B P, R, P
2 WY 5y B

B L VPO AR, R T4 T b R
P 0 AT 43 8 D41 0.

BA 1 H T 0 R 2 AR AT 23 B M VRN B
Input: w, w, v, s, fy, fa, -+, fy-
Output: M;;.
1) for a=1:q do
2) for k=1:s do
3) Zyo (k+1) = AZy,, (k) + BuZu(k)+
Bfo Z o (k) + BuwZuw(k);
Zy, (k) = CZy,, (k) + DuZy(k)+
Dy, Zy,, (k) + Do Zy (k);

4) end for

5) for h=1:n do

6) O(H) = [+, (=) Hp, -

7) end for

8) for 1=1:C%"! do

9) P =0®)" /[0 @),y Ab =|Fhi
b = Abi+ (Pp); by =Ab— (F"p);

10) end for

11) Pa = polytope([P+; —P*], [bt;b7]);

12) Va = volume(Pa);

13) end for

14) for i=1:q do

15) for j=1:q do

16) Pij =P N Py;

17) Vi; = volume(P;j;);

18) Mij = Vij/(Vi + Vj = Vi);

19) end for

20) end for

H1 DAL PP4r BB AT LUE Y, ASCHR VR 7
EARRT 2 WL R &, WA &g o T mas e
M2 HOA AT Beas RA RS LR 4. B L
FT O IR 2 AR T TR AR E REAN
WM ZE, 5 BRI ], PR R 1 &
W BAWENE, A2 BN 0K ERR
Wi, A [ R PR N 8] 8 R B2 AF T, AN A AEXS
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R 1) 5 L s 22 Vs 11 L8 SRAN R — 4 ) AL

FEME TR ER A2, BT ZIERER A O
XK 2 ARSI A gk AR E PEIL 7, #AE
L R G R RE  7 I R A E
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Table 4  Fault isolability evaluation results based on
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[ fi f2 f3 fa
fi NULL 1.0000 0.9236 0.4780
f2 1.0000 NULL 0.9236 0.4780
f3 0.9236 0.9236 NULL 0.6411
fa 0.4780 0.4780 0.6411 NULL

M 4 FAT LLE 1) AN R R R 6] AT 43
BRI 2 RBUE AR, M £ 5 f, Z R 5E AR
I3, kR RT 4y BV 45 RN 1.0000; B £/ fo
5 £y Z B W B8, W T A B VPN 45 RN
0.4780. 2) M n] 43 B E 45 AR, BY £ 5 f;
ZIAVR £ 5 f; Z TR RTor B — 2. 3) nl 4 Bk e
UK N fifs = fofa > fafa > fifs = fafs >
f1f2-

2 FH O X RR 2 AR (1) 7 10 3 R R ) i
F(k) BIFZM R R GEPAT 28 W R AL TR MR A T
WHIA, W f.k) <F, HFf=1. FNZTESE
T ARFE T IR FR Sk R H G 7 R e
HBEMa AR, TS BRI, #RAaE
#lw(k)| <@, [v(k)| <o, Kb w = 0.1, v = 0.05. [
FEHb 6 B 18] 3 K s = 500, 45 R A0% 5 Fiok.

5 AW T ARSI IE IR 4y B AN
ZERONE 5 ATLLRIL: 1) #kE £ 5 f, Z A 5E A
ATAR S, AT AR B PR VR 45 BN 1.0000. FLAth B s
o (BT LG 2 8, vl o3 BV R/N & A AR TR 2) )
B T 43 B M 4 AR IR ST RR 1. 3) &Nkt r



1928 H 3

(8

S 48 %

® 5 FETALXIARE MR BRI SR (s = 500)

RO FETALXTRZ MR EYETFN SR (s = 5)

Table 5  Fault isolability evaluation results based on Table 6  Fault isolability evaluation results based on
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