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Abstract: Quantitative evaluation of fault diagnosis ability is important for a control system in its design phase. We
propose a novel approach to evaluate quantitatively the diagnosis ability of a linear dynamic system. To avoid the influence
of disturbances such as process noises and measurement noises on the precision of the evaluation results, we use the parity
space method to convert the problem of evaluating fault diagnosis ability for a stochastic linear system to an issue of
distinguishing the discrepancies of different multivariate distributions. Bhattacharyya coefficient is introduced to quantify
the discrepancies between two different distributions, and then a novel quantitative diagnosis ability criterion is developed
by using rigorous mathematical derivation. The effectiveness of the proposed approach is tested through a numerical
simulation on the model of a satellite attitude control system. The simulation results show that this approach can quantify
the difficulty level in diagnosing a fault, independent from the specific diagnosis algorithm in use.
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1 5|3 (Introduction)
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S5 22 [A) 77 V2 3R B4 M B 25 2R IR 2 2 TR 45 2
H BN I TR R AT TUAR DG AR, A B ] il
RN RT o 5 1 PR A DA ) R A A AN R 22 To R
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2 [ BUEFEHR (Problem formulation)
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z(k+1)=
Ax(k) + Bu(k) + B:f(k) + Byw(k),
y(k) =
Cx(k) + Du(k) + D:f (k) + D,v(k),
1
Hr: x € R IR y € R i u € R A%
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3 W] i2 Wit & 4 PE 4G J7 B5(The approach to
quantitatively evaluate fault diagnosability)
3.1 PH4JRE (Evaluation principle)
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B BLw Al FIME I T MRS, R es I RARTE TS
BENLT Hhes IRMBME A 0. 77 Z A oe KIIERS 310, Bl es ~
N(0,0¢).
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KA Ny A EERE H A2 225 R IEACEE, BR N H = 0.

2 SRR B AN N ESR Ny AR,
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BAH: mﬁ%%%NHFfsin:F‘%%NHEeS—‘E%
WiZ I R G A A 5 5 Ny Lz, BB BNy F f,
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32 ETERKRBKESR M E EDiscrepancy

measurement based on BC)

EL R FR B (BC) 2 & A FIMER A0 Z [ AR
I EE R AR, R BUE RO R IR IZ A7 A AR B,
Hepak Aoy

BC(p,q) = f: V(2)a(2)dz, ()
A 24 AR pHlq a3 3IR 2 TCoM i 2, Ml 2 IR

AR T B b R B FE BTV EEAL S G FTiR AN R
SR A ZE ek, K BT s, 93 B IR R
(Bhattacharyya distance, BD) 115 A

BD(p, q) = —In[BC(p, q)], ®))
HHBD (p, q) AW T EH:

{ BD(p,q) > 0,

(6)
BD(p,q) = 0, when p = q.
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W% R T LS K
1
p(2) = (2) %2 |, [ 172 X
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1
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1
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3.3 ARG BU A0 AT R S 1 Y & 4k $8 AR (Quantitative

criteria of fault detectability and isolability)
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FD(f;) = min[BD(p, 0)],
FI(f:, f;) = min[BD(p, )],
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0 [ 5 WKL, B 10 R W PR 2
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HRAEER 3. NI AT 45 R AT AN A Toibae i AR,
K Q)FT7RIER AR FIHAME A 0. PRI, o f; Ay el e
PEPPASHEAR N

1 1
FD(f,) = min{g lup — 01} = SINuFful*
e3Y)
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[T R8sk
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SIEE 1 TR M AT B, HHREM
HATEOR T HIE, T b
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o 3R RAAZ R Nay ok M 225 R B IEAT R

MRIET B, 15 280 £, 5 f; 2 18] B A) R B v v Ak
Fepx:

1
FI(fi, f;) = m1n{§||up — uqll*} =
HpsHg
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fmln { |[H FHfSJ] Fifall?} =
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KNy p) WFERE[H F;] 2T ) IEATEE.
E A4 RIBERT, R13) IR T R A 4 R
FAEERI, BIFL(f;, f5) # FI(f;, fi)-

MR (13) B 7 e B vy A ) 44 R o s 4
EAVHETEAR AT DL BE PP & RS R B
INARGHIHERER . RESEEHRPE X, 5
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R IR AT S Wt B VP AL P b 3 S R, 1T
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BT G ATR Z B 2 W BV A R b2 — 3
1), B — AR =4, A e — AR ENT TR
S P o R T 0 L AR W R S8 AN BBURR . R, AR SCT AR
IR e A R R = v a DS e a7 R A s 7 - S Y (AL
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34 iF 4 W2 (The process of evaluating fault
detectability and isolability)

T E—/NRR SRR S W R RS, A
ANTTZE Q) B 128 2R e SE IO v S I P DAl
BRI

A SO HRA TR 2R GE s mT A U4 7] B
B AL VP Al U7 5 0 B AR B AR R AR A0 B 1T R, A
BT DURER: AT E B SRR A n Rt vr
AR AT R B P PEAR 38 4. o, A AL 2 Hhy I 8] 514
IR S ) 7 AN TP R 2R 77 ZE R0 B AR BT e A 4k
S ps; AT RS DU AT R B R R B A e AR A ) an =X (1 1)
MR A3) .

"
?%ﬂ%ﬁ%ﬁm
Pl R A ) BT 8 2
()
- ! - ALK B AR AR
EN TSIk $o (1)
K(Q)
}
il IV
KQ)

— i ORI 7 5
e wa%iré%wﬁ
-
— SRR PR R B T ) FEE
(ax

1 s A PP TR
Fig. 1 Flowchart of the approach to evaluate quantitatively

fault diagnosability

HB R TIHE R Ny Fe W75 ZH B4
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PR LIRS

Q=" 1, (14)
HHaa = NyEo, . ETNE.

TEPC T BB I TS AT R 0 P e T
PHEH TR B, BRI, 24110, o f, AR ]
BASMIAIRE B, RADRRA) PRI R U
RTET0 R FRAE, T RARIE AR VB RNk
T AR LA K8 5 1 ol 5 R, B R R P A T

BPERR, SRR S A AR B XA DA (3)
S50, JURHURAS P RAS IRl 8 P — PR A .
4 {HELF(Simulation verification)

A5 UL LRSS H RGN i B, Sk
b TR TR R G A S W v A TR A
TIERERPERIA 5.

41 P EZEFEH R % £ 8 (The mathematical
model of the satellite control system)

=it DRSS ERRGMs) ¥R

Ly + (I, — 1)) wyw, =Ty,

Iywy + (Ix - Iz)wxwz = Tya (15)

Lw, + (I, — L)wywy, =T,
K (i = x,y, 2) 8 DELEIMEME R R 315
B w8 DEESHER KRB HER ERH5E,
T, 3= s BB R &

4 RN IEALIR R KIS ARSI A o D
ORI ) B R/NEI, 188h 27 7T LU )

© = wx +wo,
0 = wy + wo, (16)
QL = W, — Wo¥p,

KHwo A LR FIIE AT

é%%&&%x — (Soa 07 wa Wy, Wy, wZ)T; ?}ﬁ%”ﬁ)\
u= (T, T,,T,)", M T ELEEEH R E AR
H

&(t) = q(z, t) + Byu(t), (17)
Hr:
a(z, t) = g1 @ ¢ a1 a5 a6
q1 = wo?ﬂ + wy,
da = Wy + wo,

Q3 = —Wop + Wy,

@ = (Iy — L)wyw,/y,

Q5 == (IL - Ix)wxwzllyv

¢6 = (Ix — Iy)wxwy/1,,
0

But = e BJ?
IB><3

Bj = diag{1/I,, 1/1,,1/I,}.

PATHURR U3 RS IER 325, E
ity = o, 705K 2 BURER M FE R RS T 2o
PN B IS AR AR 5 S AT H LA AT
T A B OB, 8BS (0 = 1,2, 3) 00 B B R O
fi(§ = 4,5,6) 0 BEURS S, fu(k =7,8,9) N
WRASCHRRRE, A EIAN T P RS2 AN
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{ i(t) = q(z, t) + Buu(t) + By f(t) + Byw(t),
y(t) = Cz(t) + Dif(t) + Dyv(t),
(18)

AH:

Bft =

03x9
BJ 03><6 ’

Bw = Dv = Iﬁ><67
C = -[6><67
Dy = [06><3 IG><6]-

M EXFTEUE H: DREESEHRRGE T ALK
JELetE R G, A ISP 72 A1)
PRGBS RGN 5. Rk, RAMESR L
FEJ7v, BIEA R TAE Mo Mt 2 (18) Bram JE &t
RTINS LA, 153

z(k+1) =
Az (k)+ Buu(k)+Ba f(k)+Byw(k), (19)
y(k) = Cx(k) + D¢ f(k) + Dyv(k),

A SRAER R E) B 2 A dE = 0.01 s; AH R AR B R
GNIZ= ity
dq(z, t)
5 | o=,
1 0 wedt dt 0 0
0 1 0 0 dt 0
—wedt 0 1 0 0 dt ’
0 0 0 1 aw, aw,
0 0 0 pfw, 1 Pw
0 0 0 "ywy yux 1

L d rx=x,

I, — 1,
ST
« I ,
I—1
— V4 th
§=—d,

y
I, — 1,
I,

A=

dt,

03x3
BBy

By, = diag{dt, dt, dt},

Buk -

)

03
By, = 9 .
B;By,  Osx6
MR ESHREIT:

PEREEBRESHIANL = 12.50kg - m?, [, =
13.70 kg - m2M1I, = 15.90 kg - m?; T2 & f 3
&R wo =0.001 rad/s; i A2 R FOULII M 5 73 51 A A
LR IESSfiw(t) ~ N(0sx1, 2.25 x 10710 5,.6)F
v(t) ~ N(Ogx1,0,2). HH

2 _ 8.70 x 10_5]3x3 0343
03><3 4.20 x 1076[3><3 '

£S5 AURSENAKIET R FREHERA, 535
FARADFRA)FRIE R TR LS4 R G b ]
LI AT RS B AT B AG TG, BT a(19) s RS AY
SEAE TAE i s PRI IE T 2R AR B AF 21 1), AR A I 6 s
RGN JRFRRRIE. R, A SCRTHR R TS W I VP A T i
A4 JEIE I, TR TR SR R G SR T i ik
SEIRPPAL.

T TR E R AT A R IR E KR sFI K
RER S £ A R B BN DR RS R AR 12
W I T A 5 SR P
4.2 TAE SR 4T (Impact analysis at different

operating points)

MR F AT URIE: TAE fix, FIA FRE U
e A A b A S T 3R BB AR AL, TR H AR R RE TG
ma. BARRU, FERE AP s EHUE A 5 A F TAE
REVFAIERW,, w,Mw, K, e, R IER.

BRI, AR /N1 T O B AN [F) ) A R B S T
YE R SO RIEEL, AR AR i A9 B R
BERLEFERIRG =TS W AR B L.

B TR AT HI R L b te 2 K FE TR AT, &
BAEEZ103 210 e MEIHITRE, FHK
UTPAGAS R s 2 B X (19) P s B rh s f, 22 fo 1Y
TR T R

BI225 T I U [F] TAE S 3h 2450 £ 1) AT
R DAL 45 5. P T2 AR e 0 m A 0 ] R 5
PEVEAL 45 -5 B2 AL H i TR e A bR, 7R A
B, WNT RS R T LI BE H: ARIZESMAHE
Ruwy, wyMw, EE, FRRXADFR RSN T AR
) AR R AN R CAE s BRI BORS 2R 48 0 A A e
AT R B VPAL 45 B .

v

O, (TR P4 45
S = N WA LN

1 1 L 1 1 1

% 7 6 -5 -4 -3
PRESAEZNBESR
Bl 2 TR RS R 4T

Fig. 2 Impact analysis of fault diagnosis ability at

different operating points
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TAE R s A B A AEAF 2 (19) R RE ARH Y
TCERBE M BRI R AN R FEFETC R, 3E
T T BUZ B s TR ARG I ] P H R IE K (2)
I AR HE B H P AH NG 3R R . SR, HHP T
FEWBE R R AR A T A3 A 1E AL 3 Ny TTAEA]
W, X AR T A DM EA3)Fr 3 ATk 4
FIT R B HEIPAG S5 R 2 B2 Il 4.

4.3 & O B K3 W4 Pt (Impact analysis for the
different length of the sliding window)

KA B FH B3R (19) R TR KA B IR
35 Wi I 2 W A 45 SR B R, A H s UL N
s =23, , 15, EI3HA T R s BEAR I £, T
K SUPESTAS 5 B0, o T84 SO e R PR T
KB I 23 b 25 5 R AT, SO PR

1200 T T T T T T

1000

800 -

600 -

400 .

200

PR f, B0 RS 00 1 VAR 45 SR

0

2 4 6 8 10 12 14 16
A I 1 B
B 3 & B TRAG 45 SR A
Fig. 3 Impact analysis of fault diagnosis ability for
the different length of the sliding window

AT EZE R AR LUR IR BEE I 8 R s 3
i, ADFA3) P15 MR T2 W TR AL 45 SR 3
B A AN BTG SX R 7 I B 1) (R 189, A
R B8 AR HERf AT B RIR IR T, [ 45 MRl 2 2
W Ms < 6, B RIS W VPG 45 RGO
BoNS; M Hs > T, AW R KB R [F
I, B B R sI3E N, SEIR RIS VP4 B 1 2%
(VT B TR R K 3 .

gr BRI, PR AR A S R A A ]
R B P, S~ T B ) R 5 SRR A 1 2 TR R o )
R RGHHRI B, RAKNRE D KEsRE A
s>n+ 1.

4.4 W BE B B B W 43 Hr(Impact analysis for

different fault modes)
FTHA2MAZNTT R T, SIAE OKEs =
7. TAERx, = [B 7|7, 43 AR i =X Bk W {E
PR fo PR AR SRR, £, XA P DS
AP R GHEAT AT AW R AT RS B VPAL . AHOCS S
WEMT:
B=[9x10"* 7x107* 6 x 10| rad,

T=[-3.7x107° 1.9 x 107 4.3 x 10~°] rad/s,
fie=100.1 01 0.1 0.1 0.1 0.1 0.1]%,
+=1[0.1 02 03 04 0.5 0.6 0.7]".

R332 W (B AR X fe PRSI0 426 A AT
KRB PR RAL AL S5 2R

F 1 TAAR M 2 R(FARERE X fo0)
Table 1 Detectability evaluation results for
the constant fault mode f;.

W ATRRINME || R wIRRE
fi 0.0055 fe 0.0002
fa 00045 || fr 1767283
f3 0.0034 fs 176.7283
fa 0.0002 fo 176.7283
f5 0

MFRIPAT LA e 3 TR [, BEIRIX
OB f7 52 fo [ AT AL 1 Bt i (B3 0 176.7283), Bl
WE 2 52 BRI Sl e f1 22 fs AT A I IR 2
(43 51240.0055, 0.0045510.0034); J2 B 2% i % f, A0
o 11 AT AR 00 5 A (2 250.0002), 58 AN 25 5 Ak 4
Yl B URR AR KT f5 N PRSI

A2 TR IR 2 R (O SR X for)
Table 2 Detectability evaluation results for the ramp
fault mode f;,

W AR || R e
i 0.0709 fo  1.7673¢6
fo  0.0590 fr 1.1159%4
f3  0.0438 fs  1.1159%4
fo 17673¢6 || fo  1.11594
fs  1.7673¢6

N3 AR S HOME AT LA B T A R A
foor BBEf1 5 for f15 for foT fas fe T fre [r5 fas fr
5 fe« fs5f5~ foF fabl X fo 5 fe Z AR HRGE, X
FERUONAE TR R G P ol 240 2 A 576
MR A R R A5 M6
BREN N 5B ETE), XPBOYHEERR f..
KA FRA e AIELAX 4 T f AN AT
PRSI, 55 oAb A2 18] R T B B 35 24 0.

X T B i AR 2 f,, LRSI A AT o B PR
g5 o B 24 FTR.

S bR I FI2 AT LA B AR Al Mo i R T,
B £1 28 fo R RTR U MRS & AR 3 K2R AL BE R4S s
[ 2 fo BB R f1 2 f R AT WU (1) PR 32 B DR R
AN, B f 2 fo B AT KLU M3 328 KT f) 2 s AT
WAL £, 5, RIS £ 1 £ 5T TR
A R AR, 0 T AL I 1 75 21 K 3 71 (FH 0.00024 7
H1.7673e6), H. f5 AT BAII O T 3EAR foc, f5 AT
BASI).
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%3 a8 MipE & R(FARREE X f)
Table 3 Isolability evaluation results for the constant fault mode fs.

R f1 fa f3 fa f5 fe fr fs fo
f1 0 0.0055 0.0055 0.0053 0.0055 0.0054 0.0001 0.0055 0.0055
fo 0.0045 0 0.0045 0.0045 0.0044 0.0045 0.0045 0.0001 0.0045
f3 0.0034 0.0034 0 0.0034 0.0034 0.0033 0.0034 0.0034 0.0001
fa 0.0002 0.0002 0.0002 0 0.0002 0 0.0002 0.0002 0
f5 0 0 0 0 0 0 0 0 0
fe 0.0002 0.0002 0.0002 0 0.0002 0 0 0.0002 0.0002
fr 173.0969 176.7283 176.7283 0 176.7283 0 0 176.7283  176.7283
fs 176.7283  173.0969 176.7283 176.7283 0 176.7283  176.7283 0 176.7283
fo 176.7283 176.7283  173.0969 0 176.7283 0 176.7283 176.7283 0

k4 TFE B ITE LS R4S ERE X for)
Table 4 Isolability evaluation results for the ramp fault mode f;,

[ f1 f2 /3 fa f5 fe f7 /8 fo
f1 0 0.0709 0.0709 0.0693 0.0709 0.0702 0.0009 0.0709 0.0709
fo 0.0590 0 0.0590 0.0590 0.0577 0.0590 0.0590 0.0008 0.0590
f3 0.0438 0.0438 0 0.0434 0.0438 0.0428 0.0438 0.0438 0.0006
fa 1.7310e6 1.7673e6 1.7673e6 0 1.7673e6 0 0.0023 1.7673e6  1.7673e6
fs 1.7673e6 1.7310e6 1.7673e6 1.7673e6 0 1.7673e6  1.7673e6 0 1.7673e6
fe 1.7673e6  1.7673e6  1.7310e6 0 1.7673e6 0 1.7673e6  1.7673e6 0.0023
fr 2.2677e3  1.1159e4 1.1159e4 8.3311e3 1.1159e4 8.3311e3 0 1.1159e4 1.1159e4
fs 1.1159e4 2.2677¢3 1.1159e4 1.1159e4 8.3311e3 1.1159¢4 1.1159¢e4 0 1.1159¢4
fo 1.1159e4 1.1159e4 2.2677e¢3 8.3311e3 1.1159e4 8.3311e3 1.1159¢4 1.1159¢4 0

XF HEER3ANART LRI ZEPIAPAS [F) Rt =R
ﬁﬁiﬁfﬂ%f@' ~ f55f8 u&fﬁ'%fz;ZIEﬂi’/PFﬁHBZB%%,
FAXS T foc MR for A AL, oI R MR TR
A RE B PEAS BA FIRE R 3RTE. XA TR — &
¢, AR A SO TS W A PPAG S5 R
Wi Z2 K. R, SRR ) A (13) ATty
A R 8 2 PP I 5 5 5 LA AR
BT

Xf bR 122 4] LAAF H: R]— e 0 s P AN
NTHARREE, BIFD(f;) > FI(f, ;).

FE 6 AR M AT S R P VR S F 4
P BENL TR IUR AIE R O IEZS 70 A, AT S, 78
KO REHRGED, wilo AIRA I fiw~ N (0, 0w ) Flv ~
N(0, o) IR AR S . ZESERR AL, —RdEH R G 2
ERE A

24— B AR G R 5 RE REAL T PO A AN
EMER M, £ R REHwilo A REFY
(B v 0 R PR T AR AT (e 75 . oA (e
P AN Ty 2245 ELN, T Ko A th m] A F AR S
PR TIER % R G B T2 W P AT BAL VA
T 242 (e 7= A E R KNI, ARk eAs

FHEH, 228 5 © SO R SR TR0 IR
5 458 (Conclusions)

HENEHENEREMWEIZERE ), T
— PP RE TP I P R G P2 R AL )
VR 5%, HAFRI T 4518

1) K55 R G BB 0% X B3 2 H)
Y, I3 L8 ik AR AL e 7S S5 T PR 22 B g e oE
TS A 18] J7 VAR B R G N\ 5 O 2 TR Y
FERTIUAR IR, K rl St v Ak A M2 g vt
2 TUHM AN AR 22 7 FEE 4 ) ) A

2) FIANERRETRIEA R R 5 2 75510
W2 F BEAT RE &, BT I EUEHE S, A
SRR PTASI A ] R B VA T R B A T e AR AN
BARTAE; 27 R A I B R G A mT 2 W
PEge, AN S RERRAEEAF K, M5 2HE
HIR;

3) DAEZME DR RS H RS I EE ), &
i TR EAE S R AL AR BE T v, ¥ AR SO W2
Wt PR VAN H T RS, FEE i Ee i B i
TAE B R 0K s PR AR £ AR TR
TEHON B P2 W A 45 SR AR
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