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This paper presents an adaptive Generalized Likelihood Ratio (GLR) test for multiple Faults Detection and Isolation (FDI)
in stochastic linear dynamic systems. Based on the work of Willsky and Jones (1976), we propose a modified generalized
likelihood ratio test, allowing detection, isolation and estimation of multiple sequential faults. Our contribution aims to
maximise the good decision rate of fault detection using another updating strategy. This is based on a reference model
updated on-line after each detection and isolation of one fault. To reduce the computational requirement, the passive GLR
test will be derived from a state estimator designed on a fixed reference model directly sensitive to system changes. We
will show that active and passive GLR tests will be mixed and give interesting results compared with the GLR of Willsky
and Jones (1976), and that they can be easily integrated in a reconfigurable Fault-Tolerant Control System (FTCS) to
asymptotically recover the nominal system performances of the jump-free system.
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1. Introduction

The diagnosis problem can be splitt into two steps: gen-
eration of residuals, which are ideally close to zero under
no-fault conditions and minimally sensitive to noise, and
residual evaluation, namely, the design of decision rules
based on these residuals. This problem has been solved
by many approaches: observers, parity space and fault de-
tection filter. All these approaches are focused on resid-
ual generation, but are missing an appropriate test for a
decision. In this work, we will develop a method which
takes into account the residual generation problem based
on a Kalman filter, associated with a GLR test decision for
multiple faults.

The GLR test has been used in a wide variety of ap-
plications including the detection of sensor and actuator
faults (Willsky, 1976; Willsky and Jones, 1976; Deck-
ert et al., 1977), electrocadiogram analysis (Gustafson et
al., 1978), geophysical signal processing (Basseville and
Benveniste, 1983), and freeway supervision (Willsky et
al., 1980). For sequential fault detection in discrete-time
stochastic linear systems, the GLR test includes the fol-

lowing steps:

1. Detection and isolation of one possible fault by ap-
plying a GLR detector for the innovation sequence
of the Kalman filter designed on the jump-free sys-
tem.

2. Updating the Kalman filter using the fault magnitude
estimate by the GLR detector.

3. Go to Step 1 to detect, isolate and estimate another
possible fault from measurements immediately avail-
able after the detection time of the last fault.

Following the notation used by Willsky (1986) or
Basseville and Nikiforov (1994), the updating strategy of
Willsky and Jones (1976), based on the incrementation of
the state estimate 2, and its error covariance matrix P, of
the Kalman filter, proceeds as follows:

aper = a9+ oy (k, 7) — By(k, 7)] o(k,7), (1)
prev = pld ok, 7) — B;(k,7)] P¥ (k, 7)
x i (k,7) — B;(k, )", )
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where (£7¢%, PPev) and (2914, PP!?) represent respec-
tively the new and old state estlmates of the Kalman fil-
ter, v (k;,7) and §;(k;, 7) are the fault signatures on the
state and the state estimate, 7 is the estimated time of fault
occurrence and (7(k, ), P”(k,)) is the estimated fault
magnitude produced by the GLR detector, immediately
after the updating strategy (1). The innovation sequence
of the resulting Kalman filter is given by

,ylrczew — ,Yold —pj (k )ﬁ(k‘ ’ﬁ)7 (3)
HPew = HY' + pi(k, #) PV (k. #)p; (k, W), (4)

Some criticism of this updating strategy includes
what follows:

e What is the significant meaning of (£7¢*, P{**"") and
(,y]:;leu) H’ﬂew)‘?

e Consequently, what are the stability and convergence
conditions of the resulting Kalman filter?

e The threshold level of the GLR detector must be cho-
sen to solve a trade-off between fast detection and
accurate fault estimation.

e ~;¢? is not guaranteed to be a minimum variance

white innovation sequence, which a necessary con-
dition to minimize the rate of false alarms.

The first part of the paper presents an active GLR
test. We will show that the updating strategies (1) and (2)
have significant meaning for the Kalman filter designed on
a new reference model including the original state vector
of the system and the states of faults detected and isolated
during the processing. The stability and convergence con-
ditions of the augmented state Kalman filter designed on
the new reference model will be established.

To reduce the computational requirement of the ac-
tive GLR test, the second part of this paper presents a pas-
sive GLR test. Based on the augmented state Kalman fil-
ter designed on a fixed reference model including all the
states of hypothetical faults at the beginning of the pro-
cessing, the updating strategy will be based on the incre-
mentation of the state estimate and the state estimate error
covariance matrix after each detection of one fault as in
the work of Willsky and Jones (1976). Less powerful than
the active GLR test, we will show that it can be mixed with
the active GLR test to derive a complete strategy allowing
the treatment of the appearance and the disappearance of
sequential faults. In the last part, we will show that the
active and passive GLR tests can be easily integrated in a
reconfigurable Fault-Tolerant Control System (FTCS) to
asymptotically recover the nominal system performances
of the fault-free system.

2. Active GLR test

The first part of this section classifies the meaning of the
auxiliary innovation sequence (3) and (4) used in the mod-
ified GLR test by showing that (1) and (2) are included in
the augmented state Kalman filter,

{ plar ] = Xpy1 = AXy + Bup + Kpye,  (5)

Vk+1
Py B ]
v v = Q
[ P Py e
= AQ, AT + TWTT ©
— AQCT (CQCT + V) ' C0 AT,
Ky oA A
Ky = { ij ] = ACTH, ', Hy=00CT +V,
k
0
designed on the new reference model h; rewritten as
X1 = AX) + Buy, + f‘wk, (8)
yr = C X + vy ©)

-[3).

where 21 = 23¢9 and P, = B}'[Y represents the
maximum likelihood prediction of the orlglnal state xj, but
belonging now to the augmented state X.

Theorem 1. In the two-stage Kalman filter of Fried-
land (1969), which optimally implements (5), the updating
strategy rewritten as

Tpr1 = T + Gk + 1, 7)0(k + 1,7), (10)
Piy1 = Poy1 + Gk + 1,7) P (k+ 1,7)¢ (k +1,7)7T,
(11)

has the following meaning:

° (§k+1, ]5k+1) is the state prediction of the jump-free
system,

o (Zpt1, Pry1) is the reconfigured state prediction of
the faulty system

o (U(k+1,7),PY(k+1,7)) is the prediction of the
fault magnitude,

and is optimal under extremely well estimated 7 if the aug-
mented state Kalman filter (5) is correctly initialized at the
detection time of the fault with

o160 ]
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Q
[0 GO pin]lo

from the quantities (Zx,Py), (0(k,7), P"(k,7)) and
¢;(k,7) given by the GLR detector.

Proof. Attime t; = 7 + p;, () represents the minimum-
time prediction of v given by

ﬁ(tj +1,7)
= [(car g a1 (can )]

Gk 7) r

x (CAP = )T H Ay, (13)

P+ L7 = [(Can ) (0a )]

(14

under the assumption that v has an infinite a priori co-

variance since g;(k,7) = 0 for k < t; and p;(¢;,7) =

CAPi~1 f;. Thus, the updating strategy (10) and (11) ap-
plied at time ¢; is given by

Ty,41 = ZToq1 + Gty + 1,75)0(t; + 1,7), (15)

Py = Py + ¢t + LAPY (G + 1L, (16)

and can be used to define the Gaussian state prediction of
the initial state X;, 1 as

% — Tt;41
th+1 - |: l)(tj _|_ 1772) :| ) (17)
Qtj+1
— P Gty +1,7)P”
PY(t; + 1,A)¢(t; + 1,7 PY(t; +1,7) |

The augmented state Kalman filter (5) can be im-
plemented from the two-stage Kalman filter of Friedland
(1969) (see Appendix) described by

Tpp1 = g1 + GV, (18)
Pit1 = Peri + Gt P Gl (19)

where (Zj41, Pry1) are given by the Kalman filter de-
signed under hy,

Tp1 = AZy + Buy + Ki(yr — Cy,), (20)

Piy1 = AP AT + W — AP,CTH, 'CP. AT, (21)

Ky = AP,CTH, ', (22)

H, =CP.CT +V, (23)
where (D41, P, ) are given by the fault filter

Der1 = U 4+ Ky, (24)

Pl = Py — PlogHy tor P, (25)

K¢ = PYolH, !, (26)

Yk = Yk — OkVk, (27

Hy. = Hy + ox P of (28)

From the coupling equations

Chr1 = (A = KrO) G + f5, (29)
o = C, (30)

the initial values of the two-stage Kalman filter are

Ty I —¢, 5
[ tj+1 } = [ 0 th*l :|th+1

ﬁtj-i-l
_ %tﬂrl
“[oein] e
[ ptj-i-l 0 }
0 Ptl;+1
T
|1 _Ctj-i-l 0 I _Ctj-i-l
1o 1 EARN ! 1
[ Py 0
o { 0 P”(tj +1,7) ] ’ (32)

with G¢; 41 = ((t; + 1, 7).
After some manipulations, ¥ can be rewritten in the
form of a recursive filter,

ok +1,7) = i(k,7) + K¥v, (33)
PY(k +1,7) = PY(k,#)

— P oj (k) Hy 0P, (34)

Ky = P¥(k, 7)) (k,#)H, ", (35)

e = Ve — 05 (K, 7) i, (36)

We can verify that (24) and (29) optimally implement
(33), completing the proof of Theorem 1.

To avoid the trade-off between fast detection and
accurate estimation, we conclude that the innovation se-
quence which must be used to detect, isolate and estimate
a new fault is the innovation sequence of the fault filter
(33), and (33) equals the auxiliary innovation sequence (1)
and (2) used in the modified GLR test. This innovation se-
quence is also the innovation sequence of the augmented
state Kalman filter guaranteed to be a minimum variance
white innovation sequence allowing the design of a GLR
detector. |

Theorem 2. After having initialized the augmented state
Kalman filter (5) at the detection time of the first fault with
the help of Theorem 1, another possible fault can be de-
tected, isolated and estimated by the following GLR de-
tector:

Ti(k, 7 — pi)} > &, 38
ie[lﬁ%v}i#j{ (k7= pi)} > € (38)
ew

7
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with
Tinew(k’r) _ b?ew(k’r)Qa?ew(k,r)fl’ (39)
k
a?ew(k‘,’l“) _ Z [ new(t ’I“)]TH lgnew(t 7“) (40)
t=r+p;
k
by (k) = Y [ope ()T Hy (“4D)
t=r+p;

where the new fault signatures o7 (t,r) are recursively
computed as

G (b +1,7)

0
C¢e (k,r), (43)

= (A - KO) ¢ (k,r) + { Ji ] , (42)
new(k 7,,)

v (r,r) = 0, where (" (t,r) represents the additive
effect of a new fault on the augmented state prediction er-
ror of the Kalman filter (57).

Proof.  The fault hypotheses denoted by h}** for ¢ €
[1,...,N]and i # j can be modeled in relation with the
new reference model (8) as

Xpr1 = AXy, + Buy, + [ fz(lg’ ) } v (k)

+ Twy, (44)
yr = C Xy, + vy, (45)

and can be confronted with the augmented state Kalman
filter (5) as

hy E(v;) =0, t<r (46)
hi® s E(y) = e (L, r)v™, k=t >r,  (47)

i €[1,...,N] and i # j, where the additive effect of
h*" on its state prediction error

ey A
{ ];:|:Xk_Xk
€L

and on its innovation sequence vy, = Yr — CXj, is de-

scribed by (42) and (43).
We have
E{(W—t — BE(ve—e)) (e — B(w))"} =0, Vvt <k
(48)
and ol"*"(r,r) = 0, and so until oI**(r + p; — 1,r) =

0, where ¥ (r + p;,7) = CAPi~1f; (the detectability
indexes p; have not lost their significant meaning). Hence,

the likelihood ratio between A" (¢ # j) and h; is

AP (k, 07

k
1 new new
o (=} 3 s )

— =t . (49)

k
exp (—% ) ||%||i-,,>

t=r—+p;

Based on measurements up to time &, the maximum
likelihood prediction of v™*" conditioned on 7 is

e (k+ 1,7)

—1
Z Qnew t, 7" TH 1 new(t7r)‘|

t= 7’+P1

X Z o (t,7)Hy . (50)

t=r+p;

Substituting (50) in (49), we obtain the log-
likelihood ratio

Tinew(k7 7,,) _ 210g()\?ew (/f, r, phnew (k +1, 7"))) (&2))
Thus, if

T (k, 7

K3

7 > )
ie[l,...,J{/I]lfirzie[o,...,k] p )} ©

then a new fault is detected and isolated from (j,7) =
arg max{T"*"(k,7 — p;)} and its estimate is given by

o(k+1,7) = a} (k,7)~'07" (k, 7), (52)

PY(k +1,7) = aj*"(k, 7)t (53)
with # = 7 — pj» which completes the proof. [ ]
Theorem 3.  The first step of the active GLR test de-

scribed by Theorems 1 and 2 follows the minimax strategy
developed by Basseville and Nikiforov (1994). The Kull-
back divergence between hj'°" and h; given by

k

Z[ new(t ’I“)TH 1 new(t ’I“)] (Vnew)Q

t=r
(54)
and satisfies

5 (k) =

is maximized with respect to V"V

orew(kyr) > gi(k,r), where

k

37 it )T H Yoi(t )] (70)? (55)

t=r

bi(k,r) =

is the Kullback divergence derived from the modified GLR
test. The rate of good decisions will then be always supe-
rior to those obtained by the modified GLR test.
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Proof. From the equations of the Kalman filter, the fault or
hypotheses h;'“* can be confronted as

Az(k’ 7,,’ VTLEUJ) (66)
hj: 3= o t<m (56) 1o
pnew = exXp ( - 5 Z || (’Yt — OtV
Ay = oi(t,r) o | { Jold ] ) (57) t=rtpi
— [oi+ o) 12,

k>t>r+p;, i€]ll,...,N]fori # j, where v° 1

R . . . 4 — o~ 2 -1
can be viewed as a nuisance parameter. Using the optimal X [exp ( Z [ (’Yt Ot I/t) I Ht )] .
prediction of v°!¢ under h; and h*** given by ;1 and t=r+p; '

D1+ CY(t+ 1, m) v, respectively, where ¢V (t + 1,7)
describes the additive effect of the new fault on the bias

From the transformation

filter (33) given by | T =G
=10 1
Gt+1,r) = = K{0)G (t,r) — K{ 0i(t,r) (58) used in Appendix, let
with ¢¥(r,r) = 0, the fault hypotheses (56) and (57) can TCre (k,r) = [ Cli/(kv r) } .
be equivalently confronted as ’ ¢ (k)
X Thus, the new fault signatures (42) can then be equiva-
hj: A= oy,  t<, lently computed as
new . L ‘ Vnew 4
hi oMt = [ Qz(t;r) Ot } |: ﬁt+1 +<;/Vnew :| ’ Tk+1cinew(k+177”) —_ S(k,?“)—l—T]H_l |: J(()‘z :| ,
(59) new ~rp—1 new
0 (k) = CT TG (K, ), (67
t>r+p;, i€[l,...,N]fori = j,or s(k,r) = Thp1(A — KO
X TG (1),
hj: E@:—o041) =0, t<r, (60) :
new = ~ v, new leadlng to
R E (Y — o) = [oi + 0TV, (61)
t>r+p,i€(l,...,N|,i#j. CY(E+1,7) ¢V (k,r) 0 |’ 68)
new _ Ci(ﬁ T)
The likelihood ratio between (60) and (61) gives o7 (k) =C[ T G ] [ C(rr) |
)\?ew(k7 7 I/neu;) (62) with
L M_{A—ch 0 ]{Q(l{,r)}
=[em (=5 X 10— ek?) (e - ein)I2-1) ~KyC I-Kfo || (k1)
t=r+p; fz
k =+ )
1 e X 0
X exp(— 5 Z ||(I— gth)(% — otV
t=r+p; |: Ci(ra T) :| =0
¢ (r,7) ’

—1
— [0 + 0 ;/ pnew 2 . ,
[ ] HQf ))} where (68) gives 0" (k, r) = 0;(k,7) + oxC/ (K, 7).

We conclude that (66) is equivalent to (49). From

where the two-stage Kalman filter results, we can verify that
Qi = (I — ot KY)H(I — 0 KV)T (63) PY(k+1,r) = a(k,r)~! satisfying the following Ric-
cati difference equation:
since 0 0
0 PY(k+1,7)

Nt — Ol = (I — 0:K!) (3 — 0¢04) (64) o _ _ _
Yt — OtVi+1 ( Oty ) (% Ot t) B AQAT 477 — KkCQkAT 0
- 0 [I— K;’Q”e“’] Py |’

0i(t,r) + oGl (t+1,7)
= (I — 0K?) (0i + oY), (65) )
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where

KY(k,r) = P} ot T [CuCT +V
4 Q?ewpy Q?ewT] -1

minimizes the trace of PY(k + 1,7) (and where the gain
of the augmented state Kalman filter K; minimized the
trace of ;4 1), and the Kullback divergence 67" (k,r) =
[P? (k, 7“)]_1 (vew)? is then maximized with respect to
v, We have that

Qi1 0
0 Prk+1,r)

is equivalent to

Pyiq 0 0
0 Pry+¢Prey™ ¢rprmt | (70)
0 Pyt Py

From (70), the Kullback divergence between h;*"
and hg can be expressed as
[ old }T[ Py + crprer™ crprt ]1{ old ]

new v—1 0T v new
v Py ¢ P; v

Vold_ v new T PY 0 -1
=[ o b D) )

K3

ld
" |: VO _Cg/ynew :|

Vnew

The Kullback divergence (71) attains its minimal
value 67¢% (k,r) = [P (k+1,7)] " (v"*)? for vold =
¢V (k+1,r)v™e™. Hence we conclude that the first step of
the active GLR test follows a minimax strategy (see Ap-
pendix), which completes the proof of Theorem 3. Based
on an inductive reasoning with the help of Theorems 1 and
2, the proposed active GLR test is then derived leading to
a GLR detector of the form

{17 (k7 = pi)}

>e, (72)

max
i€[1,...,N],i[jumps already treated] 7€ W

where the state vector
Xp=[af @ )"

of the reference model (44) includes ¢ states of faults

T
v =[vi ... vl ]
detected and isolated during the recursive processing.
In the work of Basseville and Nikiforov (1994), the
off-line statistical decoupling of nuisance parameters is
reduced to a static decoupling problem in a regression

model. Our active GLR test solves on-line a dynamic sta-
tistical decoupling problem by rejecting the nuisance pa-
rameters which are statistically significant (see also Ap-
pendix). Under the multiple faults detectability and dis-
tinguishability conditions of Theorem 1, the augmented
state Kalman filter is guaranteed to be stable at each step
of the recursive treatment. With this implementation, the
estimation of faults detected and isolated during the pro-
cessing will be improved from measurements available af-
ter their detection. In the case where the old faults are
extremely well estimated (the fault prediction errors do
not converge exponentially to zero as the state prediction
of the jump-free system but only asymptotically), then
ore(kyr) = d;(k,r) and the GLR test coincides with
the modified GLR test. [ ]

3. Passive GLR test

The passive GLR test is based on the assumption that
faults occur frequently. Hence, assume that the fixed ref-
erence model denoted by Hy is described as

Xk-i—l = AXk +Buk —|—I_‘wk, (73)
yp = C X}, + v, 74
with
- A F = B
Lo v ee[5]
_ I _
- 0}, c-[c o],
_ [ @,
Xk - Vg :| )
the augmented state model including all jump states
Vk:[yé vl I/]iv}

that we wish to detect and isolate. From (73) and (74),
the described fault hypothesis /; can be viewed as an im-
pulsive abrupt change in the j-th hypothetical jump state,
modeled as

V] =Vl + Auvdy, Vi€EL,...,N], (75)

where r is the unknown occurrence time of the impulsive
abrupt change, Av is the jump state increment and g,
is the Kronecker operator. Substituting (75) in (73), we
obtain the impulsive fault hypotheses, denoted by h%*, de-
scribed as

Xiy1 = AXy + Buy + f7(k,r) AV (k,7) + Twg,
ye = CXp + v,
(76)

with Avd(k,r) = AvIdy,.., fjA(k, r) = fjA(S;m, where
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and
'=[0o ... 1 ... 0]

has unity in the j-th position and zero elsewhere.

Based on an approach very similar to the modified
GLR test, is the augmented state Kalman filter designed
on the reference model (73) and (74).

Xk+1 = AXk + Buk + Kk(yk — C'Xk),
Qk—i—l = AQkAT + fWFT
— A, CT (Hy) ™!
Ky = AQ,CTH, Y,
H;, = CQkCT +V,

CO,LAT, (77)

The additive effect of the impulsive jump hypotheses th
on the state prediction error and on the innovation se-
quence of the augmented state Kalman filter propagates
as

ert1 = Erp + (O (k+1,7)Av, (78)
Ve = Yet1 + 05 (k,m)Av, (79)

where €41 and 7, represent the state prediction error
and the innovation sequence on the jump-free system, and
(& (k+1,7) and o5 (k, ) propagate as

(Rk+1,1) = (A— K O)P (k. 7),
Gy = £,
Qj (ka ) = CCJ (k,’l‘), (80)
Thus, we can apply the following GLR detector:
TAk — p.. 7 81
j€[17~~r~r}]%ffew{ i (k= piT)} > e (81)
with
T (k) = 02 (e (k) ©
k
= > ofT(t,n)H; Yo (t,r),  (83)
t=r+p;
k
b?(k,?") = Z Q?T(t,T)Hflfyt, (84)
t=r+p;
If
mag({TjA(k —pj T} > €,
J, T
then

(ia ﬁ) = arg HJIE::X {TJA(ka r—= p])}
and the impulsive fault h# is declared to occur at the time

when 7 = 7 — p;, with

Av(k+1,7) = af (k, )" 102 (k,7),  (85)
PAY(k+1,7) = af(k,7) ! (86)

representing the maximum likelihood prediction of the
fault increment Av (under the assumption that Av has
an infinite a priori covariance ). At the detection time of
the first fault, the tracking ability of the augmented state
Kalman filter (129) can be improved from the updating
strategy as

Xpew = X+ Ak + 1,7)Ab(k + 1,7),

new __ Qold
k+1 = Y%kq1
+ Ak +1,7)PA(k+ 1,7 (k+1,7)T

(87)

In our case, the state of the matched filters given by
CJ»A(k, r) is spanned in the trajectory space of the predic-
tion errors of the augmented state Kalman filter. Thus,
(87) substituted in the augmented state Kalman filter (77)
improves its tracking ability without producing a possible
instability on the resulting filter (under the stability and
convergence conditions of the augmented state Kalman
filter given by Jamouli (2007)). The treatment of another
impulsive fault is then obtained by applying the GLR de-
tector (81) to the resulting filter after having reinitialized
(R (k,r) = 0,Vj € [1,..., N] immediately after the fil-
ter incrementation. The new initialization (139) allows
E(X 7ew) to reach the true system state very quickly (and
E(+:) to reach zero for fault compensation, consequently)
avoiding the detection of the same fault several times.
From inductive reasoning, the passive GLR test is then
derived and consists of the following steps:

1. Detection, isolation and estimation of one impulsive
fault with the GLR detector (81).

2. Updating the augmented state Kalman filter (77) with
(87) to improve its tracking.

3. Goto Step 1.

Sequential multiple decision theory is not complete
and the choice of the threshold level € is not studied in this
paper. However, some simulation results not presented in
this paper show that only the statistical tuning parame-
ter € can be fixed at the beginning of the processing (this
is not the threshold level which is adaptive, but the aug-
mented Kalman filter). If the updated reference model
(8) is substituted into the fixed reference model (73), the
fault hypothesis h* can model another jump among the
old changes or also the disappearance of the old jumps.
In this case, a mixed active/passive GLR test can be de-
rived for a complete strategy allowing the treatment of the
appearance and the disappearance of sequential faults.

4. Reconfigurable fault-tolerant control
system

The purpose of this section is to show how the active
and passive GLR test can be used in an FTCS. A Fault-
Tolerant Control System (FTCS) is a control system that

Gamcs



amcsh

H. Jamouli et al.

possesses the ability to accommodate system component
failures automatically. The existing methods for reconfig-
urable controller design include a linear quadratic regula-
tor (Looze et al., 1985), eigenstructure assignment (Jiang,
1994), a multiple model (Maybeck and Stevens, 1991),
set-membership approaches (Puig, 2010), adaptive con-
trol (Bodson and Groszkiewicz, 1997), a pseudo-inverse
(Caglayan, 1988) and model following (Huang and Sten-
gel, 1990).

Recently, Mahmoud (2008; 2009) and Rafi et al.
(2010) proposed a kind of stabilizing controllers for fault
tolerant control. For fuzzy systems (Tong et al., 2008), a
new FTC approach is developed taking into account un-
certainties in system models (Rodrigues, 2007). In gen-
eral, an FTCS works as follows: a suitable Fault Detec-
tion and Isolation (FDI) strategy identifies the faults and
their estimates are used to generate additional input sig-
nals which are superimposed on the nominal control in-
puts in such a way that the influence of the faults on the
regulated variables is rejected.

To integrate the standard GLR test in an FTCS, Will-
sky (1976) proposed a control law of the form u; =
—Lz3°". To do the same with our active GLR test, Sec-
tion 5 proposes the design of a Linear Quadratic Gaussian
(LQG) regulator (Anderson and Moore, 1990) of the form
Up = ~LX 1, where X r will be the state prediction of the
updated reference model, thus reconfigured on-line after
each detection and isolation of one fault.

Our FTCS is only designed to reach the unique goal

klim E(yr) =0 subject to r<oo, (83)

or, in other words, to asymptotically reject the effect of
faults on the system output (the reference input will be
maintained equal to zero, avoiding the need for a recon-
figurable feedforward control law). The proposed FTCS
is based on the active GLR test integrated via a reconfig-
urable control law designed on the model

Xk-l—l = AXk + Buk + fwk, (89)
yr = O Xk + v, (90)

where the main problem in reaching our goal is that the
pair (A, B) has N uncontrollable modes (under control-
lable (A, B)). The reconfigurable control law of the form
ur = up — Giy, will be designed in such a way that
the nominal control u} = — Lz, of the jump-free system
(obtained by an LQG approach on an infinite horizon) is
reconfigured on-line after each detection and isolation of
one impulsive fault by the additive term G.

In order to design G in relation with the available
nominal control law, we assume that the implementation
of the active GLR test is based on a two-stage Kalman fil-
ter, the only optimal filter which gives the state prediction
of the jump-free system . Thus, let

up = uyp — Guy, 91)

be the control law that we wish to design for a physical
rejection of faults v;. Under the state transformation

HE G

the system (89) with (92) can be expressed as

][ ]

k
|0 ]t -cm. ©04)
p=[C —CT}HH, (95)

and the physical rejection of faults will be obtained if and
only if 7" and G satisfy the algebraic equations

(I-AT+F=-BG, (96)

CT =0. 97)

Under the existence condition for a solution to (96)
and (97), i.e.,

rang

A-I B -F I-A B
c 0 0 ]:rang{ C 0}’
(98)
for the gain GG of the control law (91), the solution of (96)
yields
G = [CU-A)'B'C(I-A)'F (99)

and T = (I — A)"Y(BG — F). Under (99), (93) gives
:L_'kJrl o A O fk;
el Y IS B
o0 ] g w0
= C 0][3:]4—%, (102)

where Zj, represents the state of the jump-free system.
Thus, under (A, B) controllable, the LQG regulator u}} =
— L2, can be designed on the jump-free system hq (from
the separation principle) to obtain the nominal system per-
formances (not defined here). The reconfigurated control
law, which reject ¢ fault uncontrollable modes, is given by

U = —E{%k - Gﬁk (103)
from the two-stage Kalman filter or, equivalently,
I =G I G Iy
il Il $0]

G—LC][?Z}, (104)

ll

ukz—[

- [L



A mixed active and passive GLR test for a fault tolerant control system
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Fig. 1. Reconfigurable FTCS scheme based on the active GLR
test.

from the augmented state Kalman filter. Note that, after
each detection and isolation of one fault, the nominal con-
trol law uj, = — L7} is not affected by the active GLR test
but only corrected by the additive term G7y, depending on
the old fault estimate (improved with the measurements
available after their detection). The active GLR test de-
pends only on the state prediction errors of the Kalman
filter decoupled from uy, and we can propose the recon-
figurable FTCS scheme of Fig. 1.

The reference model used for the design of the con-
trol law GLR test coincides with that used by the GLR
test. After each detection and isolation of one fault, the
reference model is updated with the new state of the fault
and the three parts of the FTCS, i.e., the GLR detector, the
Kalman filter and the control law, can be reconfigured in
harmony by the reconfiguration mechanism. To reduce the
computational requirements, the passive GLR test work-
ing on a fixed reference model can be used but the sta-
tistical performances of the reconfigurable FTCS will be
closely related by the rates of false alarms and good deci-
sions of the statistical test used.

5. Results

To illustrate the proposed approach, we considered the
system described by the following matrices:

(06 02 0 0 [0 17

0 02 01 0 10
A=109 0 04 01| B=|0o 1|

0 0 0 05 10 |
(105)

(1 0 0 0 1 (1)
c=1010 0]/, F=11 ||

00 11 01|
(106)
W =001, V =05I, (107)

where I is the identify matrix of the appropriate
dimensions. Faults isolability is guaranteed with
rank [CAfy CAfs] and F = [f1 fz2]. The statistical
variables describing the performances of the reconfig-
urable FTCS coincide with those describing the perfor-
mances of the statistical test. Thus, by simplifying the
Monte Carlo simulation, the proposed example will be re-
alized in open loop.

In the field of dynamic systems, the signal-to-noise
ratio 0;(k,r) is generally greater than the signal to noise
ratio is in the fields of electrocardiogram analysis or geo-
physical signal processing, and the size M of the sliding
window W = [k — M < # < k] can be generally chosen
small.

First, we suppose one fault occurred at 350 s with
magnitude 2, and obtain the results of Fig. 2.

6

i
J e

0 L L L L L L L L L
0 50 100 150 200 250 300 350 400 450 500

Fig. 2. First state component and its estimate produced by Will-
sky’s algorithm.
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Fig. 3. Second state component and its estimate produced by
Willsky’s algorithm.

In the first case, the results show that the proposed
state estimate given by our filter is more adaptive to the
fault occurrence than Willsky’s algorithm.

In the second case, we suppose that two sequential
faults with magnitude 2, occurred at 350 s and 400 s. Fig-
ures 3-21 display the corresponding results.

aamcs



H. Jamouli et al.

b ,"ﬁ“"b‘~,W;a(hwy/’ﬂijvw“\*v«,\\‘*
51 | 1

‘ Wﬂ P‘,‘WUW fw«

sr |

0 L

I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500

Fig. 4. Third state component and its estimate produced by
Willsky’s algorithm.
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Fig. 5. Fourth state component and its estimate produced by
Willsky’s algorithm.
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Fig. 6. GLR test applied to Willsky’s algorithm.

In the case of two sequential faults, the GLR detector
applied to the augmented model allows detecting the first
fault at 350 s and the second one at 400 s. Willsky’s GLR
detects just the first fault at 350 s, and cannot detect the
second.

Remark 1. We also computed the rate of false alarms
and the rate of good detections with 10° Monte Carlo tri-
als. We obtained PF ~ 0.01, PD ~ (.85 for the modified
GLR test, and PF ~ 0.0055, PP ~ 0.91 for the passive

0 I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500

Fig. 7. First state component and its estimate produced by our
adaptive filter algorithm.
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0 50 100 150 200 250 300 350 400 450 500

Fig. 8. Second state component and its estimate produced by
our adaptive filter algorithm.

7

6

Fig. 9. Third state component and its estimate produced by our
adaptive filter algorithm.

GLR test which is clearly much powerful. We conclude
that the passive GLR test is very powerful when quick de-
tections lead to bad fault estimates and thus very useful for
FTCS to maximize the rate of good decisions specially in
regard with the occurrence of a considerable fault which
may greatly affect the nominal system performance.

Remark 2. We can improve this approach of detection
and isolation with an active GLR based on a free model
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Fig. 10. Fourth state component and its estimate produced by
our adaptive filter algorithm.
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Fig. 11. GLR test applied to our adaptive filter.
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Fig. 12. First state component and its estimate produced by
Willsky’s algorithm in the presence of two sequential
faults.

which will be augmented after each detection and isola-
tion. The faults already detected and isolated will be con-
sidered as perturbations and we will update the new GLR
in order to detect another fault.

Sequential multiple decision theory is not complete
and the choice of the threshold level ¢ is not studied in this
paper. However, some simulation results not presented in
this paper show that only the statistical tuning parameter

g
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Fig. 13. Second state component and its estimate produced by
Willsky’s algorithm in the presence of two sequential
faults.
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Fig. 14. Third state component and its estimate produced by
Willsky’s algorithm in the presence of two sequential
faults.
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Fig. 15. Fourth state component and its estimate produced by
Willsky’s algorithm in the presence of two sequential
faults.

€ can be fixed at the beginning of the processing (it is not
the threshold level which is adaptive, but the augmented
Kalman filter).
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Fig. 16. GLR test applied to Willsky’s algorithm in the presence
of two sequential faults.
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Fig. 17. First state component and its estimate produced by our
adaptive algorithm in the presence of two sequential
faults.
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Fig. 18. Second state component and its estimate produced by
our adaptive algorithm in the presence of two sequen-
tial faults.

6. Conclusion

Derived from the works of Willsky and Jones (1976), this
paper has presented an active GLR test for sequential fault
detection in stochastic discrete-time linear systems. From
a new updating strategy based on the statistical rejection
of the faults detected and isolated during the recursive
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Fig. 19. Third state component and its estimate produced by our
adaptive algorithm in the presence of two sequential
faults.
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Fig. 20. Fourth state component and its estimate produced by
our adaptive algorithm in the presence of two sequen-
tial faults.

treatment, the rate of false alarms was minimized and the
rate of good decisions maximized. The active GLR test
was integrated in a reconfigurable fault-tolerant control
system by using an LQG regulator designed for the jump-
free system where the nominal control law is corrected
on-line to asymptotically reject the influence of faults.
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Appendix

The predictive form of Friendland’s two-stage Kalman fil-
ter optimally implements the following augmented state
Kalman filter:

{ Tht ] = Xji1 = AXy + Bug + Ky, (108)

Dit1
Pl B }
k- k- = (109)
[ Pk-fl Pk+1 1
= A AT +TWTT (110)

— A CT (CUCT + V) CO AT
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x

K _ _ _
K = [ Kfj ] = AYCTH, ',  Hy,=0QCT +V,
k
(111)

s | %o I Y = A =
XO_|:I>0:|, QO_|:P6/I Pé/ )

with

Ehg1 = Trg1 + Cot1 Dkt (112)
Pes1 = Pig1 + Gey1 PE Gl (113)

Here (fck+1, Pk+1) are given by the bias-free filter

Trr1 = ATy + Bug + Ki(yr — OZy), (114)
P = AP, AT + W — AP,CT (Hy)'CP AT,

(115)

Ky =AP,CTH ', (116)

H, =CP,CT +V, (117)

where (D411, Py, ) are given by the bias filter

Dk = U + K§ s (118)
PYy1 = PY — P{ol H, o1 PY, (119)
Ky = Plot H, ', (120)
Yo = Tk — ok, (121)
Hy = Hy, + orPY o} - (122)
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