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Integrated design of observer based Fault Detection (FD) for a class of uncertain nonlinear systems with Lipschitz non-
linearities is studied. In the context of norm based residual evaluation, the residual generator and evaluator are designed
together in an integrated form, and, based on it, a trade-off FD system is finally achieved in the sense that, for a given
Fault Detection Rate (FDR), the False Alarm Rate (FAR) is minimized. A numerical example is given to illustrate the

effectiveness of the proposed design method.
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1. Introduction

The observer based fault detection and isolation technol-
ogy is currently receiving much attention (Ding, 2008;
Blanke et al., 2003; Chen and Patton, 1999; Patton
et al., 2002). Generally speaking, an observer-based fault
detection system consists of an observer-based residual
generator and a residual evaluator. For linear systems,
the observer-based FD technology has been well devel-
oped. Ding et al. (1993) as well as Qiu and Gertler
(1993) proposed residual generator design schemes based
on the H..-optimization technique. Further on, the so-
called H_/H, design of residual generator, initiated by
Ding et al. (1993) as well as Hou and Patton (1996), at-
tracted lots of interest (Wang et al., 2007; Henry and Zol-
ghadri, 2005). Recently, Ding et al. (2000a) and Zhang
et al. (2005) proposed a unified solution which solves the
H;/Hq (including H_ /Ho, and Ho, / Hoo) optimization
problem, where H; represents all nonzero singular values
of the transfer matrix from faults to the residual signal.
For residual evaluation, there are two major strategies.
One is statistic testing, which deals with the systems with
stochastic behavior (Basseville and Nikiforov, 1993; Lai
and Shan, 1999), and the other is norm based residual
evaluation, which focuses on deterministic disturbance
and model uncertainty (Frank and Ding, 1997).

In applications, an optimal trade-off between the

False Alarm Rate (FAR) and Fault Detection Rate (FDR)
is of practical interest in designing an FD system. Ding
et al. (2000b) extended the FAR and FDR concepts from
the statistic context to characterize the performance of an
FD system with norm based residual evaluation. As the
FAR and FDR depend not only on the performance of
the residual generator but also on the residual evaluator,
an optimal trade-off between the FAR and FDR requires
an integrated design of the residual generator and residual
evaluator, which optimizes the performance of the whole
FD system. This trade-off problem has been formulated in
two ways: (1) given the FDR, minimize the FAR (Zhang
and Ding, 2008), (2) given the FAR, maximize the FDR
(Ding et al., 2000b).

On the other hand, since nonlinear systems are more
common in practice, observer based FD techniques for
nonlinear systems have also been studied extensively
(Frank, 1994; Hammouri et al., 1999; Ferrari et al.,
2007; Narasimhan et al., 2007; Shumsky, 2007; Edel-
mayer et al., 2004). There are many works dealing with
Lipschitz nonlinear systems (Pertew et al., 2007; Chen
and Saif, 2007; Rajamani and Ganguli, 2004; Yaz and
Azemi, 1998; de Souza et al., 1993; Xie et al., 1996; Ab-
baszadeh and Marquez, 2008), since, under some condi-
tions, more general nonlinear systems can be transformed
into Lipschitz nonlinear systems (Rajamani, 1998). In
this paper, we extend the integrated FD system design ap-
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proach which has been well developed for linear systems
to uncertain Lipschitz nonlinear systems, based on the fol-
lowing formulation: Given the FDR, minimize the FAR.

The paper is organized as follows. After preliminar-
ies addressed in Section 2, the problem of minimizing the
FAR for a given FDR is formulated in Section 3. In Sec-
tion 4, a solution to the integrated FD system design prob-
lem is proposed. Finally, in Section 5, the achieved results
are illustrated with an example.

2. Preliminaries

Consider the following uncertain nonlinear systems:
s i = Az + ¢(z,u) + Bu+ Eqd + Ey f, n
7y = Cx + Du+ Fyd + Fyf,

where r € R" is the state vector, © € R™ is the control
input, y € RP is the output vector, f € R! is the fault
vector to be detected, and d € R? is the unknown input
vector. Moreover, the matrices A, B, E;, C, D, F; in
(@ are uncertain of the form X = X + AX, where X €
{A,B,E4,C, D, F;} are known matrices with appropri-
ate dimensions. Similarly, the matrices Iy and F; are
also known. AX € {AA AB,AE;,AC,AD,AF;}
are norm bounded uncertainties and can be expressed as

AA AB AE;| [E
AC AD AF, |~ | F

] At G H K|,
where E, F, G, H, K are known matrices with appropri-
ate dimensions and A(¢) is bounded by

AMTAR) <T

The nonlinear function ¢(z, u) is assumed to be Lip-
schitz in « with a Lipschitz constant v, i.e., Vz, &, u:

llé(z, u)

In addition, the following assumptions should be made
throughout:

—o(& u)| <l —2|.

1. A+ AAis asymptotically stable for all AA.
2. (C, A) is detectable.

The first assumption can be checked by the standard
Lyapunov approach with LMI tools. The nonlinear ob-
server based fault detection filter is designed as

&=
Ey:{
r

where € RP is the residual signal and L € R"*? is the
observer gain. Denoting by e = x— % the estimation error,

Az + ¢(&,u) + Bu+ L(y — C& — Du),
y— CZ — Du,

we have the following observer error dynamics:

é=(A—LC)e+ U+ (AA— LAC)z
+ (AB — LAD)u + (Eq — LFy)d

Y (@)
+ (By = LFy) f,

r=Ce+ ACz + ADu+ Fyd + Fy f,
where
¥ =¢(z,u) — ¢(Z,u).

Combining the system () and the error dynamics @), the
residual generator dynamics are as follows:

3)

5, To = /_101'0 + Uy + EOdO + EO,ffv
- r = Cozo + Fodo + Fo 1 f,

0
AA— LAC o}

ACy

0 AC ],

[
|
[ Yian |
-

AB — LAD AE; — LAF,
AD AF,; ],

[ﬁég s |=[r Jawte my

where
E=[E" (E-LF)T ", F=F,
~[G 0], A=[H K],
and dy is assumed to be bounded by
Idoll2 < dd,max- 4)

In the following, we will define the H_ index to mea-
sure the influence of the faults f on the residual signal r

in (3).
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Definition 1. (Khan er al., 2009) Given the system X
(@), assume that dg = 0. Then the H_ index can be de-
fined as

e Tl
IX%||- = inf .
I-= 27T

For the H_ index to be larger than some positive number,
(3 can be defined as

o Irll2
X2~ = inf >
£70 || fll2

or

I7ll2 > Bl fl2-
For the purpose of residual evaluation, the £2 norm
of the residual signal is often adopted as the evaluation
function and is also used in this paper,

J ="l
The decision logic of fault detection is as follows:

J > Jy = faulty
J < Jy = fault — free

so that a false alarm is created if

J > Jy, for f=0
and a fault is detected if

J > Juy, for f#D0.

Moreover, the following lemma is very useful.

Lemma 1. (Wang er al., 1992) Let G, L, E, F(t) be real
matrices of appropriate dimensions with F(t) being a ma-
trix function and F(t)T F(t) < I. Then, for any ¢ > 0,

1
LF()E+ETF(#)LT < -LLT + ¢ETE.
€

3. Problem formulation

The objective of FD system design in this paper is to min-
imize the FAR under a given FDR. Ding (2008) defines
the FDR in the norm based framework as

ﬁéf,min
th

FDR =

where [ is the H_ gain from faults to the residual signal

with the assumption that there are no disturbances and un-

certainties. In this case, the residual generator dynamics

(@) become

tf=(A—-LC)xs+V+ (Ef — LFy)f, )
ry=Cxy+ Fyf,

so 3 fulfills
Irellz = Bl fl2,

and ¢ min is the minimum size of the f vector which is
defined as a fault to be detected. We have

[1£ll2 = 67, min-

The physical meaning of this definition is that the
larger the faults (6 ¢ min is larger), the larger the FDR and
the larger the threshold (Jy, is larger), the smaller the
FDR.

Based on the definition of the FDR, when it is given
(FDR. # 0), the threshold should be set as

Jin = BOrDR, (6)
where

0 o 6f,min

FPR ™ DR

In the work of Ding (2008), given a residual genera-
tor r and Jy,, the set {24 defined by

QFA:{d|J>Jth for fZO}

is called the set of disturbances that cause false alarms
(SDFA). Since false alarms are created when f = 0, in
this case, the residual generator dynamics (3) become

)

i0.q = Aozo.a + Yo + Eody,
rq = C_'oafod + Fodo.

So when the FDR is given and the threshold is set as (@),
Qpa can be expressed as

Qra ={do | |lrall2 > BOrDR}-

The size of Qg is a reasonable measurement of the
rate of the false alarms. In this context, the size of Qpa
is interpreted as the FAR (0 < FAR < 1). Since the Lo
norm of the disturbances considered is bounded by (@),
when the FAR is small, only relative large disturbances
will cause false alarms. So in the norm-based framework,
the FAR can be expressed as

||d0||2 > (1 - FAR)éd,max (8)
< ||rdll2 — Bbrpr > 0. 9)

Note that, when FAR = 0, since ||do||2 is bounded by
(@), the condition ||dp||2 > d4,max Will never be fulfilled,
which leads to the smallest size of Qra. When FAR =
1, the condition ||dp||2 > 0 is almost always true, which
leads to the largest size of Qpa.

Based on the relationship between the FDR and FAR
which is represented in (8) and (@), our problem can be
formulated as follows: Given the FDR, find an observer
gain L so that the FAR is minimized.
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4. Solution to the integrated design problem

Since the FDR is given, (9) can be transformed into

lIrall2
B0rDR

Then, based on (I0), one sufficient condition for (8) is

> 1. (10)

l[7all2
59FDR

In (I1)), the FAR and FDR are connected, which is the key
step for optimization. Since (1) is a sufficient condition,
for the given FDR, the FAR calculated by (1) will be
larger than or equal to its actual value. So a suboptimal

solution can be achieved by minimizing the FAR based on
(II). The FAR has been defined as

ldoll2 > (1 — FAR)6d,max (11)

0<FAR < 1.
In the following study, it is assumed that
0 <FAR < 1.

Since the FAR should be minimized, this assumption
will not lead to a conservative result. Based on it, (IT) can
be transformed into

HdOH2
— p— Al
ll7all2 59FDR(1 FAR)Sqmm = 0, (12)

where [ fulfills

75112 > Bl fll2- (13)

Based on (12)) and (13)), for a given FDR, the minimization
of FAR can be solved in an iterative way as follows:

Step 1. Set the initial value of FAR.

Step 2. 1If there exist 3 and an observer gain L which ful-
fill (I12) and (13, decrease (otherwise increase)
the value of FAR till we get a minimum FAR.

The above algorithm gives an elegant tool for the
minimization of the FAR provided the FDR is given. Now
the question is how to check whether 4 and L exist in
Step 2. To this end, the following theorem gives sufficient
conditions for the existence of 3 and L based on the LMI
technique.

Theorem 1. Given the residual generator dynamics ()
and ([, assume that x§(0) = 0, 20,4(0) = 0. Then

lall2 — B0aylldoll2 <0, (14)
Irelle > Bl fll2,  (15)

where
0. — OrDR
@ (1 = FAR)Oq.max

if there exist some € > 0, § > 0, L and symmetric matri-
ces Py >0, P, >0, Q <0 so that

QO
{ Lo ] <0, (16)

N5 Q(Ej— LFy)+CTFy 4Q
* FJTFf - 321 0 >0, (17
* 0 1
where
[ Ny 0 N3 PlEd+€GTK
Q. — Ny O Py(Eq — LFy)
L= x Ny eHTK ’
i * * —629§JJ+ eKTK
[ 0 PlE 0 ’}/Pl
0, = CT PQ(E—LF) ’}/PQ 0
S 0 o o0 |’
i FdT 0 0 0
[ —T —F 0 0
* —el 0 0
3 = * * = ’
* * x* =1

Ny =P A+ ATP, +GTG + 1,

Ny = Py(A—LO) + (A— LC)'Py + 1,

N3 =P B+:G"H,

Ny =—3%031+eH"H,
Ns=QA—-LC)+(A-LO)YTQ -1+ CTC.

Proof. The proof includes two parts.

Part 1: Let
P 0
Vi=al Prog, P= [ 01 P, } >0
‘We have that
rira— B*03dedo +Va <0 (18)

- / ’I“g’l“d — ﬂQG?if/ dgdo + Vd(OO) <0
0 0
= [Irallz = Bbarlldoll2 < 0.

Thus (I8) is a sufficient condition for (I4).
We have

Vy = 228 4 P[Aowo.a + Eodo] + 228 4PTo.  (19)
Using the Cauchy—Schwarz inequality,
224 4PWo < 2|| Pz all||¥ol|, (20)
and with the Lipschitz property of ¥, we have

2||Po,all[[Woll < 2v[[Pzo,allllzo,all

< 'y%gydPPxo,d + xoT,devd' (21)
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Substituting 20) and @) into (19) we get
Va < 228 4 P[Agmo,4 + Eodo]
+¥°2{ 4PPxoq + o] 470.4. (22)
Then a sufficient condition for (I8) is
(Coxo.q + Fodo)T (Cozo.q + Fodo) — 529§fdono
+ 2a§ 4 P[Aozo.qa + Eodo] + v*a( 4PPxo.a

+ xOT,de,d <0 (23)
x ’ x
0,d 0,d
) <
[T el )=
where
RE . Ne  PE
we[F)ie a2,
and
N = PAg + ATP ++?PP +1,
so that
X1 < 0= |[ralla — BOar||do||2 < 0. (24)
Applying the Schur complement, we can rewrite (24)
as
N PE, C:'g
E§P —p2051 Fj | <0 (25)
Co Fy 1
PAy+ AYP+~*PP+1 PE, CF
= ElP 32051 Ff
CO Fo -1
PAAy+ AATP PAE, ACT
+ AELP 0 ARl | <o.
ACy AF, 0

Split the second matrix in the above inequality into

PAAy+ AATP PAE, ACT

AETP 0 AF] | =x2+x3,
ACy AF, 0
where
PE o
x2=| 0 |A@®)[G H 0].

F

Then, according to Lemma 1, Z3) holds if there exists
€ > 0 so that

N  PE, CF [ PET[PE]"

Eq{P =301 Ff | +=| 0 0

Co R I Sl F F
ve[G H 0o]"[G H 0]<o

where
N7y = PAg+ AYP+~*PP +1.
Applying the Schur complement yields

Ns  PEy+eG"H Cj PE
x« =05 I+eH"H Ff 0

<
* * -1 F <0,
* * *  —el
where

Ng = PAg+ Af P +~*PP+1+<GTG.

Substituting
| A0
P= { 0 P ]
into the above inequality, we get
Ng 0 N10 N11 0 PIE
* N12 0 N13 CT PQ(E—LF)
* * N14 EHTK 0 0
T <0,

* * * Nis Fy 0

* * * * —1 —F

* * * * * —el
where

Nog = PLA+ ATP, +eGTG +~*P P, +1,

Nig= P B+eGTH,Niy = PLE; + eGTK,

Nig = Py(A—LC) + (A — LO) Py + 4?PoPy + 1,
Nig = Py(Eq— LFy), N1y = -0, +cH" H,
Nis = —620§ff +eKTK.

Finally, applying the Schur complement again, we
get (I6) of Theorem 1, which is a sufficient condition for

1.

Part 2: Let
Vi(x) = x?Qxf, Q <0.
It holds that
riry =B fTf+ V>0 (26)

= [ [ v 20
0 0

= |lr¢ll2 = Bl fllz,
so (26) is a sufficient condition for (I3). We have

Vy = 227Q[(A — LC)xy + (Ey — LFy)f]
+2:TQU. 27

Using the Cauchy—Schwarz inequality,
207 QU > 2| Q||| Y]], (28)

aamcs
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and with the Lipschitz property of ¥, we have

2(|Q s || W] < 2| Qu p|[] ]
< 'ny}FQQxf + a:?a:f. (29)
Substituting (28) and 29) into 27), we get
Vi > 227 Q[(A — LC)xy + (Ef — LFy)f]
— 'ny}FQQxf — x?xf.
Then a sufficient condition for (26) is
(Cay+ F )T (Cay + Frf) = B°f1 f
+ 227 Q(A— LC)xy + 227 Q(Ef — LFy)f
- ’yzx?QQxf - x?xf >0
T
Xf N16 N17 Xf
= >0,
LY e 7]

where

Nig = Q(A— LC) + (A - LC)"Q —*QQ

—-I1+c’c,

Niz = Q(E; — LFy) + CTFy.
Applying the Schur complement yields (I7) of Theorem 1,
which is a sufficient condition for (I3). This completes the
proof. [ ]

In Theorem 1, (I6) and (I7) are NMIs which can be
approached by an advanced nonlinear optimization tech-
nique. A conservative solution could be achieved by set-
ting

Q=—-PFP, Y=PRL.

Then (I6) and (I7) are transformed into standard LMIs.

5. Example

In this section, an example is given to illustrate the
achieved results.

Consider the FD problem of a system in the form of
(1) with coefficient matrices:

[ —6.5 3.9 52 1
A= 0 -91 39 |, B=| 2 |,
| 1.3 39 -738 1.5
(1 2 -1 0.5
C‘_z -1 3 | D‘[o.z&}’
[ —03 1 06
Ed = 0 03 05 |,
| 04 0 -02
1.3 0.65
Ef=| 039 1.04 |, F— [ 00'315 ] ,
| 078 —1.17 '
(07 1 —0.3
Fd = | 0 06 02 ] ’

W. Chen et al.
1.6 0
Ff= { 0 —16 } ’
0.2
E=| 03 |,
0.15
sin(x1)
o(x,u) =0.5 | cos(xz)
0

G=[025 01 033], H=0.12,
K=1[016 023 031 ].

The faults which are defined to be detected are bounded
by

1fll2 = 6 fmin =5,
and the disturbances are bounded by
HdOH2 < 5d,max = 0.

Set FDR = 1. Then, following the design proce-
dure in Section 4 to minimize FAR, we get the optimal
observer gain matrix as

08175 —0.3244
Lopt = | —0.1393  —0.4087
0.3407  0.5156

The corresponding H_ gain 3 in (I2) is 3 = 1.5038, so,
according to (@), the threshold is set as

Jin = ﬁ% = 7.5191.

In the simulation study, the simulation time is set
to be 3000 seconds and the control input is a step signal
u = 0.4 (step time at 0). The unknown disturbances are,
respectively, a sine wave 0.14 sin(10¢), a step signal (step
time at 0) of amplitude 0.25, and a continuous signal tak-
ing value randomly from a uniform distribution between
[—0.2,0.2]. The residual signal is evaluated in a time win-
dow of 10 seconds J(t) = (ftf;m rTrdt)2. Fault 1 ap-
pears at the 1750-th second as a step function f; = 0.5.
Fault 2 appears at the 1950-th second as a step function
fa = —0.4. The simulation results are shown in Fig. 1.
We can see that, when there are no faults, J is always
less than the threshold, and hence no false alarm is cre-
ated. When faults appear, J is turned to be greater than
the threshold, which means that the faults are successfully
detected. This demonstrates the achieved results.

6. Conclusions

In this paper, an integrated design of observer based fault
detection for a class of uncertain nonlinear systems has
been developed, which is a trade-off design between the
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Fig. 1. Evaluated residual signal J.

norm based FAR and FDR. This problem is formulated as
minimizing the FAR under a given FDR. The extension of
the proposed approach to more general nonlinear systems
will be the focus of our future work in this area.
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