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Our objective is to develop algorithms for faults detection
and isolation coming from actuators and sensors. For this
purpose a model based method will be developed by using
the continuous model of the non linear process.

Objectives:

The industrial systems have become more and more
complex with the automation of the control feedback
(Fig.1). A strong need has appeared for the reliability of
these systems. This particular interest was firstly focused on
the great systems like those of aerospace, the nuclear power
plants and petrochemical plants. The reasons for which we
were interested in the reliability of these systems are (human
and environmental) safety and the need for increasing the
productivity. So this necessity leads us to develop new
specific monitoring methods for the fault detection and
isolation (FDI) of this kind of process.
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Figure.1 Closed loop system

Our objective is to study the faults coming from actuators
and sensors. The proposed methodology will treat not only
simple faults but also multiple and simultaneous faults.

This work is financed by a doctoral grant of the Greek
government.

Background and positioning:

The methods based on observers are rather well
developed especially for the linear systems. Various types of
observers were created according to the nature of the
problems of interest. More recent work treats theoretical
development for fault detection and isolation methods of
non linear systems [1]. For example, one finds the sliding
mode observers [2, 3] and the adaptive observers [4, 5]
which are the most known methods in the literature for non
linear systems. In these methods, a residual is built by using
the difference between the nonlinear system’s output and the
observer’s output. In this report we treat with constant

actuator faults and the fault isolation for single and multiple
faults.

Firstly we will present the class of nonlinear system that
we will study. Then we propose a fault isolation scheme
where all the system’s states are available and we give the
sufficient conditions for the fault isolation. After that we
will present briefly a mathematical model of an activated
sludge process. Finally we give some simulation results that
illustrate the effectiveness of the method for single and
simultaneous actuator faults.

Research progress:

A Dbibliographical study has been done on various
methods of fault detection and isolation. It enabled us to
focus our research towards the model based approaches.
Among these approaches, one can mention: the parity space
method which was studied for linear systems [6, 7] but also
for non linear systems [8, 9]. Other observers were
developed in the linear and non linear case [5], like the
extended Luenberger observers [10, 11], the unknown input
observers (UIO) [8, 9], the sliding mode observers [2, 3] and
the adaptive observers [12, 13].

For our research, we will consider the following class of
nonlinear systems:

x=f(x)+g(x)u
y=h(x)

where f(x) is a non linear vector function from R" to R",

(1)

g(x) e R™™ is a matrix function whose elements are non

linear functions and u € R™ is the input vector (the output

of actuators). The vector /(x) € R? is a non linear or linear

function of the output (the output of the sensors).

Firstly, we assume that only constant actuator faults can

occur, that is uf =0

i for 12ty jel,2,---m, and

lim,_,,, |u;(1)—0;|# 0, where 6, is a constant and u{

is the actual output of the th

actuator when it is faulty,
while u,(#) is the expected output when it is healthy. The

corresponding faulty model is:

i=f()+ ) g (u;+g (00 @)
Jj#l
where we have a fault in the [” actuator and

gx)=(g;(x)---g,,(x)). A bank of m observers for fault
isolation will be given in the following equations [14]:

R = HE =)+ [0+ g;(u; +g;(0)6;
J# 3)

2y(x; —x)Pg;(x), 1<i<m

6. =

f —
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Where H is a Hurwitz matrix that it can be chosen
freely, y is a design constant and P is a positive definite

matrix. We can calculate the matrix P with the help of the
following equation:

HT'P+PH=-0 4)

Where Q is a positive definite matrix that it can be chosen
freely [14].

Now, we assume that only constant sensor faults can
occur. In order to apply the previous methodology for this
type of faults it is necessary to apply the following filter:

E=ApE+Bry Q)

Where 4, € RP*F is a Hurwitz matrix and B, e R¥"? is
an invertible matrix both of them has been chosen freely.
We define the augmented state space 7 =[x &] and
combine it with the equation (1) give us the following form:
2= f(2)+g(2)w (6)

Where f(z)eR"™? is a vector with non linear and linear
elements (7 (2)=[f(x) A47&]). Also g e RUTPXmHP)

g0 O,y
0 Bf )

is a matrix of the following form (g7 (z) = {
pxm

and finally the vector weR™"? who is the new input

vector, defined as w! =[u y]. Now this new system (6)

can be reformulated to the faulty model (2) and the proposed
bank of observers (3) can be applied for the sensor faults.

We apply the proposed methodology to the mathematical
model of an activated sludge process. The equations,
resulting from mass balance considerations, are computed
for each of the reactant of the process applying the following
principle:

Variation = £Conversion + Feeding — Drawing off

The mass balance around the aerator in a fixed time
interval gives the following equations [15]:

ds, _ o,
D1 _Xin(g _g 7
dt Vr ( 1,in 1) ( )
aSs 0,

— == (S, —So)-Yy p + 8
dt V, ( S,in S) / HPLTP3 ( )
dX; _On o

oL X, X)) A (X e — X ) + 9
dt Vr ( 1,in 1) Vr ( 1,rec 1) ](‘X,;OZ ( )

dx; 0,
= :g (XS,in _)(S)_'g (XS,rec_XS)+(1_f)(', )/02 = ( 1 0)
a v, v
X _ 4 9
S _En e X )+ (X X)) A — 11
dt Vr( H,in H) Vr( H,rec H) AP ( )
220 _Zin(g, . —8,)+0,(Cs —Sp)+— 12
a v (Soim —S0)+0.(Cs =Sp) Y, p (12)
dX ,
H rec — Qm +Qr XH _ Qr +Qw XH e (13)
dt Vdec Vdec
dX .
1,rec _ Qm + r X[ Qr +Qw XI,rec (14)
dt Vdec Vdec
dX rec in + r r + w
S, — Q Q XS _Q Q Xsrec (15)
dt Vdec dec
S S
P1 = Hmax 2 g (16)
(Ks+Sg5) (Ko +S0)
py =by Xy (17)
XX S
Py = S H o (18)

Kh
KxyXyg+Xg) (Kp+Sp)

The process is a system with four input, nine states and
six outputs. The inputs are the input flow rate Q,,, the air

flow rate Q;, the recycled sludge flow rate Q, and the

excess sludge flow rate Qy .

Next we will illustrate only the results obtained from the
developed observer for the additive actuator faults (a bank
of four observers). We will present the outputs of the
process and the four residuals from the four observers that
we have developed for every actuator. In the begin we will
give the case where an actuator has a single fault and then
the results for simultaneous faults. In order to obtain results
more realistic, we added to each input a Gaussian white
noise of zero average and 0.5 standard deviation.

Firstly we have introduced a constant fault at time
t ¢ =50 hours in the first actuator O, . In Figure 2, we can

see the effect of the fault in the six outputs of the system. As
we can see, the input Q;, has a major influence at almost all

the system outputs. In Figure 3, we present the residuals of
the four observers. Here we define the residuals as
d|; _x"2 ‘ .

r; (1) :T for 1<i<4. Attime ¢, =50 hours we
can see that the residual of the three observers remain equal
to zero but the residual of the first observer that corresponds
to the input Q,;, leave the zero. Therefore, we isolate the
faulty actuator correctly and fast enough.

Finally we illustrate the case where more than one fault
occurs at the same time on the system or briefly the
simultaneous faults. We have introduced two faults on the
second Q; and the third actuator Q, at the same time

Ly = 20 hours.
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Figure.2 System’s outputs
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Figure.4 System’s outputs with a fault on Q. and Q,
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Figure.5 Residuals with a fault on Q. and Q;,
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In Figure 4 we have the system’s outputs where we can
see the influence of the two faults. Here we have to mention
that the input Q; does not have a major influence in the

system and that we can see it also in the systems equations
where appears in only one equation (12). In Figure 5 we
give the residuals of the observers and we can see that their
values are equal to zero until # , =20 hours where we have

the two faults. At that time the residual of the second and
third observer leaves zero and the other two residuals rest at
zero. Therefore we isolate the two faulty actuators.
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