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Abstract. The goal in many fault detection and isolation (FDI) schemes is
to increase the isolation and identification speed. This paper compares two
methods for FDI. The first method is based on adaptive nonlinear observer.
This approach uses the model of the system and a bank of adaptive observers to
generate residuals in such way to isolate the faulty actuator after detecting the
fault occurrence. The second method based on interval observers. The practical
domain of the value of each actuator parameter is divided into a certain num-
ber of intervals. After verifying all the intervals whether one of them contains
the faulty actuator, the faulty value is identified and the corresponding fault is
isolated to achieve faster isolation speed.

Simulation results show the effectiveness and the difference between the two
proposed detection and isolation methods using an example of the waste water

treatment process described by a nonlinear system model.
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as p intervals, the bounds of i" interval are Hj‘iij)and 95’(]_”). After fault occurrence, the

faulty actuator parameter value must be in one of the parameter intervals. To verify if an
interval contains the faulty value, an actuator parameter filter is built for this interval. A
parameter filter consists of two isolation observers which correspond to two bounds of the

interval.

3.3. The actuator fault detection and isolation scheme

For the model (12), the parameter filter with respect to actuator fault can be described with

the isolation observers given below:

galii) _ f(>”<a<‘”,9§fa“>,u)+k(y—9*1“”)
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where:

o 6;"VeR", 97" cR"are the parameter vectors of the observers corre-
sponding to actuator parameter vector;

o &R, &M cR are the estimation errors ;

ey, isthe h™ component of y ;

ey and g2 are the h™ component respectively of Y and y") .
We assume that before the fault occurrence, the observer’s states X% and X°") have
converged to the system statex, so: &P (t<t,)=&"P(t<t,)=0 since
affa<‘>(t<tf ):ejfb“)(tqf ):03j .

But at the time t, , when the fault is occurred the s" actuator parameter changes:
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and the j™ parameter of the observers change in order to isolate the fault:
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Where: g;(" et 6,1 are the bounds of the i*" interval of | actuator parameter.

Our index of isolation is: v'(t)=sgn(£*"(t))sgn(&™ ™ (t)), there are two cases [16]:
For the case where the interval contains the faulty parameter value it will be:

sgn(e™ ™ (t)) =—sgn(e" V(1)) (19)

- For the case where the interval does not contain the faulty value, it exists

t, >t that:

sgn(&*™(t, )) =sgn(&""(t, ) (20)

4. Description of the wastewater treatment process model

The increasing pace of industrialization, urbanization and population growth that our
planet has faced over the last century has considerably increased environmental pollution
and habitat destruction, and it negatively affected water, air and soil qualities. In this
context, wastewater treatment has become one of the most important environmental issues,
as it reduces or prevents pollution of natural water resources promotes sustainable water
re-use, protects the aquatic environment and improves the status of aquatic ecosystems.

During the operation of a biological wastewater treatment process, many disturbances and
faults can occur. The nature of these changes can be either sudden or slow and they can be
related to normal or faulty process operation, provoking real or apparent deviations from
the normal operation. This biochemical process is highly complex system, with a great

number of components interacting to achieve the system’s purpose. In this system, all
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components are related in a complex manner, which means that a fault in one component
can often cause the failure of the entire system. To prevent this event, it is essential to
detect faults immediately in order to enable the controlling system to take actions, so that
the system can still fulfill its purpose. In the last decades, the biological treatment
processes has proven to be an effective way to deal with polluted wastewater. The
activated sludge process (Fig.2) is the most generally applied biological wastewater

treatment method [9].

influent effluent

aeration tank

k J

¥ ¥ ¥ final clarifier
air

return sludge
waste sludge

Fig. 2. The conventional activated sludge scheme
In the activated sludge process, a bacterial biomass suspension is responsible for the
removal of pollutants. The fundamental phase of the mathematical modeling for the
processes of water treatment by activated sludge consists in determining the reaction rates
of the macroscopic variables of the system to know the rate of: biomass growth, substrate
degradation and dissolved oxygen uptake. These variables, as well as inputs and outputs,
are collected in mathematical expressions constituting the model of the process. The
mathematical model [17] of the activated sludge process is based on the equations,
resulting from mass balance considerations, carried out on each of the reactant of the
process:

Variation = + Conversion + Feeding - Drawing off

All the details about the system can be found in [6]. The FDI scheme will monitor the four
actuators Q,,, Q,, Q, and Q,, .
5. Application

In this section, the FDI is applied to a wastewater treatment process model using these two

methods.
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5.1. Synthesis of the observer using the first method

The process model is a nonlinear system with the same form as in (1):

< Qin
SI = V., (Sl,in_sl )
< Qin 1
Ss = v, (Ssjn—Ss )_ﬁpl"',os
/ Qin Qr
X, = V. (Xl,in_xl )_W(Xl,rec_xl )+ fxlpz
Xs = 30Xy 0~ Xg )= S (Xs o~ X5 )41 T o, — 2
Vv, V, 1
XH=Qin(XH,in_XH)_&()(H,rec_xH)"’pl_pz (21)
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Son (So,in_so)_QLﬁ(Cs_So)_ Ty
Vr CS H
XHreC _ Qin+Qr XH _Qr +Qw XHrec
' Vdec Vdec ’
XlreczQin+Qr Xl _Qr+Qw Xlrec
' Vdec Vdec ’
XSreczQin+Qr XS_Qr+QW XSrec
Y Vdec Vdec ’
where:
XT =[S| SS xl XS XH SO XH,rec XS,rec] (22)
u'=[Q, & Q& Q. (23)
yT :[S| Ss X Xg Xy So] (24)

As we will indicate later on, the algorithm for this model is constituted by a bank of four

adaptive observers for monitoring these four actuators for the case of a simple fault [20].
The faulty model for the first actuator (Q,, ) is:

X=F(X)+ 02 (x)QL + 9 (X)Qr + 94 (X)Q, +9,(X)E,, (25)

9,(Xx), 9,(x), g5(x) et g,(x) are the four columns of the matrix g(x), the cor-

responding observer is given by:
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X = £(X)+ G, ()Q +05(X)Q: +8u(X)Qy + 8:(X)8,, + H(% —~x)
0, =—2y(%, —x)Pg,(x)

26
ylzc()zl) (20)

Where X, is the estimation of the state vector and éul is the fault estimation for the

first observer. The residual I, is given by:
n(t)=[y, -y @7
The three other observers (6,, 8,and 6,) have the same form.

In the case of multiple faults, firstly we should create a bank of four adaptive observ-
ers for the fault detection and identification. Secondly, to isolate the fault, we crate

four banks of four adaptive observers where we use these four estimation ¢; from

estimation vector.

5.2. Synthesis of the observer using the second method

We will treat the fault that can occur at the one of the four actuators of the system

(Qn, Q. Q, and Q, ). Each of these actuators is divided into 5 parameter intervals,
for each of them, a parameter filter is built. The values of the parameter filters for Q,,

,Q, ,Q, and Q,, are shown in the following tables:

Table.1. The values of the parameter filter of Q,, (Qg,=2500 I/h)

No 1 2 3 4 nominal
Q2 2410 2430 2450 2470 2490
Qibn 2430 2450 2470 2490 2510

Table.2. The values of the parameter filter of Q, (Q[ =43 I/h)

No 1 2 3 4 nominal
Q? 32 34 36 38 42

QP 34 36 38 42 44




1806 1J-STA, Vol. 7, N°1, April, 2013.

Table.3. The values of the parameter filter of Q, (Q? =1800 I/h)

No 1 2 3 4 nominal
Q? 500 800 1100 1400 1700
QP 800 1100 1400 1700 2000

Table.4. The values of the parameter filter of Q,, (QJ =600 I/h)

No 1 2 3 4 Nominal
Q? 100 200 300 400 500
vav 200 300 400 500 700

Let j=1corresponds to parameter Q, . The isolation observer for the i" interval
[951_“) Hubj(”] of the 1* actuator parameter is given by:
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b

a,b correspond respectively to the actuator interval bound parameter eu"‘j““and Hubj‘ "



A Comparative Analysis of Two Formulations for Actuator Faults...— F. SALLEM et al. 1807
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5.3. Simulation and comparison results

In this section, we will give the results from the two developed methods for fault actu-
ator and visualize the process outputs, the residuals and the fault estimation.
Initially, we will give the results without fault, and then we will observe the case of a

simple and multiple actuator faults.

5.3.1. The first method: Adaptive observer

e Casel: No fault

Figure (3) shows the result of the six process outputs and the four residuals. It is men-
tioned that these initial residual values are not equal to zero and they need a certain
time to converge to zero. This necessary time depends on the two matrix H and P,
the time to converge to 0 depends on the P and the oscillation of the residue is con-

ditioned by the H ; finally the value of the residual, if there is a fault, depends on the

constant Y.
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Fig. 3. Outputs process and residuals I, (No fault)

e Case2: Single fault
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To show in detail the fault isolation algorithm we have chosen the example where the
faulty actuator parameter is Q =24201/h. Q_ Q, and Q, are maintained at their
nominal value.

We have applied a fault at time t, =50days in the first actuator Q,, . In figure (4)
we presented the default effect on the six process outputs and the four residuals r,

associated to the four observers. At the beginning the four residuals needs a short time
period to converge. From the figure, we see that all residuals leave zero at
t =50 days but after a very short period, r,(t)that corresponds to the input Q,, re-
turn to its initial value.

While we observe two possible situations for the three others residuals: that is to stabi-
lize on new values, like the r, the residual of the second input Q, , or they converge

to a new value, as the r, and r, corresponding to Q, and Q,, inputs. Consequently,

we have isolated the fault actuator correctly and rather quickly. In this case, the isola-

tion time is t,, =5.5days, because the fault appears at t; =50 days and it has been

isolated at t, =55.5days .
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Fig. 4. Outputs process and residuals r, (single fault)

e Case 3: Single fault with output noise

We will present the case where each output corrupted by a Gaussian distributed white

noise vector with zero mean and a variance equal to 0.3. At time t, =50 days a sin-
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gle fault occurs in the first input Q,, . As we see in figure (5) we can easily conclude

that results are similar with the case without noise, so we can say that the fault’s effect

on outputs is independent of the noise vector.

The noise that occurred on the system have a influence on residuals, but the effect can

not be inhibited us to detect the fault. Therefore, we conclude that we have isolated a

fault in the first actuator by using the same method that is developed later.
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Fig. 5. Outputs process and residuals r, with output noise (single fault)

Case 4: Multiple faults

To illustrate the case where multiple faults occur on the system, we have applied a

constant fault with magnitude f,, =60I/h attime t, =50 days in the third actuator

Q, and another one f,, =501/h in the fourth actuator Q, attime t,, =65days .

The fault of the third actuator is still occurred when the fault at fourth actuator has

been introduced. Figure (6) shows, the fours residual to the observer, where at time

t, =50days all of them leave zero so the first fault is detected from the detection

and identification bank and the candidate values are ¢, =22, ¢, =30.5, ¢, =32and

@, =25. Then at time t =60 days , all the residuals r, have returned to zero and at

time t,, =65days, the second fault have been detected with ¢, =50, ¢, =52,

¢, =53and ¢, =51.
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In figure (7), we can see the eight residuals, s,; and s,; of the third and fourth isola-

tion bank. The dashed line separates the first from the second fault. In the third bank
s5; ,» before the dashed line and at time t, =50 days , only the residual s, ,, associat-
ed to the third actuator, leaves zero but the other residuals corresponding to the other

three actuators stays at zero. In the contrary all the residuals of the fourth bank leave

zero for a short time period. Therefore we conclude that we have isolated the actuator

fault.
. st - nd
residual of 17 actuator residual of 2 actuator
100 100
50 E] l
4 1 . |
0 ES 100 0 =0 100
residual of 3™ actuator residual of 4™ actuator
10 100
50 l 50 l
I gLl
D E 100 o =0 100

Fig. 6. Residuals r; for to the detection and identification bank

After the dashed line and at time t,, =65days , in the fourth bank s,; only the residu-
al s, , associated to the fourth actuator leaves zero, the others stay at zero. All of the
residuals s;; of the third bank leave zero as envisaged. At time t, =70 days all of the

residual return to zero, so new faulty actuators can be treated.
5.3.2. Thesecond method: Parameter interval

e Casel: No fault

Figure (8) shows the result of the six process outputs if we use this second method, we

can see that it is the same as the first one.
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Fig. 8. Outputs process (No fault)
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e Casel: Single fault

We have applied a fault at time t, =50 days in the first actuator Q,,. Figure 9 shows

the default effect on the six process outputs.

Si Ss
35 400
200 u\;
=l 0
0 50 10 0 50 100
XKi Xs
200 200
100 i 100 W—L
o 0
o 50 100 0 50 100
*h So
200 10
100 5
o = 0
o 50 00 o 50 00

Fig. 9. Outputs process (single fault)
Figure 10 show that the filter of the 1 interval does not send the non containing sig-

nal. This is the case where s= jand the interval contains the faulty parameter value.
Therefore the fault is on Q,, and in the first interval.

It shows also that after t,, the signals of two observers estimation errors are always
different, so this interval cannot be excluded from”containing faulty parameter value”,
and we can assume that the parameter Q,, is the faulty actuator parameter.

Figure 11 presents the results of the 2" parameter filter of Q, . Since the fault is not

on this parameter, so the sign of the prediction errors £%(t) and £°(t) become the

same after a period of the fault occurrence time.
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Fig. 11. The filter and the observer’s estimation of the 2" interval

5.3.3. Comparison of the two methods
Simulation runs have been used to compare these two methods. For various values of

the faulty actuator parameter Q.. , the isolation times are presented in Tableb.

in 1

Table.5. The values of the isolation time.

Faulty actuator 2410 2420 2435 2460 2480
parameter

Isolation time (days) (1st 7 5.5 3 4 5.1
meth)

Isolation time (days) (2nd 1.3 020 0.20 0.1 0.1
meth)

So we can also do a comparison by using Q, ' Q,or Q,and we can conclude that

these experimental results based on parameter intervals are faster than those based on
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adaptive observers. Though it is not so accurate as the detection and isolation results

based on the 2™ method, but it requires less computation and it is effective for non-
linear systems diagnosis.

The use of an interval notion contributes to the fault detection speed in a positive way
and it is also fits large kind of nonlinear dynamics systems. The only required condi-
tions for the type of the nonlinear system is that the dynamic of the system is a monot-
onous function with respect to the considered parameter. This method does not need
any parameter identification procedure. It is proven that if the parameter intervals are
small enough the isolation speed will be fast enough. But it can not solve the problem

of multiple faults. This problem consist the interest of our future works

6. Conclusion

Fault detection and isolation for nonlinear dynamics systems is the subject of this
paper. The objective is to compare two methods based on the model. Experimental
results show that the two detection and isolation methods are both effective and more
accurate than others methods.

The first method using adaptive observers and the isolation can be carried out for the
single and the multiple actuator faults, but the isolation speed is not ideal. However
the second one which is based on parameter intervals can solve this problem but only
for the single actuator fault. Some simulation results illustrate these advantages.

In our work we only focus on the faults of the actuator parameter, that is why one
interesting future research direction is to extend this 2" method firstly for multiple
actuator faults and secondly to sensor fault isolation problem for nonlinear dynamic

systems.

References

1. Chen W. and Saif M.,.. An Actuator Fault Isolation Strategy for Linear and Nonlinear
Systems, Proceedings of the American Control Conference ACC’05, June 8-10 2005, Port-
land, OR, USA.



A Comparative Analysis of Two Formulations for Actuator Faults...— F. SALLEM et al. 1815

17.
18.

20.

21.

Edwards C., and Spurgeon S.: On the development of a discontinuous observer, Internation-
al Journal of Control, 59, pp. 1211-1229, 1994.

DePersis C. and Isidori A.: A geometric approach to nonlinear fault detection and isolation,
IEEE Transactions on Automatic Control, 2001, Vol. 46 , pp. 853-865.

Fragkoulis D., Roux G. and Dahhou B.: Actuator fault isolation strategy to a waste water
treatment process, Conference on Systems and Control CSC’07, Mai 16-18 2007, Marra-
kech, Morocco.

Fragkoulis D.,.: Actuator and sensors faults detection and isolation for nonlinear systems,
PhD thesis, LAAS, 2008, Toulouse, France.

Fragkoulis D., Roux G., Dahhou B.:A new scheme for detection, isolation and identification
of single and multiple actuators faults, IEEE International Conference on Pronostics and
Health Management (PHM 2008), Denver (USA), 6-9 Octobre 2008, 6p.

Gertler J.J.:Analytic Redundancy Methods in Fault Detection and Isolation - Survey and
Synthesis. In Proceedings of IFAC Safeprocess Conference, Baden-Baden, Germany, 1991,
vol. 1, pp. 9-22.

Hammouri H., Kinnaert M. and EI Yaagoubi E. H.,.:Observer based approach to fault
detection and isolation for nonlinear systems, IEEE Transactions on Automatic Control,
1999, 44(10), pp. 1879-1884.

Henze M., Leslie Grady C. P., GujerW., Maris G. V. R., and Matsuo T.: Activated Sludge
Process Model No. 1, Scientific and Technical Report 1, 1987, IAWQ, London, UK.
Isermann R.: Process Fault Detection Based on Modeling and Estimation Methods - A
Survey. Automatica, 1984, vol. 20, no. 3, pp. 387-404.

. Isermann R.:Fault diagnosis of machines via parameter estimation and knowledge,

processigntutorial paper, Automatica, 1993, 29(4): 815-836.
Isermann R.: Fault Diagnosis Systems: An introduction from fault detection to fault toler-
ance, 2006, Springer-Verlag Berlin-Heidelberg.

. Kabbaj N., Polit M., Dahhou B. and Roux G.:Adaptive observers based fault detection and

isolation for an alcoholic fermentation process, 2001, 8th IEEE International Conference on
Emerging Technologies and Factory Automation, October 15-18, 2(2), pp. 669-673, Antibes
- Juan les Pins, France.

Li Z. and Dahhou B.: Parameter Intervals used for Fault Isolation in Nonlinear Dynamic
Systems. International Journal of Modelling, Identification and Control, 2006,Vol. 1, No.
3

. Li Z. and Dahhou B.: A New Fault Isolation and Identification Method for Nonlinear

Dynamic Systems: Application to a Fermentation Process. Applied Mathematical Model-
ling, 32 (2008), 2806-2830.

Li Z., Dahhou B., Roux G., Yang J., and Zhang C.:Sensor and Actuator Fault Isolation
Using Parameter Interval based Method for Nonlinear Dynamic Systems, 2010, 21st Inter-
national Workshop on Principles of Diagnosis, chine.

Nejjari F.:Benchmark of an Activated Sludge Plant, Internal report. 2001, Terrassa, Spain.
Patton R.J.,.Robust model-based fault diagnosis in dynamic: the state of art, Proceedings of
the IFAC Symposium on Fault Detection, Supervson and Safety for Process
(SAFEPROCESS), Espoo, Fnland, 1994, pp. 1-24.

Staroswiecki M. and Comtet-Varga G.:Analytical redundancy relations for fault detection
and isolation in algebraic dynamic systems, Automatica, 2001, Vol. 37 , pp. 687-699.
Sallem.F, Dahhou.B, Roux.G, Kamoun.A,: Actuators faults detection and isolation for
nonlinear systems based on adaptive observers”, 11th international conference on science
and techniques of Automatic control and computer engineering, STA-2011, Sousse, Tunisie.
Xing-Gang Y. and Edwards C.:Robust sliding mode observer - based actuator fault detec-
tion and isolation for a class of nonlinear systems, Proceedings of the 44th IEEE Conference


http://www.laas.fr/1-31706-Publications.php?id=109890
http://www.laas.fr/1-31706-Publications.php?id=109890

1816 1J-STA, Vol. 7, N°1, April, 2013.

on Decision and Control, and the European Control Conference, 2005, Seville, Spain, 12-
15.

22. Zhang Q,.: Fault detection and isolation based on adaptive observers for nonlinear dynamic
systems, Rapport technique 1261, 1999, IRISA, Rennes, France.





