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Abstract. This paper proposes a model based detection and localisation method to deal with abnormal quality
levels based on the chlorine measurements and chlorine sensitivity analysis in a water distribution network. A
fault isolation algorithm which correlates on line the residuals (generated by comparing the available chlorine
measurements with their estimations using a model) with the fault sensitivity matrix is used. The proposed
methodology has been applied to a District Metered Area (DMA) in the Barcelona network.

1 Introduction This paper proposes a detection and localisation method
for abnormal water quality levels based on chlorine mea-
Drinking water distribution networks are complex large-scale surements and chlorine sensitivity analysis of the nodes in a
systems that are designed to supply clean water to consumergtwork. Simulations of the water quality of the network per-
at any time based on demand. To guarantee the high qualitiormed both for realistic and abnormal bulk decay at a certain
of water, chlorine is certainly the most common disinfectanttime in each pipe segment (link) provides an approximation
used in these systems. The maintenance of chlorine residualf this sensitivity. A fault isolation algorithm that correlates
is needed at all the points in the network. Its propagation andhe residuals (generated by comparing the available chlorine
level are #tected by both bulk and pipe wall reactions. Wa- concentration measurements with their estimated values us-
ter quality fault will result in reduction of residual oxidant ing a model) with the fault sensitivity matrix is used. The
and can be manifested in added variability and lower chlo-correlation between the observed residual fault signature and
rine concentrations at sensor locations in the network. Thissach column of the sensitivity matrix is a measure of the sim-
variability of chlorine concentration in the network would ilarity of the residual &ect concerning pipe bulk decay fault
allow differentiating normal from anomalous water quality due to pipe material detachment. The proposed approach
conditions. is illustrated by a simulation example, based on a real wa-
The water distribution network can be perceived as a com+er distribution network. Water quality data were obtained
plex chemical reactor in which various processes occur siby simulation using EPANET 2.0 software, which can track
multaneously (Sadiq et al., 2003). Some of these processese chlorine decay evolution through the water distribution
take place in the bulk phase and others on the pipe’s wall, andystem. The same methodology has been applied to detect
all of them can degrade water quality. Water quality faults and isolate leakages in nodes of the same network (Quevedo
can be caused directly or indirectly by an internal corrosionet al., 2011). In addition, a comparative study of this tech-
due to an oxidatiofeduction reaction, by detachment and nique based on correlation analysis and the one based on a
leaching of pipe material or biofilm formation (LeChevallier binary matrix has been done ireRz et al. (2011). Corre-
et al., 1987), by regrowth of microorganisms on the inter-|ation analysis is also an important tool for data validation.
nal surface an@r by a loss of disinfectant and formation of Further good results, using the same methodology to deter-
byproducts (DBPs), or an intrusion of contaminants (Lindley, mine flow demand patterns given some metered data from
2001).
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Barcelona water distribution network, are shown in Quevedo The use of the information associated with the relation-

et al. (2010). Nevertheless, the application to abnormal wateship between the residuals and faults, by means of the resid-

quality detection introduces irrelevant dynamics in leakageual fault sensitivity, allows improving the isolation results.

detection achieved using quasi-static models. Sensitivity Matrix S (Eg. 3) provides the sensitivity of the
This paper is organised as follows: in Sect. 2, the method-chlorine sensor residuals for eaclfeient faultf; affecting

ology used for water quality diagnosis is presented. Inthe system:

Sect. 3, the proposed approach is demonstrated by its appli- £f . f

cation on a DMA of the Barcelona water distribution net- roe "

work. Finally, in Sect. 4 some conclusions are given. 1S S Sim
S r2 | 1 2 - Sm ©)
2 Water quality fault diagnosis : : oo
L S1 S22 - Sm
2.1 Fault diagnosis procedure wheres; = M with Cy¢; andCynt being the mean val-

Model based fault diagnosis consists in the process of detectyes of the chlorme concentratid@y in nodej at a certain
ing and isolating a fault by using analytical redundancy tech-time, when the bulk decay is abnormal or normal, respec-
niques to monitor the changes in the dynamics of a systemively.
(Gertler, 1998). The consistency check is based on residu- The main idea of correlation-based fault diagnosis consists
alsr(k) computation, obtained from measured inp() and  in comparing the columns (faults) of the sensitivity matrix
outputy(k) signals and the analytical relationships which are S (Eq. 3) with the corresponding residual vector at tikne
obtained by system modelling that provide an estimated outby using the correlation function. The correlation iméent
put y(Kk): pr.sy;(K) betweenr(kK) and each columr of S (i.e. S¢j(K))

is computed as the Pearson’s correlationficoient, that is
I’(k) = y(k) - 9(k) (1) defined as:

At each time stejx, the residual is compared with a thresh- _ cov(r, St;) 4)

old value (zero in the ideal case and almost zero in a real re \/COV(r,r)COV(Sfj,SfJ‘)
case). The threshold value is typically determined using sta- _ = . .
fistical or set-based methods that take into accountfieete "Where covt.Sij) = E[(r =7)(S; - Syj)] is the covariance

of noise and model uncertainty (Blanke et al., 2006). Whenfunction betweem andSt; beingr = E(r) andSyj = E(S¢)),

a residual is bigger than the threshold, it is determined thatespectively.

there is a fault in the system; otherwise, it is considered that The columns ofS having higher correlation values with
the system is working properly. In practice, because of in-the residual vector at timeare the most probable elements
put/output noise, nuisance inputs and modelling errfiece:  to have a fault. The correlation between the observed resid-
ing the model considered, robust residual generators must béal fault signature (i.e(k)) and each column of the matri
used. Robustness can be achieved at the residual generatiéha measure of the similarity between the real fault residual
phase (active) or at the evaluation phase (passive). Robusftect (with unknown magnitude) and the faults considered
residual evaluation allows obtaining a set of observed faultin matrix S (Eq. 3) (with known magnitude) that allows dis-

signatures covering which is the column of this matrix (fault) having the
same behaviour. For faults with similar size to those used to
(k) = [qbl(k), ¢2(K), ...¢n¢(k)] (2) obtain the sensitivity matriss, the correlation function ob-
tains the maximum similarity (shape and form), pe= 1 in
where each fault indicator is obtained as follows: the element having the fault, for any magnitude of the real
0if Ir(K)l < 7i(K) fault. Because of the non-linearity of the water network sys-
¢i(k) = { 1if () > 7i(K) tem, if the real magnitude of the fault is far from the fault size

used to compute matri®, the similarity of the correlation
and wherer; (k) is the threshold associated to the residual function decreases but a high correlation between the residu-
ri(k). als corresponding to a particular fault and the corresponding
column of the sensitivity matrix still exists.

The vector obtained is the decision vector that will be used
to figure out which is the fault occurring in the system. More
Fault isolation is carried out on the basis of observedconcretely, the maximum correlation value in this vector will
fault signatures,gi(K), generated by the detection mod- point out the corresponding column (fault) as the most

2.2 Fault localisation using the correlation method

ule and its relation with all the considered faultgk) = probable element to be faulty:
[f1(K). f2(K). ... fas(K)|, which are compared with the theo-
retical fault signature matrix. mjax(pr’sfj ) ®)
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Figure 1. The layout of Nova laria Network with the 3 installed
chlorine sensor.
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Figure 2. Location of chlorine injectors (red) and links with chlo-
rine decay fault (blue).
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Figure 3. Number of bulk chlorine decay faults
installed sensors.
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Figure 4. Geographic distribution of faults using 3 pre-installed
sensors.

has two inputs, called Alaba and Llull, and three chlorine
sensors, which are also shown in Fig. 1.

Scenarios have been generated using EPANET simulation
software, considering these three sensors already installed in

the network (see Fig. 1). The events have been generated set-

ting thelnitial Quality andSource Qualityparameters of the
injectors Alaba (RE) and Llull (PC3) in Fig. 2. The scenar-

A DMA of a real water distribution network (Fig. 1) was used ios have been generated changing gk parameter at the
to verify the proposed method for abnormal water quality de-corresponding links of the network at 08:00a.m of day 2
tection and location. This DMA, located in Barcelona’s Nova (32nd hour of the episode). The values of fauign-faulty
Icaria area, is included in the 55th pressure level within thebehaviours on these links alg,x = —2.306415 ¥d for the
city network and has 1996 nodes and 3442 pipes. The DMAnon-faulty mode andKyyx = —50 1/d for the faulty mode.
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Figure 6. Error distance and geographic detail of chlorine bulk de-

Figure 5. Error distance and geographic detail of chlorine bulk de- cay fault detection for the link TR00029992A at hour 48.

cay fault detection for the link TR00353608D at hour 48.

“TRO0029992A" and “TR00029794D”, respectively are
The scenario has been run for 48 h and data sets have beshown in Fig. 2. The simulated data are obtained using the
created according to these scenarios. methodology presented. Figures 8—10 show the fault detec-
Figure 3 shows the number of bulk chlorine decay faultstion results obtained at hour 48 for every chlorine bulk decay
that may be detected using sensors located in Fig. 1 after 96 fault. In these figures, the link with the actual fault is repre-
of simulation. It may be seen how, with the sensors alreadysented with a diamond, and the starred nodes are the poten-
installed, the number of faults that may be detected is aboutial faulty nodes suggested by the correlation method. The
500. These links are distributed geographically as shown irrest of the nodes are divided in grey-scaled areas, depending
Fig. 4. on the correlation value they have: the most correlated with
Three diterent links of the network, included in the set the fault signature, the darkest the area they are located. The
of detectable faults in Fig. 3, are considered to generateevolution of the error distance through the period of results
the faulty scenarios. These links labelled “TR00353608D”, generation (15 to 24 h) and a detail of the detection for each
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Figure 7. Error distance and geographic detail of chlorine bulk de-

cay fault detection for the link TR00029794D at hour 48.

fault are depicted in Figs. 5—7. In the latters, the distance be
tween the potential faulty links (starred in Figs. 5-7) and the
actual faulty link (diamonds in Figs. 5-7) is represented. If
more than one potential faulty link is obtained at a particular
time, minimum, maximum and mean distances among poten-
tial faulty links set and actual faulty link are represented. For
all cases, a good match between the actual and the identifi

fault has been achieved.
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Figure 8. Chlorine bulk decay fault detection in link TR00353608D
at hour 48.
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Figure 9. Chlorine bulk decay fault detection in link TRO0029992A
at hour 48.

4 Conclusions

In this work, the problem of detection and localisation of wa-
ter quality anomalies has been addressed. The abnormal wa-
ter quality localisation method is based on the chlorine mea-
surements and chlorine sensitivity analysis of nodes in a wa-
ter distribution network. A fault localisation algorithm which
correlates on line the residuals (generated by comparing the
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