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Abstract. A supervisory scheme is proposed, toward the Discrete Event
Systems (DES) realization of the safe switching architecture for a bank of
observers composing soft sensors for water distribution networks (WDNs).
The bank of observers combined with the switching mechanism are used to
cope with the nonlinear characteristics of the hydraulic and water quality
variables’ dynamics in WDNs. The switching mechanism among the
observers of the bank, as well as the proposed supervisor for safe switching
are represented in DES form. This way, a hybrid soft sensor system,
including a continuous time subsystem and a DES subsystem, is proposed.

1 Introduction

In [1]-[4], the design of soft sensors, via switching state observers, has been proposed to
estimate water quality and hydraulic variables for Water Distribution Networks (WDNs) at
locations where physical sensors are not available. To cope with the nonlinearities of WDNSs,
the soft sensor design includes a bank of observers and a switching architecture, that
activates, at each instant, one observer if it is suitable for the respective WDN’s area of
operation. Switching is based on a set of criteria in [1]-[4].

In [1]-[3], the dynamics of a WDN are approximated as a system of nonlinear ordinary
differential equations of the form x = I'(x) + Z(x)u(t) , where x € R™" is the vector of the

state variables of the WDN, u e R™" is the vector of the input variables, while F(x) eR™
and Z(x)eR™" are nonlinear matrix functions of x. Moreover, y, (t) = C,x(t), where

C,, e R”" is a selection matrix such that y,_(t) e R*" includes all those state variables that
are measured by physical sensors. For example, if the focus is on the variations of chlorine
concentration (see [1]), the state variables in x are volumetric flow rates, pressures and
chlorine concentrations, at specific WDN’s points. The input variables in u are supply and
demand flows, as well as pressures and chlorine concentrations/doses at specific points of
the WDN, that activate the dynamics of the network. The measurement outputs in y . are

those flow, pressure, and chlorine concentration variables in x , being measured in real time,

* Corresponding author: mtzamtzi@dind.uoa.gr

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



MATEC Web of Conferences 421, 02001 (2026) https://doi.org/10.1051/matecconf/202642102001
MoCWS 2026

via physical sensors embedded at the network. For the rest state variables, linear observer
based soft sensors are proposed, according to the following procedure.

First, linear approximants ox =J (i,ﬁ) ox+ Z(i) du (t) , around prespecified operating
points q =(X,u,y,,), are produced. Note that each operating point satisfies the conditions
I'(X)+Z(X)u=0"" and y,, =C, X, while 5x approximates Ax(t)=x(t)—X, provided that
i) ou (t) =Au (t) =u(t)—u and ii) the trajectory q=(x,u,y,,) of the nonlinear system
remains close enough to q. For each linear approximant, a corresponding linear observer is
3: z(t)=F(u)z(t)+G(u)Ay, (t)+M(u)Au(t),z(0-)=z,, where F(u), G(u) and
M(ﬁ) are appropriate observer matrices to be evaluated, Ay, =y, -y, ,and ze R™ is
observer’s state variable vector, namely the estimation of 0x(t) . In [4], similar results have

been presented for discrete-time descriptions.

Based on a selection of operating points ﬁ(i) , i=1,...,u, a bank of linear observers

S(l),S(z),...,SW ), one for each linear approximant, is developed toward estimation of the
required WDN’’s state variables. Each observer 3" is associated with a target operating area

J(ﬁ(i)) that includes those operating points q around ﬁ(i) for which the observer I

provides satisfactory estimations of the corresponding nonlinear system state variables,

according to estimation error metrics in [1]-[4]. The set of operating points ﬁ(i) is selected,

so that the target operating areas have appropriate overlapping (dense web principle). The
design is completed through a switching mechanism that monitors the system trajectories q
and allows switching to observer il provided that q is close enough to an operating point
q within J (ﬁ(')) . This is checked via appropriate convergence metrics, in [1]-[4].

In the next section, an implementation of the switching mechanism of step wise safe
switching observes is proposed. First, a Discrete Event System (DES) model is introduced to
formally describe all possible actions of the observer switching mechanism. Second, a DES
supervisor ([5]-[7]) that allows switching only to those observers containing q in their target
operating areas, is proposed. This supervisor guarantees step wise safe switching. It is
important to mention that using the present results soft sensors become a hybrid soft sensor
system, including a continuous time subsystem and a DES subsystem. It is also noted that
such type of hybrid systems is met in several control applications ([8]-[13]).

2 Switching model and supervisor

Consider a bank of observers denoted by 30 , 3@ yeens i , where observer 3

i)

0 is associated
and target operating area J (ﬁ(i)) (i=1,...,u). The DES
model of observer switching is the following 6-tuple automaton ([5]-[7])
G, =(Qu,Eq, Ty, Hy, X5 ,Qo n) - The set of states is Q, = {qo,o,qo,l,...,qo,#} , where Qg

, 1=1,..., u is the state denoting that observer 3 has been activated and 0o is the initial

with nominal operating point ﬁ(

state (X,, =0o,) denoting that none of the observers is activated. The alphabet is
E, =1{€,5-€0,)» Where €, i=1,...,u is the command to activate observer 3" . The
active event sets are H,(Qy;)=E,, and the transitions are f,(dy;.€5;)=0o ;>

V0o, € Qp,€ ; € Ey . The marked states setis Q, ,, = Q, — {0, } - The marked language of
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G, is L, (G,)=¢,(c,) , where ¢, is the canonical expression of E . Its closed language
is L(G,) =L, (G,) , thus G, is non-blocking. All events are controllable.
Here, a supervisor is proposed. The supervisor allows transition to an observer il
i=1,...,u, provided that the convergence metric is verified indicating convergence of q to
f H .
an operating point q € J (ﬁ(')) . Consider the set J, = _ki,]] ((_1(')), that describes the range of

the system’s operating surface, which is under consideration for the application of the
proposed bank of observers. Let AJ. , 1=L..,0, be a partition of J,, such that it holds

A cly,, A =kQJJ(q<“) . A NI@")=0, Vkel,, where I, < {l,..,u}, I, #@ and
j=1,...,0. According to the previous definition, it follows that each A ; is subset of all the
target operating areas of the group of observers ¥ kel ;-

In the following, a DES supervisor is proposed, that allows switching to observer R
provided that the system’s output has converged within a set A, such that A; cJ (ﬁ(i)) ,
which implies that i € I;. The proposed observer switching supervisor is defined by the 6-
tuple automaton S, =(Qs,,.Bg, fso.Hs o, %X00,Qs0)- The set of states is
Qs ={Us 00050450500} » Where Gso;, J=L...,0 is the state denoting that the
trajectory convergence metric criterion holds for an operating point q within A, while
X500 = Uso, 18 the initial state, where the convergence metric has not been yet checked. The
alphabet is By, =E, UIES!O , where ]Es’o =1{€5,>-85 .}, and & ;, j=1,...,0 is the signal
indicating that the convergence metric criterion has just identified convergence of system’s

trajectories to an operating point q within A ;. All events of ]ES’O are uncontrollable. The

active event sets are H ,(qs ) = ]Es,o » Hg (05 0,;) = N {eo)k}ufE}s)o, j=1...,0, while
€l

the transitions are fs,O (qS,O,j ’eo,k) =0so,j> fS,O (qs,o,()aes,j') =0so,j> fs,o (qs,o,jses,j') =0so,j

,i'=1...,0,k €I, . The marked language of S, is

Lm<so)=L<so)=[es,l(k;I o) v (4 e j .
The supervisor S, is physically realizable ([7]), as all uncontrollable events of its alphabet

are active in all its states. The controlled automaton is determined by the synchronous product
G, |IS, and is nonblocking ([5]-[6]) since i) the supervisor S, may always reach ¢ |,

j=1...,0 through non restricted events and ii) when at g, i j=L...,0, the supervisor
S, will not disable at least one event of K, that leads from the non-marked to the marked

state of G, . This is due to the property that all sets I; are non-empty sets.

3 Conclusions

A DES supervisory scheme has been proposed, to implement a safe switching architecture
for a bank of soft sensors implemented by linear observers, aiming to cope with the nonlinear
characteristics of the hydraulic and water quality variables’ dynamics in WDNs.
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