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Abstract

This paper presents a review of the current state of the art of real time control (RTC) of urban
wadtewater systems. Control options not only of the sewer system, but aso of the wastewater trestment
plant and of receiving water bodies are consdered. One section of the paper provides concise
definitions of terms frequently used in the literature. Recent developmentsin the field of RTC include the
congderation of the urban wastewater sysem in its entirety. This dlows information from al parts of the
wadtewater system to be used for control decisons and can lead to a significant improvement of the
performance of the wastewater syslem. Some fundamental concepts of this gpproach are outlined.
Particular emphasis in this paper is laid on methodologies of how to derive a control procedure for a
given system. As an example of an RTC operationd in practice, the Québec Urban Community globd
predictive RTC system is presented. The paper concludes with an outlook into current and future
developments in the area of red time control.

1. Introduction

Urban wastewater systems, having sewer system, wastewater treatment plant and receiving weter as
their main dements, can be found throughout the world. Many of them are operated with little or no
control. On the other hand, there are some case studies with quite sophigticated forms of control. What
are the benefits of such control? What are the drawbacks? The last state-of-the-art report on red time
control of urban drainage systems has been published thirteen years ago (Schilling, 1989). What has
happened since then? What are the recent developments in this area since then? Why should we
embark on red-time control? Also, many readers - now haf a generation later - may be new to this



topic. Therefore this survey paper attempts to give an introduction to the current state of the art of redl
time control of urban wastewater systems.

The question raised “why should we bother with red time control today?’ hes, a leadt, three vaid
answers. There is progress in measurement technology, the consideration of water-quality-based
objectives and the integrated approach to control open up new potentia, and, finaly, methodologies
and tools assgting in the development of control procedures have improved. Also a number of large-
scale case studies demondtrate that real-time control does indeed work in practice. This paper attempts
to illustrate some of these concepts.

2. Definitions and key terms

This section introduces some of the fundamenta concepts and terms of RTC. Subsequent sections then
discuss how control procedures are actudly determined for a given case study, followed by an example
of an implementation of redl time control in Québec. Further sections outline some important practica
issues as wdll as current and future trends of RTC.

An urban wastewater system is controlled in real time if process variables are monitored in the system
and, (dmost) at the same time, used to operate actuators during the flow process.

In principle, the control of the process can be schematised by means of control loops (Figure 1), which
can be implemented by means of hardware components including sensors, which monitor the process
evolution, actuators, which influence the process, controllers, which adjust actuators to achieve
minimum deviations of the controlled process variable from its desred vdue Eet-point), and data
transmission systems tranamitting data between the different devices.
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Figure 1. Feed-forward (disturbance measurement) and feedback (process measurement) control
loop. Smple arrows indicate data flow, double arrows indicate hydrodynamic action. Bold letters
indicate hardware and itdic letters indicate variables.

RTC in urban drainage wastewater systems poses dringent requirements on sensors, such as
measurement accuracy and reliability, physicd and chemica resstance and suitability for continuous
recording and remote transmisson.

Main sensor's used include:

rain gauges such as weighing gauges, tipping buckets and drop counters. Rain measurement can
aso be obtained by meteorologicd radars enabling aso short term rain forecasts,

water level gauges such as floating hydrometers, bubblers, pressure inductive gauges and sonic
gauges. Water level gauges are essentia for monitoring the state of sewer storage or to convert
levelsto flow rates where backwater effects are not dominant.

flow gauges such as leve-flow converters, ultrasound velocity meters, eectromagnetic meters.
quality gauges such as sensors for organic pollution (TOC, readily biodegradable COD), nutrients
(tota, ammonia and nitrate nitrogen, and phosphorus), biomass (urbidity or respiration activity),
toxicity (via respirometry), etc. These sensors supply information of high vaue, however, they dso
require significant operation and maintenance skills. Smpler, but more robust measurement devices,
which often are used as surrogetes for the actud variable of interest, include sensors for pH,
conductivity, redox potential, UV and IR absorbance. However, for these considerable efforts are
required to create the interpretation modules that convert the raw sensor output into the required
information.

Actuators in urban wastewater systemsinclude:

pumps (axia or screw) with constant or variable speed;

gates (duice, radid or diding) which redtrict the flow in a sewer or at the outlet of a detention tank;
they are usualy activated by motors and used for generate in-line storage or for diverting flows into
other parts of the system;

weirs (transverse, side spill) which can ether be static structures, for example, to reduce overflow
discharges over a combined sewer overflows, or which can be movesble and adequately
positioned in order to generate storage volume (Campisano et d., 2000, 2001). Inflatable dams
can be usad in large trunk sewersto activate in-line storage;

valves are used to redtrict flows;

other actuators, such as movable air-controlled siphons used for storage, and movable flow
splitters which separate flow into two ore more paths.

chemical dosing devices that adjust the conditions in the tanks to achieve a certain performance,
eg. supply of readily biodegradable COD to enhance denitrification, injection of acid/base to
control pH within a biologicaly acceptable range, addition of polymer or balasting particles to
enhance sttling of biologica flocs;

aeration devices are an essential and very cost-determining part of most of the wastewater
treatment plants. Oxygen is indeed necessary for some of the important biologica pollutant remova
processes, eg. nitrification. Many different types exist with the more cog-effective ones being the
fine bubble aeration systems.



The control loop defined above is the basic dement of any red time control system. In feedback loop
control, commands are actuated depending on the measured deviation of the controlled process from
the set-point. Unless there is a deviation, a feedback controller is not actuated. A feedforward
controller anticipates the immediate future vaues of these deviations using a mode of the process. Then
it activates controls ahead of time to avoid the deviaions. A feedback / feedforward controller is a
combination of these two types.

A standard controller used for continuoudly variable actuator settings are the proportiond-integral-
derivetive PI D-controller and its smplifications (P, PI, PD). Its sgnd to the actuator is a function of
the difference between the measured variable and the set-point. The parameters in that function have to
be cdibrated unless the controller is equipped with an auto-tuning fecility. Cdibration is performed
through andlyss of the underlying differential equations, or through red or Smulated experiments
(Campisano and Modica, 2002, in press).

Two-point or on/off-contral is the smplest and most frequently applied way of discrete contral. It
has only two pogtions. on/off or open/closed. An example is the two-point control of a pump to fill a
tank: the pump is switching on & a low leved and off a a high levd. The difference between the two
switching levelsis cdled dead band. Three-point controllers are typicaly used for actuators such as
gates and movable weirs, etc. In the middle postion of the controller, the output Sgna remains in its
previous state and in the other pogitions it assumes elther maximum or minimum, respectively.

Today, digitd programmable logic controllers (PLC) largely replace andogue controllers. Typicaly,
aPLC controls and co-ordinates al functions of an outstation (i.e. a monitoring and/or control Stein the
fied). These include acquisition of measurement data, pre-processing (smoothing, filtering, etc.), checks
for status, function, and limits, temporary data storage, caculation of control action, and receive and
report data from and to the centrd sation. In the control room, a supervisory control and data
acquisition (SCADA) sysem manages dl incoming and outgoing data. Alarms are generated here, and
operators monitor and control the processes (e.g. change of set-points). Data transmission systems
may be redised by means of leased or dedicated telephone lines, or by wirdess communication
systems, such asradio, cdlular systems or satdllite telecommunication devices.

Red time control systems, in particular those with frequent man-machine interaction, also need to be
equipped with user-friendly operator (user) interfaces. Today, often, active wall panels and colour
screens are used which display standard features applied in a variety of gpplication fields (synoptic
screens, showing current values, trends and darms).

In relation to the degree of automation of the RTC system, the type of control may be manual if the
actuators are adjusted by operators, supervisory if the system actuators are actuated by autometic
controllers with their set-points being specified or approved by operators or by a supervising system, or
automatic if the contral is redised in a fully automatic way by a contraller, including in al cases manud
override cgpabilities. With regard to the complexity of a red time control system, the following
digtinctions are made in the literature. A system is operated on a local control leve if the actuators are



not remotely operated from a control room and if process measurements are taken directly at the
actuator Ste and the actuators are not remotely operated from a control room. Loca control may
represent a good solution in the case of one actuator only, but if the system is more complex or if dl
actuators have to be operated jointly, global control becomes necessary. In this case, sensors
communicate their data to actuators located in other parts of the system. Alternatively, a central control
room receives dl the measurement data of locd sensors and centraly operates the actuators in a
coordinated way.

Current research is dso focussing on integrated control (Schitze et d., 1999). This control leve
involves smultaneous and coordinated control of sewer system and treatment plant, possibly aso of the
recelving water body and of wastewater production. This approach dlows for andysing both
quantitative and quditative aspects of wastewater and for controlling the environmenta conditions of the
recalving waters (Schiitze et d., 2002a; Rauch and Harremoés, 1999; Meirlaen et a., 20025, 2002b;
Nidlsen and Nidsen, 2002). This opens up significant additiona potentia for control and for improving
the performance of wastewater systems. It could be shown in arecent study (Schiitze et ., 2002b) that
many indances of wastewater systems do have control potentia when gpplying integrated control, even
in cases where neither loca nor globa control scenarios appear to increase the performance of the
wadtewater system. Practica examples of integrated red time control include Québec - see Section 5,
but dso Aalborg (Nielsen and Nielsen, 2001) and Odenthd (Erbe et d., 2002).

3. Control objectives

Traditionally, sewer system, treatment plant and receiving water have been considered as separate units.
Also control, where it was performed, was - and often il is - done for each of these parts separately
(see, for example, the reports by Schilling (1989), Olsson and Newell (1999) and Jeppsson et 4.
(2002)).

When formulating objectives of control or, more generdly spoken, defining performance indicators for
sawer sysems, one traditiondly uses auxiliary criteria such as overflow volumes or frequencies.
Additiond objectives could include, for example, avoidance of flooding and the equdisation of pesk
discharges towards the treatment plant or the reduction of sewer sediments by deliberate flushing. In
practica applications, adso the reduction of costs congtitutes an important objective, if not the driving
one, of red time control implementations. Control aims at improving the performance of the system, by
essentidly usng the existing infrasiructure (or, at leadt, trying to avoid large invesments for datic
extensions of the system in order to meet the demands) in a sophigticated way. For some case studies,
redl time control contributed to sgnificant cost savings.

Control is dso gpplied a wastewater treatment plants in various forms. gpplications range from oxygen
control in the aeration tank to highly sophigticated forms of contral, involving on-line smulation models
(Jumar and Tschepetzki, 2001; Niglsen, 2002). Control objectives for treatment plants usudly include,
among others, maintaining effluent sandards and minimisation of costs.



Recent studies suggest that traditiond criteria do not necessarily will describe the performance of the
urban wastewater system in terms of water qudity of the receiving water body (Rauch and Harremoeés,
1996; Butler and Schiitze, 2001; Butler et d., submitted). This motivates to consider to what extent real
time control can be used to improve river water quaity, despite the fact that the traditiona auxiliary
criteria till form the base for standards in many countries. Also, the fact that often different departments
or even companies are regponsble for different parts of the wastewater syssem may hinder such
coordination. Whilst the discusson on emission- or immission- (indeed, the word does not exist —yet- in
English) based legidation has been ongoing for years (Tyson et d., 1993), an important paradigm shift
can now be observed. Although still many years ahead before being imposed completely, the EU Water
Framework Directive (WFD) (CEC, 2000) requires a river ecologica quality driven gpproach of river
basn management which evidently will have implications on urban wastewater sysem management
within Europe and esewhere. The directive asks for amgjor legp forward in management practice.

4. Development and Analysis of Control Procedures

A red time control system usudly is structured in different hierarchicd levels, i.e. fidd (process), sysem
and management levels (Figure 2). The management leve involves the specification of the overdl way of
operation. On the system leve, the magnitude and the time sequence of the various sat-points in the red
time control system are specified. On the fied leve, controllers adjust actuators to achieve minimum
deviations of the regulated variables from their set-points.

A core task in developing of any RTC system is the determination of an gppropriate control procedure
for the given wastewater system. A control procedure (in some publications caled “control dgorithm”
or “control strategy”) is defined as the time sequence of dl actuator set-pointsin aRTC system.

M anagement level:
Definition of overall operational objectives
determines control strategy

System level:
Determination of (possibly time-varying) set-points
of theindividual controllers
(seriegd/trajectory of set points =: control procedure)

e.g. set of rules,
model-based predictive control

Field level: e.g. PID controllers
Controllers achieving minimum deviation from set-points

by application of control algorithm / control law of each

HIO P NP | VRPN | D

Figure 2. Variouslevdsin ared time control system (adapted from Schiitze et d., 2002)

Synonymoudly, adso a st of rules which specify such a time sequence can be termed a control
procedure. In dmog al cases with multiple control loops it can be shown that an optimum control
agorithm condsts of time varying set-points. Some control procedures can be represented aso as



decision matrices. Each element of the matrix represents the control action that has to be carried out
for a given combination of state and input (loading) variables. Decison matrices dlow for very fast on-
line execution of control procedures. Smplifications of decison matrices include decision trees (rule
bases) that are aset of "if-then-elsg" satements.

The subsequent paragraphs will outline how a control procedure can be found on the system levd. Its
actud implementation (on the fidd leve), involving controllers of various types, can then be done by
control engineers. Certain overal specifications, such as which dements of the sysem are to be
controlled, will have to be made on amanagerid level prior to determination of a control procedure.

Heuristic gpproaches to determine a suitable control procedure can be based on the experience of the
operating saff. A st of potentid procedures (including, for example, a default fixed set-point
procedure) is specified and then improved by an iterative procedure involving a Smulation modd of the
system. Evaudting the results of a number of smulation runs, testing a number of srategies, improves
the procedure by trid-and-error. If no more improvement is possible in this iterative procedure, it is
assumed that an optimum procedure has been found. A variation of this gpproach consigts in the design
of loca control for the actuators of the wastewater system, followed by setting up globa control
schemes only a those parts of the network where these result in an improvement (Schiitze and Einfdlt,
1999). An upper boundary for the reduction of overflow volumes by application of real time control can
be easlly obtained by smulation (Einfat and Stolting, 2002).

Besides smple, but [aborious, trid-and-error methods, dso mathematical optimisation techniques (see,
for example, Dochain and Vanrolleghem, 2001, for a review) have been gpplied successfully to the
development of control procedures (off-line optimisation). Vaues are determined for the parameters
of control rules which are optimum with regard to the specified performance criteria (Schiitze et 4.,
1999, 2002a). Since here the smulation modd is applied off-line, the smulation models can be fairly
complex and computation time is less of an issue in this gpproach. Hence a more detailed system
representation can be chosen when modedling the system and aso longer term impacts of control actions
can be evauated here.

An dternative gpproach to determine a control procedure condsts in setting up an on-line smulation
model, which, a every control time step (eg. five minutes), evauates the impacts of a number of
potentia control actions and then actudly applies that one which showed to be most beneficid in the
evauation procedure (Mode based predictive control) (Rauch and Harremoés, 1999). By
performing on-line calibration and thus updating the modd based on current measurements of the
sysem date, predictions of future system dates with fairly high accuracy can be obtained. For
determining the best possble control action, optimisation routines can be applied, too (on-line
optimisation). It should be noted, however, that here caculation time can be a critical issue, Since a
potentidly large number of different control actions and their impacts on the wastewater system will
have to be evaduated within fairly short time. A number of such sysems are in planning or in operation
(see Section 5; Nielsen and Nidlsen, 2002; Scheer and Nusch, 2002).



A number of different optimisation techniques can be applied in off-line and on-line optimisation
approaches. Optimisation dlows evduation of the control performance on an absolute (“the best”)
rather than a rdative ("a better") scde. Here, the problem is trandated to the minimisation of an
objective function subject to constraints. Overviews of various optimisation methods are given by
Dochain and Vanrolleghem (2001) and Schiitze et d. (2002a). Although the gpplication of optimisation
methods, and, more generdly, the development of control procedures, usudly am at determining the
optimum (best possible) control action under the given conditions, a suboptimum control decision is
often sufficient for RTC (as long as it can be ensured that this decision does not lead to a performance
of the system inferior to the no-control scenario). This is of particular importance in cases where an
optimum solution cannot be found within the given time congtraints for control.

5. An implementation of RTC: The Québec Urban Community RTC system

The Québec Urban Community (QUC) has implemented a globa optimd predictive red time control
system and has operated it Snce summer 1999, It involves solution of a multi-objective optimisation
problem. It conggs of finding the flow set points that minimise the vaue of a multi-objective (cost)
function, with respect to physicd and operational condraints. For QUC's westerly network, al
congraints are linear in order to reduce computing time. The system’s non-linear behaviour is described
by the multi-objective function. The control objectives are, in decreasng order of priority: the
minimisation of overflows, the maximisation of the use of the trestment plant cgpacity, the minimisation
of accumulated volumes and, findly, the minimisation of variaions of the setpoints.

Along with these globd control objectives and loca weights defined in the objective function, an
uncertainty factor is associated with the optimisation variables to teke into account the fact that
predictions in the far future are more uncertain than in the near future. The linear equdity congtraints are
used to define the relationships between the optimisation variables. In particular, the st of equdlity
condraints include a linear hydraulic ARMA modd. The inequality condraints are used to set physica
and operating boundaries. They limit accumulated volumes in the tunnels and flow rates below the pipes
hydraulic capacities. They dso condrain flow set points below maxima vaues computed & the loca
Stes and limit flows conveyed to the WWTP.

This procedure for flow control is congrained by flow limitations at certain critical points, and is not
dlowed to provoke any surcharge flows in sawers. The sewer network uses a distributed control
procedure divided into three hierarchicd levels: Level 1 conssts of loca control of the actuator, whilst
Levd 2 includes coordinated control of severd Level 1 gations. Globa optima predictive red time
control, findly, represents the third level of control in the Québec system.

Thered time control system isimplemented at a central station and uses flow monitoring and weter level
data, rainfal intengty data, radar rainfal images and 2-hour rain predictions. Set-points are trandated
into moveable gate positions at locd sations by Programmable Logic Controllers (PLC). The system
presently controls 5 movegble gates and receives information from 17 flow monitoring and westher
dations (Pleau et d., 2000). It is designed to ultimately control some 30 flow regulators and have atotdl



of nearly 70 measurement locations. The related optimisation problem defined for the controlled section
of QUC' s westerly network comprises 1380 congraints and 1196 variables. The optimisation problem
issolved a every control time step (5 minutes) by a non-linear programming agorithm Pleau et d.,
2001).

The Westerly sewer network (Figure 3) comprises of three mgjor interceptors (Métropolitain-Nord,
Versant-Nord and Versant-Sud) and two tunnds (Versant-Sud and Affluent). The Versant-Sud tunne
has a diameter of 2.47 m, alength of 4.6 km for atotd volume of 15 628 m3, whilst the Affluent tunnel
has adiameter of 2.45 m, alength of 3.4 km) for atota volume of 16 137 m2. These two tunnelshave a
combined storage volume of gpproximately 15 000 me. Twenty-two regulating and overflow structures
permit to control the flow in the interceptors. Prior to the implementation of Globa Optima Predictive
Red-Time Control during summer 1999, dtogether nine structures had sgnificant overflows during
ranfal events
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Figure 3. QUC's control sites and retention tunnels

In the firgt phase of itsimplementation, this RTC system manages the flow on the western portion of the
QUC network. By only optimizing the use of two exigting tunnds and the capacity of the westerly
wadtewater trestment plant, real time control achieved a 70% reduction in overflow volume in 2000.
The cost of this phase was only US-$ 2.6 million compared to an estimated US-$ 15.5 miillion to build
retention facilities to attain an equivaent control level over the Québec Urban Community territory, such
aswould be done through conventiona engineering design (Lavalée et d., 2001).

Figure 4 presents a comparison of overflow volumes at the mgjor overflow sites and a the WWTP for
two management strategies (dynamic, i.e. RTC, and static) for the 13" of August rainfal events. Static
management represents the network management strategy “before 1998” (i.e. before ay RTC
implementation). The data marked “dynamic’ are actud operation measurements, whilst the detic
scenario are smulation results of what would have occurred under the same Stuation prior to the
implementation of RTC.
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Figure 4. Overflows at each control Ste for the rainfall event of 13 August 1999
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Figure 5. Flow rates at West trestment plant with static and globa optimd predictive RTC

When compared to the results obtained with static management, globa overflow volume reductions per
ste with RTC vary between 40% (Suete) and 100% (Dijon) while globd reductions per event are close
to 70%.

Figure 5 demondirates how the control scheme behaves in order to make maximum use of the available
storage and treatment capacity. Flows conveyed to the WWTP correspond to the trestment capacity
while avoiding overflows. This objective is achieved through the control scheme by retrieving the
hydraulic capacity of the WWTP from tide tables stored in the RTC database for the 2-hour prediction
horizon. With this information, the flow conveyed at the WWTP is able to match the hydraulic capecity
assuming there is enough water accumulated in the Affluent tunndl.
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6. Lessonslearned: Important practicalities

Some of the lessons learned from the Québec real time control system and from other applications can
be summarized asfollows:

Costs of planning studies for RTC can be quite high: usudly, a computer mode for the system hasto be
st up, cdibrated and verified. However, implementation of RTC, which makes use of exising
wadtewater infrastructure and aso can provide significant and quick environmenta benefits, can help to
prevent building new tanks or extending the capacity of exigting infrastructure at even higher codts, thus
often resulting in sgnificant savings (Schilling, 1994; Lavalée et d., 2001). Therefore, red time control
should be included as an option in the planning process for an urban wastewater system improvement
program. Useful prior to a detailed feasbility sudy and cost-benefit andlysis is a pre-assessment of the
RTC potentid of the given dte. Some quick-and-easy-to-gpply criteria for such an evauation of the
RTC potentia of sewer systems are suggested by Schilling (1994). A CD to be published by the RTC
Working Group of the German Wagtewater Association ATV will contain an extended verson of this
ligt, complemented by some additiond materiad guiding the practical engineer in RTC implementation
projects (Scheer and Weyand, 2002).

Safety: The requirement of safety can be trandated into a smple rule: the worst-case scenario should
be to fal back on a system behavior equivaent or better than the Stuation before the introduction of
RTC. Safety is complementary to reliability and is warranted by the incluson of fall-safe or backup
devicesin the design of equipment. Safety is ensured through good engineering practices.

Reliability: a careful sdection of equipment, such as sensors, actuators, telemetry and data processing
equipment is a good starting point to ensure religbility. But any eectronic or mechanica device is prone
to failure, epecidly when submitted to the harsh sewer environment. This dearly digtinguishes red time
control of urban wastewater systems from many other gpplications of control engineering. Therefore,
equipment failures need to be considered as inevitable and measures have to be devised which ensure
the reliability of the system. Such measures include, for example, operation and maintenance guiddines,
provison of redundancy of criticd sensors and actuators, multi-path, multi-channd communications,
data vaidation and tagging, and the use of a robust smulation and, where appropriate, optimisation
software.

Adaptability: the RTC system has to adgpt to varying conditions, including equipment failures and
varying rainfal intendties and gpace and time distribution. For the Québec case study, it was found thét,
using an on-line cdibrated modd-based gpproach, a multi-variate objective function, and a set of
physica and operationd condraints, best adgptability to the intrindc varying wet weether conditions
could be achieved.

Flexibility: dthough moddling is necessary for the evauation of RTC potentid and for the design of
RTC procedures, RTC is red-life operation. Design of infrastructure can only provide guidance to its
setup, but not dl possible situations can be taken into consideration. Unexpected Situations will occur in
red life. Hence, the RTC system should be designed with capabilities to adapt to a larger spectrum of
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such unexpected Stuations. For example, a power failure of one hour at the Québec City wastewater
treatment plant caused no overflows because the central control agorithm was able to trigger its control,
and proactively, rather than reactively, utilised dl avallable control Stes and storage capacities in the
system and devices, thus handling such a degraded situation. Furthermore, a red time control system
should be designed in such away that it so provides scope for system modifications and extensions.
Therefore, it should preferably be based on industry standards rather than proprietary modules,
commercialy available software rather than custom made, parameterized and modular rather than hard
coded programs.

System integration: system integration is key to the technica success of the RTC system. A RTC
system is composed of many devices, equipment, programs, etc., that need to communicate in a
common language. Data need to be synchronized and be updated much more quickly for control than
for supervisory purposes only, especidly in sewer systems with short runoff concentration and flow
times.

Ownership and acceptance of the control system: another key to the success of a RTC system liesin
the ownership by the staff a dl levels of the organization that will be respongble for operaion and
maintenance of the control system. This agpect cannot be stressed enough, as lack of emphasis of such
involvement of the staff is respongble for many bad experiences in the past in the operation of red time
control systems. An gpproach to ensure such ownership includes the joint involvement of operators,
design engineers and control systems and information technology experts. It is crucid that they are
actively involved very early in the process, and that their inputs are consdered in the design of the
system. Training and documentation should not contain any unnecessary technica jargon and should be
adapted to the different levels of gtaff, taking into account their different level of responghilities and
functions within the operating company or authority. Acceptance of the syssem may, in some cases, be
further increased if the ultimate control decison is taken by the operator (asssted by the control
system), and not by the computer itself (oper ator -in-the-loop).

Consenting procedure: Prior to commissoning a RTC system, gpprova needs to be sought from the
authorities respongble for consenting the system. Therefore, it is necessary tha these authorities are
convinced of the benefits of the real time control system. Usudly, it has to be demongtrated that the red
time control system can meet the required standards. The proposed control procedure, induding failure
scenarios, will have to be documented well. Negotiations with the consenting authorities, which should
be included early in the design of the RTC system, will have to define criteria againg which proper
operation of the RTC system isto be judged. This could include a check whether the previousy agreed
control rules are dways followed. For systems without explicit control rules (e.g. on-line optimisation
systems) different criteria may have to be gpplied.

7. Current trends, future developments

In this section, some ideas and trends that the authors expect to develop in the coming decade are
presented. Starting from the visible shift in operationa objectives driven by re-oriented legidation, future



characteristics of practica tools for RTC design and implementation are presented. These include, in
particular, modelling approaches, measurement systems, actuators and, of course, new control
strategies and procedures which are more closgly linked to the new objectives.

Objectives: Many knowledge gaps ill exis, for indance and most importantly, what the relation is
between the water quantity and quality variables that have been in use for so many years for the
assessment of the quality of the urban wastewater system design and operation, and the ecologica
qudity the WFD requires river basn managers to focus on. As a consequence, important research
efforts have been initiated to better understand these links and (soft) modelling approaches seem to get
alot of atention in thisrespect (Schleiter et d., 1999).

Models: Continued efforts will be devoted to make the existing integrated smulators (see below)
accessible and sufficiently performing for practica development of RTC solutions for urban wastewater
systems. Important aspects that are expected to be focused upon are mode reduction, surrogate
models (e.g. neurd networks and smplified models that can mimick complex behaviours in a sufficiently
accurate way), proper condderation of effects rdevant to RTC (such as pump switching involving time
lags) and more efficient numerical routines for model solving and optimisation. On the other hand,
continued efforts are dso expected in the development of models that are compatible with the other
subsystems and have an increased prediction performance (Rauch et al., 2002).

Uncertainty: There is no doubt that the professon shows an increased awareness of the inherent
uncertainty in modelling these large complex systems (Beck, 1987; Le & Schilling, 1994; Willems,
2000; Rousseau et d., 2001). One of the optionsthat is promoted isto adopt a different type of models
that can intringcally ded with uncertainty, eg. so-cdled grey-box modds (Bechmann, 1999). An
dternative conssts of maintaining the deterministic models that are in wide-Spread use today, but put an
uncertainty propagation layer around these modds (Monte Carlo smulation) to get an assessment of the
uncertainty one has to ded with in the variables of interest. This approach was adopted successtully in
WWT design and operation (Rousseau et d., 2001) and is currently under evaluation for use in RTC
design of integrated urban wastewater systems.

M easur ements. When consdering the data on which RTC rdlies, the future will show a trend smilar
to what is observed in wastewater treatment operation (Jeppsson et a., 2002): sensors will become
more focused by providing relevant data on the problem at hand, and dedl with the painstaking fouling
problems whilgt at the same time minimising maintenance requirements. Increased attention will be given
to data management (databases, GIS supporting systems to present the data) in order to dedl with the
problem of “data drowning”. Further, increased attention will be devoted to automated fault detection
(“do we have an erroneous measurement?’) and diagnosis (“what is this error caused by?’) (Olsson &
Newell, 1999) such that RTC systems can fadl back to aternative control schemes that do not rely on
the faulty data

Actuators: It is the belief of the authors thet no important developments will occur in the fidd of the

actuators. Rather exigting actuators will be used in a more creative way and more objective-driven. The
exception may be some developments at the level of implementing actuators in river systems (aeration,
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flow regulation) as the in-river conditions will become increasingly focused and therefore acted upon.
Such ideas have dready been proposed by Reda (1996) and are implemented in the Seineriver in Paris
(Krier, 1998).

Control procedures: It is expected that the change in control objectives will automatically lead to more
integrated control systems that use information from the complete urban wastewater systems to act on
different points in this system. Hence, the Strategies that will be adopted are inherently MIMO (multiple
input — multiple output) in nature. This does not necessarily imply that complex control laws/agorithms
will have to be adopted. Rather an intelligent and supervised combination of smple SISO (single input -
single output) control laws that can easly be tuned is foreseen to be implemented. The systematic
development, evauation and tuning (Schitze et d., 2002a) of these procedures is expected to be done
with integrated smulators that are currently in full development (Meirlaen et d., 2001; Rauch et 4d.,
2002; Schitze and Erbe, 2002). Also, smultaneous consideration of several concurrent objectives in
the determination of control actions conditutes a promisng area for development (Rauch and
Harremoés, 1999; Schiitze et d., 2002c). In view of the uncertainty aspects mentioned above,
robustness of the controllers performance will be one of the aspects taken into account during their
seection and tuning (Meirlaen, 2002). In terms of operator involvement, it is expected that considerable
efforts will be devoted to keep the operator/supervisor/manager in the control loop. Hence, there will be
increased need for data management and decison support systems that will require extensve GIS

support.

In conclusion, the authors expect that an increasingly adopted solution of dedling with the chdlenge
imposed by the river (ecology) driven objectives as, for instance, laid out in the EU WFD will be based
on smple and robugt, but creatively lad-out RTC systems, developed in smulators that alow to
evauate in-river objectives given by loca (ecologica) requirements.

8. Conclusions

As key lessons on the current State of the art in red time control of urban wastewater systems can be
stated

Today, improved devices, methodologies and tools for are available which adlow red time control of
urban wastewater systems to be consdered as an option to minimise adverse impacts on the
environment and to minimise cogts,

Due to improved methods, even those wastewater systems may have potentia for red time control
which, in the past, did not appear to be able to benefit from RTC,;

Further improvements are required in a number of areas, such as sensoring and consderation of
uncertainties. Particular emphasis should aso be given to the use of a clear terminology to endble
better cooperation of scientists and experts of different areas relevant to RTC.

References

Bechmann, H. (1999). Modelling of Wastewater systems. PhD thesis. Technical University of Denmark. Lyngby

14



Beck, M.B. (1987). Water quality modeling: A review of the analysis of uncertainty. Wat. Res. Res., 23, 1393-1442,

Butler, D., Lau, J., and Schiitze, M. (submitted). |'s combined sewer overflow spill frequenc/volume a good indicator of
receiving water quality impact? submitted to Urban Water.

Butler, D., and Schiitze, M. (2001). Integrating simulation models with a view to optimal control of urban
wastewater systems. Workshop on Vulnerability of water quality in intensively developing urban
watersheds. Making the case for High-performance integrated control. Athens, Georgia, USA. 14 -16 May

2001
Campisano, A. and Modica, C. (in press). PID and PLC units for the real time control of sewer systems’. In press.
Wat. Sci. Tech.

Campisano, A. and Modica, C. (2002). P units calibration for the RTC of sewer collectors using a dimensionless
approach. Ninth International Conference on Urban Drainage; Portland/Oregon, USA; September 2002

Campisano, A., Modica, C., Schilling, W.; and Risholt, L.P. (2000). RTC Applications to the Trondheim-Hgvringen
wastewater tunnel,. Proc. 5" Intl. Symposium on Systems Analysis and Computing in Water Quality
Management, WATERMATEX, Gent, Belgium, val. 3, pp 105-112, 18 - 20 September 2000.

Campisano; A., Schilling, W., and Modica, C. (2000). Regulator's setup with application to the Roma-Cecchignola
combined sewer system, Urban Water, 2, 3, 235-242

CEC - Council of the European Communities (2000). Directive of Establishing a framework for Community action in
thefield of water policy. EC Directive No. 2000/60/EEC of 23 October 2000

Dochain, D., and Vanrolleghem, P.A. (2001). Dynamical Modelling and Estimation in Wastewater Treatment
Processes. IWA Publishing. London

Einfalt, T., and Stélting, B. (2002). Real-Time Control for two communities - technical and administrational
aspects. Ninth International Conference on Urban Drainage; Portland/Oregon, USA; September 2002

Erbe, V., Rishalt, L.P., Schilling, W., and Londong, J. (2002). Integrated modelling for analysing and optimisation of
wastewater systems - the Odenthal case. Urban Water 4, 1

Fronteau C., Bauwens W., Vanrolleghem P., and Smeets M. (1996). Animmission based evaluation of the efficiency of
the combined sewer - water treatment plant system. Proceedings 7th International Conference on Urban
Storm Drainage. Hannover, Germany, July 22-27 1996. Val. 1, 467-472.

Goethals P.L.M., Vanrolleghem P.A., and De Pauw N. (2000). Water quality models and indexes as bridges in
integrated ecological monitoring, assessment and management of running waters in Flanders. In:
Proceedings of the Freshwater Biological Association (FBA) Annual Scientific Meeting Knowledge,
Under standing and Prediction in Aquatic Ecology. Birmingham, United Kingdom, 14 -15 September

Jeppsson U., Alex J., Pons M.-N., Spanjers H., and Vanrolleghem P.A. (2002). Status and future trends of ICA in
wastewater treatment - A European perspective. Wat. Sci. Tech.

Krier, J. (1998). Des filots de survie pour les poissons. Paris-Québec International Symposium, Waterways
Rehabilitation in Urban Environments, Québec, 28 - 30 September, 431-444.

Lavallée, P., Bonin, R., Roy, B., Calas, H., and Pleau, M. (2001). Operation and Performance of an Optimized Real Time
Control System for Wet Weather Pollution Control, International Water Association, 5" International
Conference on Diffuse/Nonpoint Pollution and Water shed Management, Milwaukee, 10 - 15 June

Meirlaen J. (2002). Immission-based real time control of the integrated urban wastewater system PhD Thesis.
Biomath — Ghent University, Belgium (in preparation).

Meirlaen J., Huyghebaert B., Sforzi F., Benedetti L., and Vanrolleghem P.A. (2001). Fast, simultaneous simulation of
the integrated urban wastewater system using mechanistic surrogate models. Wat. Sci. Tech., 43, 7, 301-310.

Meirlaen J., and Vanrolleghem P.A. (2002a). Dependency-structure based model reduction to facilitate red-time
control optimisation inthe integrated urban wastewater system. Wat. Sci. Tech., in Press

Meirlaen J., Van Assel J., and Vanrolleghem P.A. (2002b). Real time control of the integrated urban wastewater system
using simultaneously simulating surrogate models. Wat. Sci. Tech., 45,3

Méthot, J.F. and Pleau, M. (1997). The Effect of uncertainties on the control performance of sewer networks. Wat. Sci.
Tech,, 36, 5, 309-315

Nielsen, M.K. (2002). Control of Wastewater Systems in Practice. Scientific and Technical Report No. 3. IWA
Specialist Group on Instrumentation, Control and Automation. Malmé

Niglsen, B., and Niglsen, M.K. (2002). From Pumping Station Control to Integrated System Control. Unpublished
report.

Olsson G., and Newdl R.B. (1999). Wastewater Treatment Systems - Modelling, Diagnosis and Control. IWA
Publishing, London, United Kingdom.



Pleau, M., Pdlletier, G., Meunier, C., and Bonin, R. (2000). Real-Time Control for CSO Management : Quebec Urban
Community System Start-Up. Proceedings of the 29" annual WEAO Technical Symposium and OPCEA
Exhibition, Hamilton, Canada. 16 - 18 April

Pleau, M., Pdletier, G., Colas, H., and Bonin, R. (2001). Global predictive real-time control of Quebec Urban
Community’ s westerly sewer network. Wat. Sci. Tech., 43, 7, 123-130.

Rauch, W., and Harremoés, P. (1996). Minimizing acute river pollution from urban drainage systems by means of
integrated real time control. Proc. of the 1st International Conference on New/Emerging Concepts for
Rivers. Chicago, September

Rauch, W., and Harremoés, P. (1999). On the potential of genetic algorithms in urban drainage modelling. Urban
Water 1,1,79-90

Rauch, W., Bertrand-Krajewski, J.-L., Krebs, P., Mark, O., Schilling, W., Schiitze, M., and Vanrolleghem, P.A. (2002):
Mathematical modelling of integrated urban drainage systems; Wat. Sci. Tech., 45, 3

Rauch, W., Aalderink, H., Krebs, P., Schilling, W., and Vanrolleghem, P. (1998). Requirements for integrated
wastewater models - Driven by receiving water objectives. Wat. Sci. Tech., 38, 11, 97-104.

Reda, A. (1996). Smulation and control of stormwater impacts onriver water quality. PhD. Thesis. Imperial College
of Science, Technology and Medicine. London

Reichert, P., Borchardt, D., Henze, M., Rauch, W., Shanahan, P., Somlyédy, L., and Vanrolleghem, P.A. (2001). River
Water Quality Model No. 1. IWA Scientific and Technical Report No. 12. IWA Publishing, London

Rishalt, L.P., Schilling, W., Erbe, V., and Alex, J. (2001). Pollution based real time control of wastewater systems, 2nd
International Conference on Interactions between Sewers, Treatment Plants and Receiving Waters in
Urban Areas - INTERURBA I, Lisbon, Portugal, 157-166, 19 - 22 February

Rousseau D., Verdonck F., Moerman O., Carrette R., Thoeye C., Meirlaen J. and Vanrolleghem P.A. (2001)
Development of arisk assessment based technique for design/retrofitting of WWTPs. Wat. Sci. Tech., 43,7,
287-294.

Scheer, M., and Nusch, S. (2002). Optimum performance of a sewer and treatment system by application of real time
control. International Conference on Sewer Processes and Networks, Paris, 15 - 17 April

Scheer, M., and Weyand, M. (2002). PASST - die Planungshilfe fir Abflusssteuerung in Kanalnetzen. Workshop
Innovationen in der Abwasserableitung und Abwasser steuerung, Dresden 14 - 15 March

Schleiter, 1., Borchardt, D., Wagner, R., Dapper, T., Schmidt, K. D., Schmidt, H. H., and Werner, H. (1999). Modelling
water quality, bioindication and population dynamics in lotic ecosystems using Neural Networks.
Ecological Modelling 120, 271-286.

Schilling, W. (ed.) (1989). Real-Time Control of Urban Drainage Systems. The state-of-the-art. IAWPRC Task Group
on Real-Time Control of Urban Drainage Systems. London

Schilling, W. (1994). Smart sewer systems improved performance by real time control”. Eur. Water Pollution Control.
4,5,24-31

Schilling, W., Andersson, B., Nyberg, U., Aspegren, H., Rauch, W., and Harremoés, P. (1996). Real Time Control of
Wastewater Systems, Journal of Hydraulic Research. 34, 6, 785-797

Schiitze, M., and Einfalt, T. (1999). Off-line development of RTC strategies - a general approach and the Aachen case
study. Eighth International Conference on Urban Storm Drainage. Sydney. 30 August - 3 September. 410-
417

Schiitze, M., and Erbe, V. (2002).: Integrated simulation of the Dhuenn river catchment - supported by a matrix-based
model notation for the entire urban wastewater system. International Conference on Sewer Processes and
Networks. Paris. 15 - 17 April

Schiitze, M., Butler, D., and Beck, M.B. (1999). Optimisation of control strategies for the urban wastewater system - an
integrated approach; Wat. Sci. Tech. 39, 9, 209-216

Schiitze, M., Butler, D., and Beck, M.B. (2002a). Modelling, Smulation and Control of Urban Wastewater Systems.
Springer Verlag London

Schiitze, M.; Butler, D.; Beck, M.B.; Verworn, H.-R. (2002b): Operation of the urban wastewater system - criteria for
assessment of its operational potential; Wat. Sci. Tech., 45, 3

Schiitze, M., To, T.B., Jumar, U., and Butler, D. (2002c). Multi-objective control of urban wastewater systems.
International Federation of Automatic Control 15th IFAC World Congress. Barcelona. 21 - 26 July

Thas, O., Vanrolleghem, P.A., Kops, B., Van Vooren, L., and Ottoy, J.P. (1997). Extreme value statistics: Potential
benefitsin water quality management. Wat. Sci. Tech., 36, 5, 133-140.

16



Tyson, JM., Guarino, C.F., Best, H.J., and Tanaka, K (1993). Management and institutional aspects. Wat. Sci. Tech.,
27,12, 159-172

17



