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Abstract: Sewer systems are large-scale systems that collect ansptirstormwater and sanitary
sewage out of urban areas. Sewer systems are mainly opasatgdumping stations and pollutants are
removed from sewage by treatment plants before water iagetkinto the environment. When a sewer
overflow occurs, e.g., caused by a strong rainfall, sewagéscharged directly into the environment
without any treatment. An efficient use of storage capacéied pumping stations can help to minimize
the environmental pollution caused by sewer overflows. Ia gfaper a nonlinear predictive control
approach is presented to improve the operation of seweersgstTo deal with the nonlinear and non-
differentiable features of the prediction model used, agpatsearch method is proposed to solve the
underlying optimization problem. The technique proposdthplemented on a part of the sewer system
of Bogota, Columbia. Simulation results illustrate thegutial of the approach.

Keywords:Sewer systems, model predictive control, nonlinear o@étion, pattern search.

1. INTRODUCTION facilities and sent to a wastewater treatment plant. Aniefiic
operation of the pumping stations and an efficient use of the
shen Storage facilities can minimize the sewer overflows, theafse

span complete urban areas. On the one hand, they are EHF Water]c treﬁltment plant, and consequently the uncoedtoll
complementary part of water distribution systems by drajni "€'€ase of pollutants.

wastewater (produced by domestic usage and industridt facthe approach presented in this paper is in line with recent
ities) out of urban areas up to wastewater treatment plarnovative work about modeling, simulation, and control of
that remove physical, chemical, and biological contamisian urban wastewater systems. Roughly, these approaches have a
before releasing the wastewater into the natural enviremmemodel-based framework, optimal control features, and-real
(Hendricks, 2005). On the other hand, sewer systems preveide computation concerns in common (Schiitze et al., 2004;
stormwater arising from excessive rainfall to flood intests Marinaki and Papageorgiou, 2005). The present work focuses
by draining water up to neighboring rivers. In separatedesewon the interconnection between subsystems such as sewers,
systems, stormwater and wastewater are transported weing foumping stations, and water treatment plants, and is giynera
different grids, whereas in combined sewer systems they mi¥ferred to as an integrated approach. Currently, thessysub

in the same pipes. Both types are generally present in ol@ms are considered as separate units and controlledylocall
cities: a combined sewer system is used in the older parta angithout knowledge of the neighboring subsystems. Consider
separated sewer system is used in the more recent parts.  the whole system as one large-scale dynamical system in an
integrated way allows to implement model-based control ap-
dQroaches (Schutze et al., 2004).

Sewer systems are large-scale water transportation sy

Clearly, the efficient operation of sewer systems is of @luci
importance to minimize the amount of pollutants that are r

leased into the environment. Cities in areas that expegienso-called model predictive control (MPC) strategies have i
heavy rainfall as well as coastal towns that regularly eigpee  particular attracted the attention for over a decade due to
storms are hereby of major concern. Moreover, global ckmatheir ability to handle explicitly economic objectives agliv
changes cause more intense periods of precipitation tfarebe as operational constraints, see, e.g., (Gelormino andeRick
(Intergovernmental Panel on Climate Change, 2007), iisereai994; Cembrano et al., 2004; Ocampo, 2007; Fiorelli and
ing the risk of floods and overflows. In particular the combline Schutz, 2009). In this paper we propose a novel nonlinear
sewer overflows can cause serious water pollution problems gredictive control approach for improving the operation of
untreated sewage is then released into the environment. sewer systems using a so-called pattern search optinmizatio
technique. Pattern search methods are very suitable here as
the prediction model of the sewer system that is used in the
gontroller is nondifferentiable and these methods do rmptire

ny explicit information about the gradient of the objeetiv

ction or constraints.

Sewers are operated using pumping stations to control the flo
in the system. This operation is generally carried out miyua
and in a centralized way (Schutze et al., 2004). When séora
facilities are present, they allow to store sewage durirtQiars

When the storm is over, sewage is pumped out of the stora



The paper is organized as follows. In Section 2 sewer sy
tems are described and modeling issues are discussed. A ¢
study based on the sewer system of Bogota, Colombia, is i
troduced and modeled using the dedicated City Drain bldcks
(Achleitner et al., 2006) of Matlab-Simulink. In Sectionfget
constrained predictive control problem of a sewer system
presented. The underlying nonlinear optimization problem
solved using a pattern search method in Section 4. Simalati
results on the Bogota case study are presented in Sectior
and conclusions and directions for future research arengive
Section 6.

2. SEWER SYSTEMS

_--*';I\.
A sewer system is a drainage network composed of sewe Q
collectors, and surface or open channels that drain stotenwa__ . ] i
and urban sewage. A sewer system is in general composed#- 1. Schematic representation of a part of the Bogot&sew
one or more watersheds (drainage bassin) the charaateristi ~ System with 22 separated watersheds (polygons) and 3
of which depend strongly on the topography of the area. In  combined yvatersheds (trlangles)_mtgrconnected by collec
separated watersheds, a storm sewer is intended to transpor tors (bold lines) and channels (thin lines).

only stormwater, surface runoff, or street drainage, ® and connected to a pump station equipped with a storage tank

sanitary sewer carries liquid and waterborne wastes frain '€ £10m? that can oump sewage to a single water treatment plant

dences, buildings, industrial facilities, and institum$o In com- " ; . 3
bined watersheds, sewers carry both stormwater and sewa\ﬂg.h a maximum treatment capacity of 27 /h (0.0056m” /s).

Since they mix with each other while flowing in the same pipeDue to frequent strong rainfall events, the Bogota sewstesy
stormwater is somehow contaminated with sewage in combinegiperiences regular sewer overflows and releases of contami
sewer systems. nated water directly into the environment. Clearly the pt8ls
itations in terms of maximum volumes and flows would

To manage volumes and flows in the system, several eIemeH . .
Ot permit to prevent completely the overflows in the system,

are present, such as weirs, storage tanks, collectorss,ga : : L
b 9 %935t an improvement in the coordination of the local control

valves, and pumping stations. A weir is a small dam th ctions of storage tanks and pumping stations could help to
regulates the flow of water in an open channel. A weir can B& 9 pumping stat P
duce the overflows when such strong rainfall events occur.

used to allow sewage overflow into stormwater channels and" . .
consequently prevent sewage flooding. A storage tank is us is is the purpose of the control scheme that is proposed in
to store excess rain in order to avoid overflows. In combinedt's Paper. Therefore stormwater and sewage flows that enter
sewer systems such overflows are referred to as combined sellke the system are considered as disturbances.

overflows. A collector is a conduit that receives stormwater

and/or sewage from lateral sewers or other branch condui&s2 Sewer system modeling using City Drain

Gates and valves are elements that essentially constriaioak

the sewer and allow to regulate its flows. A pumping station i& model of the just described part of Bogota sewer system
a facility including pumps and equipment to push sewage tgas been implemented in City Drain and calibrated using real
water treatment plants. It is worth noting that a water treatt  data by the Research Center in Environmental Engineering of
plant has a limited capacity (maximum flow). Los Andes University jointly with the Water Distribution

Sewer systems can be considered as large-scale trani;portar?nd Sewer System Company of Bogbt§Rodriguez et al.,

networks. Under normal conditions, operators or local co : . ; .
trollers act on the system with the aim to regulate locall or integrated dynamic modeling of urban drainage systems

volumes and flows in the network. Under particular condiont cI€itner et al., 2006). It incorporates a variety of misde
Egvermg hydraulics, mass transport, processes for ceiorer

008). City Drain is an open source Matlab-Simulink blot¢kse

such as intense rainfall, volumes and flows grow rapidly, an matter, etc. The user interface is block-oriented andkdo

flooding and combined sewer overflows may occur. Stora fe connected to one another to provide information flow.
facilities and pumping stations may prevent or minimizehsuc P :

overflows. A sewer system model implemented using City Drain allows
to easily compute the dynamic responses to stormwater and
2.1 Bogoh sewer system sewage flow profiles. In this paper, the City Drain blockset

is used to build a prediction model for predictive control,

The case study considered in this paper is based on a pit, this model will be used inside a control loop to predict
of the sewer system of Bogota, Colombia. The whole sewé#e future behavior of the sewer system (and consequestly it
network consists of approximately 5400km of sanitary sewRerformance)and to choose the best action to apply wittetsp
ers and 2000 km of storm sewers. The case study consistst®@iven control objectives, see Section 3.

approximatively 15% of the whole sewer system as depict§f| city Drain, the following assumptions are made (Achleitn

in Figure 1. It includes 25 watersheds of which 3 are coms; al., 2006):

bined watersheds. The watersheds are connected to codlecto

equipped with weirs. Each collector is equipped with a gjera 1 centro de Investigacion en Ingenieria Ambiental (CIIA).

tank of 30m? with a maximum output flow rate of 0.G23 /s, 2 Empresa de Acueducto y Alcantarillado de Bogota (EAAB).




unsteady flows in conduits are one-dimensional; Local on-off controller

fluids are homogeneous and incompressible;

pressure distribution is hydrostatic; max

the longitudinal axis of a conduit is approximated as a ™"

straight line; pmin

e the bottom slope of a conduit does not change with the
distance;

e the effects of scour and deposition are assumed to be
negligible;

e friction can be described using the steady-state resistanc

laws.

Qpump

/—\v Pump

Goverflow

Under those assumptions flows, sewers, weirs, storage,tanks
and pumping station models are modeled as follows.

Flow in both sewers and conduits is described by the continu- v
ity and momentum equations of the well-known Saint-Venant —
equations (Schitze et al., 2002). The continuity equatpne-
sents the mass balance equation in the flow direction as:

Oa(z,t) n 0q(z,t)
ot ox
whereq is the cross-sectional area of the conduitm is the In this implementation of the model a continuous stateis
spatial coordinate along the length of the conduit (i1} the defined to include the stored volumes and flow rates, a discret

time (s), and; is the flow rate (m¥/s). The momentum equation statex, is defined to include the pump statespff), an output
is related to the momentum conservation and is given by:  y is defined to include the pump, watershed and collector flow

=0 () Fig. 2. Pumping station model.

On(z,t)  dg(x,t) rates, the stored volumes, and the pump state, and anuniput
ga(x,t) : 7, defined to include the maximum thresholds of the pumps and
&g @D ot paot outflow rates of the tanks.
a(x,t 5 da(x,t -
e (2V otV or > +ga st 1) =0, 5 3 prediction model

2)
whereh is the water level (m)y is the average velocity (m/s), This section details how the City Drain model can be used as
g is the gravitational constant (Mjs o is a constant depending a prediction model. Consider a time interyaj, t;], i.e., the
on the flow depth, and; is the friction slope. The latter is prediction interval. Given an initial continuous statg(ty) €

determined using Manning’s equation as: R"=<, an initial discrete state,(to) € R"=a, and a collection

(n/1.49)? of inputsu(t) € R™ over the full prediction interval, com-
se(x,t) = ~———Zq(x,t) |v], (3) puting a prediction means solving an initial value problerd a

a(x,t)rs obtaining the outputg(t) € R"v, fort € [to, t¢].

wherer is the coefficient of roughness ands the hydraulic |n a discrete-time control framework, control inputs are-pr

radius (m). vided at discrete control sample stéps-i, fori = {0,1,...},

Weirs and storage tanks are modeled by a mass-conserval{yif"ec+i corresponds to continuous time+- (k. +4)7c and

equation: T 1s the control sample time. A zero-order hold is used to main-

tain the control inputs constant between two control sample
du(t) (a) limes, ie.u(t) = u(ke) fort € [to + keTe, to + (ke + DTe).
dt Then a prediction model is given by a sequenceNgfin-

whereu is the volume stored in the tank ta gin is the inflow  puts,a(ke) = [u” (ko). .., u” (ke + N — 1)] ", whereN, =
rate (n¥/s), gou: iS the outflow rate (H's), andgoverow IS the Ltf;—toj + 1 is the number of control inputs over the prediction
overflow (n¥/s). The outflow ratey,. is controllable within  horizon (7| is the integer part of). Similarly, we assume that
boundsgg,;* and ¢5,i*, and is consequently considered as @omputing the outpug for everyT, time units adequately rep-
bounded control input. resents the underlying continuous signals. The outputesezgu

A pumping station consists of a storage tank and one or moisthen defined ag(k.) = [y* (kc), ...,y (ke + Nc — 1)}T.

pumping units. The state of the pump 1S controllgd t_)y a IO'T'he sewer system model built with City Drain does not contain
cal on-off controller as illustrated in Figure 2. This discrete

behavior can be described by a finite state automaton Withaigebralc loops norlmpl_|C|td|fferent|aI equations, ahelrtefor_e :

states. When the pump statg, ., is off and the stored volume Vn\:'(t)ré%llﬂisloss of generality, we can assume that the predictio
/ ax given by the mapping

reaches the maximum threshalgi? ) from below, the pump - ~

state becomesn. When the pump state is on and the stored y(ke) = P (xc(to), xa(to), u(ke)) , (5)

volume reaches the minimum threshojff, | from above, the where maps the initial continuous state (¢,) and discrete

pump state becomesf. In practice, the minimum threshold is statexq(t) at timety, and theN. inputs collected ina(k.)

a constant value that corresponds to a residual volume &rordo the V. outputs collected iy (k.). The prediction modepP

to avoid pump damage. The maximum threshold is then takémvolves continuous-time dynamics in the form of nonlingi&r

as a bounded control input. ferential equations in combination with discrete-eventaty-

= (in (t) — Gout (t) — Goverflow (t)a



ics in the form of discrete logic and if-then-else rules. iHfere positive and represents the economic cost of using"‘fhe
the sewer system model is a nonlinear and nonsmooth dynam-  pump.

ical system and consequently, computing numerical saigfio ) L - :
i.e., predictions, is a costly process. The combined control objectives over the prediction harizo

are now defined as:
N.—1

J(@ke), y(ke) = - (Jre (ke +9) 10)
In model predictive control, the control actions are olgdin =0 ] )
at each control sample stép. by solving an optimization + Jovertiow (¥ (ke + 1)) + Jpump (¥ (ke +Z)))-
problem that minimizes an objective function over a finite ) o ]
prediction horizon, subject to the evolution of the preidict The bounds on the control inputs e.g., minimum and maxi-
model specified by the mappigand operational constraints, mum thresholds;,, , andv;is,, for the local controller of the
e.g., on control inputs. The objective function and cornistsa pumps, and minimum and maximum output flow raj&§' and

3. PREDICTIVE CONTROL OF SEWER SYSTEMS

for the case study are defined below. qga* of the storage tanks, are taken into account in the form of
inequality constraints:
3.1 Objectives and constraints Ulower < U(ke +1) < Uypper, (11)

) o ) fori =0,...,N. — 1.
The following objectives are considered:
e Assure the use of the wastewater treatment plant at its fdi2 MPC optimization problem
capacity while minimizing overflows that occur when the
sum of the pump flows is larger than the maximum capad-he MPC problem can now be formulated as an optimization
ity of the treatment plant. This is done by minimizing forproblem that has to be solved at each control step, giveerurr

each prediction step(fori = 0, ..., N, — 1): statesx.(to), x4 (to), andu(k. — 1) atto:
) — min  J(a(ke),y (ke 12
JTp(y(kC +2)) = , @(ke). 3 (ke) ( ( ) Y( )) (12)
"pume e (6) subjectto
wTp J:Zl dpump,j (kc + 2) — dtp ) S’(kc) _ P(Xc(to), Xd(tO)a ﬁ-c(kc)) (13)
Ulower < u(kc) < Uupper (14)

where goump.; is the output flow rate of the™ pump,
Npump 1S the number of pumpsys™ is the maximal :
treatment capacity of the wastewater treatment plant, and ower < (ke + No — 1) < Uupper. (15)

wrp IS a positive scalar weight. -

e Reduce or avoid overflows of the watersheds (resp. stgpy Substituting the prediction model (13) into the objeetiv
age tanks) of the sewer system by minimizing for eacf!nction (12) an optimization problem with a nonlinear, non
prediction step (fori = 0, ..., N. — 1) the tern? : ifferentiable objective function and simple box consitsiis

) obtained.
Joverﬂow(y(kc +2)) = "qoverﬂow(kc+i)"w ) (7)

overflow

where overflow is the vector of overflow rates and 4. PATTERN SEARCH METHODS FOR NONLINEAR

Woverfiow IS @ Weight matrix. Thejth component of OPTIMIZATION

Qoverfiow IS the overflow of thejt™ watershed (resp. stor-

age tank), defined as: In th(_e l\_/IPC problem defin_ed above_(aft_er the su_bst_itutior_1 efth

(ke + 1) = prediction model) evaluating the objective function is engive

Goverflow,j e due to the due to the evaluation of the prediction model which
0 if vj(ke+i) <ov>  (8) involves a Simulink simulation. In practice, the computati
Gin,j (ke + 1) — Gout,j(kc +1) otherwise, time is limited and within the available computation time a

solution that is as good as possible has to be determinedy Man

where v; is the volume stored in the watershed (resp; i timizati thods rel dient and Hessi

storage tank)y™* is the maximum volume that can be NONIN€ar optimization methods rely on gradient and Hessia
J : : information (Nocedal and Wright, 1999). Solvers that use th

stored before overflow, ; is the inflow rate, andqy,; . . - )

is the outflow rate. ’ first-order or second-order information will therefore floem

« Minimize the economic cost when using the pumpin%umerical approximation of the gradient and/or Hessian, in

stations since they can be used before rainfalls and/ar aft plving numerous objective function evaluations. In aitelit
it has stopped falling, i.e., minimize for each predictio ue to the non-smoothness of the problem there are many local

stepi (fori — 0, ..., N, — 1): minima in which this type of solvers typically quickly cantge

N stuck.
pump
Joump (¥ (ke +1)) = Z CjTpump,j(ke +1), (9) Instead of using gradient or Hessian-based solvers, weopeop
=1 to use a so-called direct-search optimization method, lwhic

does not explicitly require gradient and Hessian infororati
(Wright, 1996). The only property that this method requises
that the values of the objective function can be ranked. This
feature together with the feature that direct-search nustlaoe

3 ||x||w is the weighted 2-norm ok, i.e.,xTWx with positive-semidefinite ~ Suitable for non-smooth problems, make that such a method is
matrix W. suitable for solving the control problem at hand.

wherexpump,; is the discrete state of tha® pump, i.e.,
Zpump,; = 1 when the pump is working (staten) arjd
Zpump,; = 0 otherwise (stateff). The constant; is




In particular, we propose to use the direct-search methoed p. x 107
tern search (Lewis et al., 2000) due to its straightforwane i
plementation and its ability to yield good solutions, even f
objective functions with many local minima.
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Pattern search works in an iterative way in which a solutio
X, at iterations is replaced by a new solutior™ only if
F(xtT) < f(Xs). In addition, the new solutior* is selected _-7 ‘ ‘ '~
from a finite set of candidate solutionis!, that is updated at 0 > 10 Time (h) 15 % 25

each iteration. An iteration of pattern search is summdrine

the following steps (Lewis et al., 2000): Fig. 3. Stormwater (solid line) and sewage (dashed line) flow
rates profiles.

Flow rate (m3/s)
~

o
N
N
¢
\
)
-

e A meshM, around the current solution, is constructed,
consisting of a discrete set of candidate solution®1in
in which the algorithm searches for a new solution. Thi s
coarseness of the mesh is determined by the mesh s
A, € RT.

e The meshM is explored in one or two phases:

- In the search phasany strategy can be used to find
a solutionx™ € M for which f(x*) < f(x,), as ‘ ‘ ‘ ‘
long as a finite number of points is considered. If ¢ 0 s Y omem 2
solutionx™ is found, the search was successful an
the next phase is not invoked.

- In the polling phasea new solutionx™ for which
F(xT) < f(xs) is searched for in a subset of solutions
in Mg, consisting of those solutions that are in the
direct neighborhood of the current solutigp. This

(m*)

10

o
T

pump,j

max

V,

0.025

qnut,j (m3/S)
e

neighborhood is defined through a set of vector 0 ‘
called a pattern and the current solution. If a solutiol 0 Time ()
xT is found in this neighborhood then the polling
_phase was successful. Fig. 4. Maximum thresholds of the local controller of the
o If either of the phases was successful, thep;, := x*, pumps (top) and the output flow rates of the storage tanks
the coarseness of the mesh is sefNtp, 1 = €A, with (bottom) with corresponding bounds (dotted lines).

expansion factoe > 1, and the next iteration starts. If

+ — . .
X V‘;]as not found, them.,; := x_sﬁthe coarsenessf of the ihe system is around 1 h. Consequently, the control Eteig
mesh is set BOAhS“ = 7A,, with a contraction factor ge|ected equal to 1 h. The prediction horizon is 5 h, Me.= 5
7 € (0,1), and the next iteration starts. and the simulation time is 24 h, starting at midnight.

The iterations continue until a stopping condition is &% o eafter, a scenario in which a strong rainfall event osaur
e.g. the _me$h SIZ€ IS less than agwen tolerancga, the tnmﬂ M the morning is used to illustrate the operation of the pregos
ber of objective function evaluations reaches a given marim  ,,5rq4ch. This scenario arises from statistical studissdan
or the distance between the point found at one successtI. pﬂfstorical data collected between 2006 and 2008, andritest

and the point at the next successful poll is less than a 9iVelypical case (Rodriguez et al., 2008). Figure 3 showsatia t
tolerance. stormwater and sewage flow rate profiles used over the 24 h

In our simulations in the next section we use the patterfimulation time.

search implementation as included in the Genetic Algorith@ . mpc controller is tuned with the followin L
. g valuesip =
and Direct Search Toolbox of Matlab v.2.3 (R2008a) (Thq03, W eriow IS @ diagonal matrix with all diagonal elements

Matworks, 2008). equal to103, andc; = ¢; = ¢3 = 1. The control inputs should
5. SIMULATION RESULTS Stay within the fO”OWing boundmlowcr = [O 0000 O]T and

Wypper = [30 30 30 0.02 0.02 0.02]T.
This section presents the simulation results obtained thigh _. . ax
Bogota case study introduced in Section 2.1. The City Drailr:1"~:]ure”4 sf}O\r/]vs the maXImudmhthresho b of the Loﬁal
model is used both for representing the system to be coadtoll O"tro''er 0 kt € 3hpumps and the output OI\IN rajes, of the g
and as a prediction model in the model predictive controllePlor29€ tanks with respect to time, as well as corresponding

The dimension of the continuous stateis 59 (31 volumes and | ounds. Figure 5 shows the evolution of the stored volumes

25 flow rates). The dimension of the discrete state is 3 (punjp (€ tanks over the simulation. Figure 6 shows the summed
states) and the dimension of the control input is 6 (maximus verflows over the simulation, both when the proposed scheme

threshold of local controller of the pumps and output floverat'> us_ed and when gperating in manual control (in which the
of the storage tanks). maximum threshold value of the local controller of each pump

is equal to the maximum capacity of the storage tank and stor-
Rainfall and sewage flow rates are considered as measugggk tank of collectors have the maximum output flow rate). It
disturbances (3 stormwater and 3 sewage input flow ratesy.observed that the summed overflow under the proposed MPC
Typically, rainfall and sewage predictions until up to 5hoin scheme is reduced by 40 % with respect to the summed over-
the future are considered accurate. The average setiivegef ~ flow in manual operation. Moreover the maximum treatment
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