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Drinking Water Networks

Supply and roduction

Distribution

AlLarge-scale systems --
AComplex dynamic models (non-linear, hybrid)

AManagement and control techniques: centralized scheme
AComplex controllers, even un-scalable (due to their system model)

0 M. Brdys and B. Ulanicki, Operational Control of Water Systems:
Structures, algorithms and applications. UK: Prentice Hall International, E @
1994




Hierarchy of Water Networks
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Production Networ
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Transport Network
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Distribution Network
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The Role of MPC Iin Water Networks:

Supervisory Control

MNetwork
Router

Local
Controller

Wired
Connection
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MPC of Water Transport Networks:
The Barcelona Case Study

=5 Pascual, , J. Romera, , V. Puig, G. Cembrano, Operational predictive optimal
control of Barcelona water transport network. Control Engineering Practice
Volume 21, Issue 8, August 2013, Pages 10207 1034

26



Elements of a Water Transport Network

Optimizer

Reference

20

Measurements

1
I P
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Control Oriented Modelling: Flow -based model

giJi Network Nodes
l Reservoirs

Network Actuators n states x (volumes)

m inputs u (actuator flows)
p disturbances (water

umin x{.h 'L"J(k) '--{:.L ymac

demands)
S| a(k+1) = As(k)+Tw(k)  T=[B B,
58 Bok) = B W (k) = [u(k) d(k))
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Control Oriented Modelling: Pressure  -based model

lqm Reservoirs pies
dv (t) A"[im Ar’lrf“‘t
(ilf - Z q,@”]l)(t) — Z qf?ztt(t)
p=1 —
Vi(t)
hi (t) = S. + E@ Gij = Ui ;Gi;(hi = hj)lh; — h_]-|_(’-46
Pumps
Ah=hy—hy={ AT+ Bo+ s ifusOands 0
=g — Ns = 0 otherwise
Valves

di,j = u’é,jgi,j(h’é — hj)’hz _ hj’—0.46
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Objective Function Formulation...

MPC Problem

1. Energy{P[oduCtion-_-Costs

FCP= aea. a(

Nl

neko

2. Demand Supply Guarantees

" k=

iNl

amax

0

a‘Vsec gt V (k)

g

- Vsecj

5 N:?éhj-(k) “y (k1) %
iy A% 8
N k:O(; qﬂax,j =
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Electricity Cost Model

TIME TABLE: 1.0, 2.0.1, 2.0.2, 2.0.3, 3.0.1

11. 13

- An electricity cost model that takes into
account the price of electricity depending on
. the day, hour and period of the year has been

17 developed and taken into account in the MPC
. formulation.

10 u 12 .14

14

METHOD 6 PERIODS

11 12 13 11 12 13
10 14




The Barcelona Case Study
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Production Plants in Barcelona Network
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Demand and Source Evolution
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Demand by Source
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Pressure Floors: DMAS
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arcelona Water Trasnport Network
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Some Numbers of Barcelona Water Transport Network
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Demand Forecast for
MPC of Water Transport Networks

Ocampo-Mar tinez, C.; Puig, V.; Cembrano, M.
predictive control strategies to the management of complex networks in the urban
wat er cy cCorgra Systénts Ma&gazine.33 - 1, pp. 15 -41. 2013. |

SSN 1066-033X.

M. Brdys and B. Ulanicki, Operational Control of Water Systems:
Structures, algorithms and applications. UK: Prentice Hall International,
1994
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Water Demand Model

The demand forecast module is needed for the MPC
controller.

Water demands presents two main seasonalities: hourly and
weekly.

Four methods have been studied: AGBAR methods, ARIMA
models, basic structure models and Holt-Winters (HW)
methods.

Water demand has been characterized both daily and hourly.

Water demand has been characterized at two levels: for each
pressure floor and for the whole network. 260
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Daily Demand Model (2)

Conclusions:
The best forecast method is the double HW. The average absolute error of the
double HW is considerably smaller than that of the AGBAR methods.

MAE - Calibration

o Daily
ARIMA

= Double
-3 v Horizon (days) Horizon (days)

= Maive 1
Naive 7 EV - Validation
AGBAR 1 1 T T
AGBAR 2
AGBARS ||

MAE - Validation

i T i - e T

Horizonte | ARIMA | Holt-Winters | Naivel | Naive7 | AGBAR1 | AGBAR2 | AGBAR3
1 2.6004 2.4168 3.9869 | 4.2652 5.1496 5.1271 5.1478
2 3.2734 3.1248 5.6994 | 5.6179 5.4208 5.4074 5.4193
3 3.5512 3.4308 6.2787 | 6.6960 5.4830 5.4774 5.4818
4 3.8580 3.7022 6.5007 | T7.1117 5.9926 5.9939 5.9921
5 4.2007 4.0945 6.5703 | T7.3217 6.4459 6.4491 6.4459
6 4.3269 4.2310 5.4119 | 7.2524 6.8670 6.8722 6.8671
7 4.4225 4.3377 4.2652 | 6.1098 7.2398 7.2483 7.2401
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Hourly Demand Model (2)

Conclusions:
The best forecast method is the double HW. The average absolute error of the
double HW improves in comparison to the error of the AGBAR methods.

MAE - Calibration

'- ¥
4 i
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15—If i
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2 5.8429 5.0751 18.2944 | 12.3703 16.1666 16.1693 16.1667
3 5.9044 5.1949 24.6422 | 18.7919 16.1758 16.1786 16.1759
4 5.9505 5.2280 30.0094 | 24.9268 16.1846 16.1873 16.1847
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MPC Implementation
and
Validation on a Simulator
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PLIO: MPC Cotrol of Water Networks

ﬁ PLIO (E) - [C:\Recerca\Projectes\Wide\Cas Estudi\020808\Barcelona_agregado.pli] j - | = |1|
=ie  Archivo  Edicién  Ver Modelo BasedeDatos  Ventana Modos  Ayuda _|ﬁ||1|
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Cembrano, M.; Quevedo, J.; Puig, V.; .PLIO: a generic tool for real-time
operational predictive optimal control of water networks. Water science and
technology.64 - 2,pp. 448 - 459. 07/2011 .ISSN 0273-1223, 1994
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PLIO Architecture

EDITOR MODE SIMULATION MODE REPRODUCTION MONITORING MODE

MODE

NETWORK TOPOLOGY SIMULATION MONITORING

EDITION PARAMETRIZATION PARAMETRIZATION
— —p RESULTS —p

NETWORK DATABASE VISUALIZATION TELECONTROL
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REPORT
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EPANET: Simulation of Water Networks

ﬁ EPAMNET 2 - redBarcelona_meodif.inp
File Edit View Project Report Window Help

DEE S BxXs FuEmE M EPQUB O~ KT

1t network Map

=10l x|

Auto-Length OFf ‘ LPS =| 100% |><,Y: 5205.08, 96124.65

@ EPANET. http://www.epa.gov/nrmrl/wswrd/dw/epanet.html
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Barcelona Network Simulator (1)

Databasze and data load

Simulation tvpe and data

| Open

Jmat file

1

Clear and close options
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(Crs =]
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i

==
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Show pumps flow Show valves flow
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Demands
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Demands and flow balance satisfaction

Show the satisfaction of the nodes and demands
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Svstem matrices
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Barcelona Network Simulator (2)
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Model Validation against Real Data

Tank volumes comparison: model (blue) vs real (red).
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Results of MPC Control of the
Barcelona Water
Transport Network
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MPC Results (1)

MPC Control of Barcelona water network has been implemented by
means of PLIO tool.

To test and adjust the MPC controller some different scenarios have
been studied. Parameters to take into account in the calibration of the

model are;:

Initial and security levels in tanks

Objective function weights: economical, safety and maintenance
factors.

Working with different sources operation:
- Llobregat source set at constant flow (Scenario 1)

- Fixed sources at real flow (Scenario 2)

- Source optimization. The optimizer calculates the flow for each
time step inside the operational limits of each source (Scenario

3)

26



MPC Results (2)

Scenario 1: Llobregat source set at constant flow

Flow(m3/s)
Casel Case?

Llobregat surface source 3 0

Llobregat underground source 2 2

Bar c e |avemgednput flow is about 7.5 m3/s.

In case 1 an important part of the total demand is taken from
Llobregat.

In case 2 only a 25% of the total demand is taken from Llobregat. It is
expected that an important part of the network consumption is going to
be taken from Ter.

These two scenarios are interesting from the point of view of the
behaviour of the economical cost.

26



MPC Results (3)

Conclusions

It exists a strong and linear dependency between
economical cost and the operation of this two sources.

 In order to reduce the total cost it is necessary to
maximise the quantity of water taken from Llobregat.

Case 1
Electrical cost Water cost  Total cost
80 ; 80 Day 1 52,42 47,58 100,00
Day 2 46,65 53,35 100,00
70 * 70 * . Day 3 48,10 51,90 100,00
- X - . Day 4 47,57 52,43 100,00
(=} O\o
9:(;; 60y ?7; 60y —&— Electrical cost regression
3 3 Water cost regression Case 2
[] B =
g 01 g 5014 f gt::g Electrical cost Water cost __ Total cost
E _‘_é +  Optimised sources case Day 1 -50,27 +91,34 +17,11
g g Day 2 -47,94 +72,77 +16,47
L
- Day 3 -48,37 +78,27 +17,36
%0 30 Day 4 -47,67 +71,06 +14,58
20 20

e e s it v es . . Increase/decrease % in comparison to

Llobregat flow (m3/s) Ter flow (m3/s) case 1

N



MPC Results (4)

Scenario 2: Sources set at real flow

Sources flow is imposed by using real data obtained from AGBAR historical
database.

It is an interesting case study in order to compare centralised MPC control and
current control applied regarding to transportation cost.

It is a previous step before comparing centralised and decentralised MPC control.

Important improvement in electrical cost, which represents between 10% and the
25 % of the real operation cost.

Total cost using MPC control is between 4 and 8 % lower than the real one.

Underground sources flow Surface sources flow iSIDSpf
T T 1 VAbrera Current control
1.5 iSJDSUb o \‘\ A U :
- iPousCast 4V NN N \ U\ Electrical cost Water cost  Total cost
@ l/\ (Castelldefels8 | & T T 1 1V W1 ] T 23/07/2007 33,13 66,87 100,00
= [ S [N iMinaSeix £ 31 | \ \ J
5 iEstrellal2 | 3 ) A / h Y 24/07/2007 34,66 65,34 100,00
05+ IESHENRSISG / 25/07/2007 32,00 68,00 100,00
iEtapBesos 1h —
= : ’ : s LS S e e e 26/07/2007 31,29 68,71 100,00
Od 20 40 60 80 f()O 00 20 40 60 80 100
time (h) time (h) M F)C
Total input flow
11 T T T T T T T T T .
o h Electrical cost Water cost _ Total cost
. | 23/07/2007 -23,27 +0,00 -7,71
é 24/07/2007 -10,56 +0,00 -3,66
g 8 7 25/07/2007 -20,61 +0,00 -6,59
=7 7 26/07/2007 -18,58 +0,00 -5,81
6 — . .
Increase/decrease % in comparison to
50 10 20 30 40 timio(h) 60 70 80 90 100 Current Control
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MPC Results (5)

. Some tanks volume evolution (real-red ,MPC-blue)

x 10" d100CFE x 10" d130BAR

20 40 60 80 20 40 60 80

time (h) time (h)
d200ALT % 10" d70BBE
4000 |-
3000
™
E 2000}
1000 3
20 40 60 80 20 40 60 80
time (h) time (h)

26



MPC Results (6)

. Stability term effects in pumps:

Without stability term With stability term
iSJD10 iSID50 iSID10 iSJD50
4 2 : 4 2
3 e . 15 — 15"
Q T~ Q) Q 0
(32} W v (32} | (32} ™ |
Ea 1 E 1] £ E 1
g 3 3 3
Lo L 05 L L 0.5t
0 - 0 - 0
0 50 100 0 50 100 0 50 100 0 50 100
time (h) time (h) time (h) time (h)
iSJD70 iSID70
— MPC
@ v Real
2 ° .
= = M;:ﬁ.. _I|n?|t
T o01r ] T g1l — — Min. limit
— Electrnical fee
0 - 0
0 50 100 0 50 100
time (h) time (h)
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MPC Results (7)

Electrical cost depends on pumps operation. If it is possible
pumps are only running during the cheapest period.

Flow (m3/s)

Flow (m3/s)

iFnestrelles200

0.8

50
time (h)
iStaClmCenwello

time (h)

Flow (m3/s)

Flow (m3/s)

iPallejal

time (h)

time (h)

— MPC

Feal

— — Max. limit
— — Min_ limit
Electrical fee
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MPC Results (8)

Scenario 3: Flow optimization

In this case electrical and water costs are minimised, so it
IS expected a higher improvement in the total cost referring
to the scenario with fixed sources.

Taking into account results obtained in the first case study
(constant fixed flow in Llobregat source) a solution with
maximum average flow from Llobregat source is expected.

In the optimization results shown the term that guarantees
stability in control elements (pumps and valves) is on.

Underground s o u r evaes Gost is penalized to avoid its
over-exploitation.
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MPC Results (9)

Current control

Electrical cost Water cost Total cost

23/07/2007 33,13 66,87 100,00
24/07/2007 34,66 65,34 100,00
25/07/2007 32,00 68,00 100,00
26/07/2007 31,29 68,71 100,00

MPC improvement in comparison to current
control case

Electrical cost Water cost Total cost

23/07/2007 18,92 -50,70 -27,63
24/07/2007 14,04 -32,56 -16,41
25/07/2007 26,29 -43,91 -21,45
26/07/2007 26,09 -44.,43 -22,36

. Big water cost savings, between 30% and 50 %.

Electrical cost has increased regarding to current MPC improvement in comparison to fixed
control case ([+18,+27]%) and MPC case with fixed sources to real flow case (Scenario 2)
sources ([+27,+60]%).

Electrical cost Water cost Total cost

. 0 0]
. Total cost has decreased between 13% and 22 % 2310712007 54.99 50,70 2159
regarding to MPC results obtained with fixed sources. 24/07/2007 27,51 32.56 113,23
L . ) 25/07/2007 59,08 -43,91 -15,91
i Sources flow distribution is the eXpeCted one. 26/07/2007 54,86 44,43 17,57

LI obr sauraaflowsis maximized.
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