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Abstract

A distributed water supply system is a system based on engineered hydraulic components
which conveys water from the source to the consumers. A typical distributed water supply
system consists of the water sources, a pipe network, storage facilities like reservoirs and water
tanks, pumping stations and the consumption nodes. This Thesis is based on the project "An
Intelligent system for sustainable management of water supply networks: application in the
island of Crete", which was submitted for the purposes of the program GR02.03 - "Integrated
marine and inland water management - Good environmental status in European marine and
inland waters" and was funded by the European Economic Area grants 2009 - 2014 (EEA grants
2009 -2014). In this project, the distributed water supply system of the Organization for the
Development of Crete S.A. (OAK.AE) was examined.

The first part of this Thesis deals with the operation and the flow control of the main pumping
station of OAK.AE water network, named "Vlites". In an extended set of simulations, by using
"SmartWaters" framework, four control algorithms are examined as they indirectly control
the operation and the flow of "Vlites" pumping station, by tracking the level of the feeding
tank, named "Korakies". In detail are examined: i) an algorithm based on pumping station’s
pumps scheduling control (ON/OFF) under constant speed operation and tank level control,
ii) an algorithm based on pumping station’s pumps scheduling control under variable speed
operation and tank level control, iii) an algorithm based on a PI controller and tank level
control iv) an algorithm based on a PID controller and tank level control. Algorithms (i)
and (ii) were implemented by the team of the scientific project. Algorithms (iii) and (iv) are
implemented in this Thesis framework.

The second part of this Thesis deals with the development of an algorithm for big water leak-
ages localization (greater than 20-25 m?/h), in OAK.AE distributed water network. Initially,
an examination about the accurately simulation of water leakages in "SmartWaters" framework
takes place, by simulating a leakage in a prototype network and verifying the accuracy of the
leakages modeling. The algorithm is based on, a set of features, which are generated by pressure
signals from an extended set of simulations in "SmartWaters framework", in order to extract
features and examine which of them can be used for leakages detection. These features are: i)
the discrete energy of the pressure signals ii) the entropy of the pressure signals and iii) the

energy of detail coefficients of Daubechies 2 (db2), 3¢ level discrete wavelets decomposition.

Keywords: Distributed water supply system, Tank level control, PI controller, PID controller,

Leakages detection, Features extraction, EPANET, SmartWaters framework
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ITepiindn

‘Eva xatavepnuévo clotnua dlavouns vepo, amoteheltan amd mowtha udpaviixd ctovyeio. To
oot TepthauBdvel TEpLoYEg amd TIC omoleg GUAREYETL VEROD, amtd BIXTUO AYWY®Y, AT EYXI-
Tootdoelg anotixeuong (deauevés xan pelepPoudp), avtAlooTdoto xatl XOUBOUC XATAVIAWONS.
H nopoloa dimhwuatixt epyacio exmtovidnxe ota mhalold epyaotdyv tou Aoy yoeo Xatd TNy
uloTolnoTn Tou TEOYEUUUATOS "LYEOLACUOS EVPUOUS CUGTAUATOS UELPOEOU DlayElplong UdATIXGY
otOwy: egapuoy” oty Kertr', 1o omolo unoPrfinxe ota mhalow TG avowtig TEOGUANGTS
I'P02.03 - “Ad&non tng yvwong oyetixd Ue TNy 0hoxANEwUEYT Jahdoota xon VNoIwTixY) TOATLXN 1
v Ipoctacio xou droyelpion twv napdxtiny Teploydy”, yenpatodothidnxe and o XonuatodoTi-
%6 Mnyoviopd Evpwroixou Owovouxol Xodpou neptodou 2009 - 2014 (XM EOX 2009 — 2014)
%ot 070 0nolo ECETACTNXE TO XATAVEUNEVO GO TN Btavouns vepol Tou Opyaviopol Avdntuing
Kpritne A.E. (OAK.AE).

To npwto Véua mou e€etdletan, agopd Tov EAEYY 0 TNG AElToupyiog X0 TNG PONE TOU XEVTEXOD
avThoctaciou tou dixtiou tou OAK.A.E., 1o onolo Bploxetar oto Binté. Ye éva clhvoho and
EXTETUPEVES TPOCOUOLCELS, X&vovTag Yenior Tou "Smart Waters framework", to onoto avantiyin-
XE ATO TNY OUdda TOU epeuVNTIX0U €pyou, efetdlovtar T€ooepic ahybprduot, ol omolol EAEYYouY
guueoa T Aettoupyio xar T por) Tou avtiooTtaciou Tou BAnTE, mapaxoioudwvag T oTdlun TNG
oeauevric Kopaxiay, 1 onola tpogodoteital omd autd to avthioctdoto. Avolutixd egetdlovTon:
i) évag ahybprduoc eréyyou oTd0ung SeCaUEVAC X0 TEOYEAUUATICUO) AEITOURYING TWV AVTALGDY
Tou BAnté pe otadepéc otpogéc Asttoupyiog, ii) évog ahybpriuoc eréyyou otdiune SeCaueviic
AU TEOYPUUPATION0 Acttoupyiog Twv aviAwy tou BAnté ue uetafBintéc otpogéc Aettoupyiog,
iii) évac olyoprdyoc eréyyou otddunc delouevic xdvovtag yerorn PI ekeyxth xa iv) évac ah-
Yoprduog ehéyyou otdiune delopevic xdvovtag yerion PID eheyxth. Ov ohydprduor (i) xan (ii),
avartOyUnxay 6Ta TAAloLo TOU EQELVNTIXOY €0YO0U, OO TNV Opdda TOU GuUUETElYe o autd. Ot
olyoerdyor (iil) xa (iv), avortiocovton ota mhaiota Tne Tapodoag SimAwuaTixrc.

To debtepo Véua mou edetdleton elvor 1) avamTuETn aAYO6EUIUOU VLol TOV EVIOTIOUO UEYSAWY OLog-
powv (peyohitepwy and 20-25 m?/h) oto clotnua dixthou tou OAK.AE. Apyxd eZetdletou 1)
axpBeta Tou "SmartWaters framework”, w¢ mpog 11 poviehonolnorn twv dlappo®y, TEOGOUOLOVO-
VTG Olapeor) OE BOXIUACTING TROTUTO d{XTUO ot CUYXPIVOVTAS TA TELQUUATIXG ATOTEAECUATA TNG
Tpocouolwone Pe ta avtioTotya TNg woviehonolnong. Xtn cuvéyeia eCeTdlovTal YAUpaXTNRo TIXd
oNudTLY TIECNE UE EXTETAUEVES TposONOWOELS 610 "SmartWaters framework' ue oxond va xodo-
ploTel Tota amd AUTE TOL YaEUXTNEIC XY UTopoUV Va yernctponotdoly YL Trv aviy VEUGT) BlapEoGY.
To und pehétn yopaxTneloTxd etvon: 1) 1 BloxpeiTh evépyela Twy onudtwy nieorne, ii) 1 eviponia
TV oNudtwy wleong xau iii) 1 evépyela twy detail cuvteheaTdv Tou 3% emnédon Tou Blaxpltod
uetaoy nuatiopol wavelet, yenowwonowwvtag tnv owoyévela Daubechies xat cuyxexptuéva 1o 20

Badud NG CUYXEXPEVTS OLXOYEVELNG GUVAPTHCEWY Wavelet.

AéZeig KAewdud: Koataveunuévo ouothuata dlavopnic vepol, Eheyyog otdiung dedouevic, PI
eheyxtric, PID eleyxtic, Aviyveuon dlaoppowy, ECaywy? yapoxtnoiotxwdy, EPANET, Smart-

Waters framework
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1 Introduction

1.1 General

Water is the most essential chemical substance for the human being. Without water the ex-
istence of people and societies would be impossible. The water is transferred from the water
sources to the consumers, by using a distributed water supply system. A significant amount
of electrical energy is spent in distributed water supply systems and especially in pumping
stations. This fact creates the need to control the operation of the pumping stations in order
to achieve reduction of the consumed electrical energy. Another major problem in distributed
water supply systems is the existence of leakages, especially when the systems are old. In this
case, the percentage of the leaking water can reach up to 40 % of the water which is incoming
to the network [1]. This creates the need for leakage detection algorithms implementation, in
order to detect possible leakages in a fast way.

This Thesis deals with those two subjects. It examines a set of pumping station control algo-
rithms and an algorithm for big leakage detection, greater than 20-25 m?3/h, based on features
extraction, in a real distributed water supply system, which was modelled in Epanet [2] and

simulated in SmartWaters framework [1].

1.2 SmartWaters Scientific project [1]

This Thesis is based on scientific project Design of an intelligent system for sustainable man-
agement of water networks: application to Crete (SmartWaters) [1], which was submitted for
the purposes of the program GR02.03 - "Integrated marine and inland water management -
Good environmental status in European marine and inland waters" and was funded by the
European Economic Area grants 2009 - 2014 (EEA grants 2009 -2014). The partners of the
scientific project are, the Technical University of Crete, the Organization for the Development
of of Crete S.A. (OAK.AE), the Institute of Geology and Mineral Exploration (IGME), the
Mediterranean Agronomic Institute of Chania (MAICh) and the Regional Development Fund
of Crete (RDFC).

The main aim of the project is to improve the management of distributed water supply sys-
tem of OAK.AE, which is located in the region of Chania, by using a smart decision making
environment which takes into account every parameter of the system. This environment can
sustains the water demand of the network, minimizes water losses and reduces the operating
costs.

For the purposes of the scientific project, a framework, called SmartWaters, was developed.
This framework consists of Epanet, which makes the hydraulic analysis and the simulations of
the distributed water supply system, some algorithms that have been developed in Matlab, in
order to control the operation of the simulated network and making decisions and a Matlab

GUI, in which the parameters of the simulations are configured and the results are shown.



1.3 Thesis goals

As mentioned above, this Thesis deals with the subject of controlling the operation and the flow
of the main pumping station of distributed water supply system of OAK.AE. and the subject
of leakages detection in the same system.

The first aim of the Thesis focuses in Vlites pumping station of the under study system. The
objectives are, to examine the operation and the behavior, in an extended set of simulations
in SmartWaters framework, of i) an algorithm based on pumping station’s pumps scheduling
control (ON/OFF) under constant speed operation and tank level control, ii) an algorithm
based on pumping station’s pumps scheduling control under variable speed operation and tank
level control, iii) an algorithm based on PI controller and tank level control iv) an algorithm
based on PID controller and tank level control. The first 2 algorithms were implemented by
the team of the scientific project SmartWaters [1], for the purposes of the project. The other 2
algorithms were implemented in the present Thesis.

The second goal of this Thesis is to examine the possibility of creating a decision making
algorithm, based on features extraction from nodes pressure signals, for big leakage detection.
The examined features are, the energy, the entropy and the energy of detail coefficients of
Daubechies 2, 3¢ level discrete wavelets decomposition. The examination of those features
can be achieved by creating an extended set of simulations in SmartWaters framework and
evaluating their behavior and the possibility of setting thresholds, when leakages appear in

water supply system nodes.

1.4 Thesis structure

This Thesis consists of 6 chapters. Apart from the introductory chapter, the rest of them are:

Chapter 2 describes the structure and the basic components of a distributed water supply sys-
tem. It describes the path of the water from the water sources to the consumption nodes.
It also makes an introduction to the problem of water leakages in those systems. Finally, it

includes the basic fundamentals for pumps and pumping station.

Chapter 3 describes the structure of the distributed water supply system under study, the
basic regions of the network and also the basic parts of it. Furthermore, it includes a de-
scription of Epanet and SmartWaters Matlab GUI, which was created for the purposes of the

scientific project [1].

Chapter 4 focuses on the main pumping station of the distributed water supply system un-
der study and especially the operation of the included pumps, named as Vlites. It contains a
short brief about the control methods which were implemented for the purposes of the scientific
project [1]. Furthermore, in this chapter a new control algorithm is implemented, based on PI
and PID controllers. Finally, an investigation about all the described algorithms takes place

by testing these algorithms in a set of extended simulations in SmartWaters framework.



Chapter 5 refers to a proposed algorithm for leakage detection in the under study distributed
water supply system. In this chapter, an experimental investigation about leakage simulations
in SmartWaters framework in a testing network model takes place. Furthermore, it includes
a basic short theory about the under study features and introduces an experimental method-
ology in order to determine which of them are suitable for leakages of dozen of cubic meters
per hour in the under study distributed water supply system by making experimental extended

simulations, in a case - study node of the under study system, by using SmartWaters framework.

Chapter 6 includes a short summary about the conclusions and the results that came up from

this Thesis. It also includes suggestions about feature work.

Appendix A includes the network of Vlites pumping station and the characteristics of the

included pumps.

Appendix B includes the total simulation results of Vlites pumping station’s control algorithms,

as described in Chapter 4.



2 Distributed water supply systems

2.1 Introduction

The aim of a distributed water supply system is to provide a region with water by transferring
the water from the aquifers to the consumers of the system. A typical distributed water
supply system consists of sources of water, water purification facilities, pipes, connection nodes,
consumption nodes and pumping stations [3]. The transfer of the water, from water sources to
the consumers, is accomplished by using distributed water supply systems. A typical system
consists of water sources, pipes, connection nodes, consumption nodes and pumping stations.
Initially raw water, which is found in the environment, is collected to the sources. After that, it
is transferred, by using a network of pipes, to water purification facilities in order to be treated
for harmful substances. Afterwards, the water is driven to the consumers or stored in specific
facilities, such as tanks and reservoirs, located on positions with high power of gravity. The
transfer of the water inside the pipes, is achieved by the power of gravity which gives the water
the necessary kinetic energy in order to circulate among the pipes. If the power of gravity is

not enough, pumps are installed to give the required kinetic energy.

2.2 Water supply Systems modeling and simulation

A lot of programs are implemented in order to model and simulate the behaviour of a distributed
water supply system. One of them is Epanet [2].

The model of the distributed water supply systems is designed in a graphical tool, when the
user sets the connection and consumption nodes of the network, the pipes, the tanks and the
pumps. Also the user sets the parameters for each component of the network, like the height
of the nodes, the length and the roughness of the pipes and other basic things, the demand for
each consumption node and general demand patterns.

The big advantages of Epanet, compared to other software, are that Epanet is free and open
source. From the other side, Epanet is very simple and does not take into consideration extra
variables, which exist in a real distributed water supply system. The management of a dis-
tributed water supply system, which can be simulated in Epanet, is very simple and is based
in IF - ELSE logic.

2.3 Leakages in water supply systems

Distributed water supply systems, usually, present leakages. The timely detection of water
leakages is very significant, because of the big amounts of water losses from the network. The
percentage of the leakages in a typical water supply system is, usually, between 20 % and 30 %
of the incoming water. Sometimes, this percentage can reach up to 40 % [1]. Water leaks can
be categorized as physical or notional. Physical losses are due to leaks in tanks and pipeline

connections, mainly due to strain on construction materials. Notional losses refer to the water



consumed without being paid. The notional losses are very difficult to be found, because the
costs, in order to install a detect system for those leaks, are very high.

In recent years, many methods have been implemented for leakage detection in distributed
water supply systems. Some of these methods, are based on acoustic waves 6], on node
pressure signals and extracted metrics, like HLR method [7], on artificial intelligence and neural

networks , |§|, , and on some metrics which are calculated from the pressures and the
flows of the system [1].

2.4 Pumps
2.4.1 Pump fundamentals

A pump is a device that moves fluids by mechanical action. It takes energy from a specific
source, such as electric, and converts that energy into hydraulic form. Pumping systems are
a indivisible part of the water industry because they give to the water the necessary power to
overcome forces like gravity and friction.

There are two basic types of pumps, the positive displacement pumps and the centrifugal
pumps. Positive displacement pumps trap a fixed amount of fluid into their cavity and then
force the trapped fluid into the discharge pipe. On the other side, centrifugal pumps cause the
fluid to move by using an impeller. The inner components of a centrifugal pump are shown
in Figure [I An increase in the fluid pressure from the pump inlet to its outlet is created.
This pressure difference drives the fluid to the discharge pipe. Centrifugal pumps are the most
widely used pumps in the world. This Thesis focuses on this type of pumps. When we discuss
centrifugal pumps, there are some basic terms based on their operation. The definitions of the
terms and their symbols are listed in Table [1| [12].

A Stuffing Box
B Packing

C Sha't

o

Shaft Sleeve

m

Vane
Casing

eye of Impeller

I O m

Impeller

Casing wear ring

| 2

Impalier

K Discharge nozzle

Figure 1: Inner components of a centrifugal pump .



Term Definition Symbol Units

The high which a pump can lift a

1 Total Head | = H m
liquid
The amount of fluid delivered by
2 | Flow rate | the pump to the discharge per | Q m3/h
unit of time
Shaft  ro- ' )
) The rotations of the impeller per
3 tational ] N RPM
minute
speed
Shaft The required power from the mo-
4 P Watts
power tor to the shaft of the pump
) The diameter of the pump im-
) Diameter D m

peller

Table 1: Basic pump terms

2.4.2 Pump affinity laws

For a further study of pumps, it is necessary to approach their operation using a set of mathe-
matical equations. Let us have two pumps. If these pumps are geometrically and dynamically
similar, operate at similar operational points, then a set of equations, which are called affinity
laws, can be applied to recalculate their operation, if a variable changes. Let us define the
performance variables of the above two pumps. Hy, @1, N1, P, D, are the variables for pump
one and Hs, ()2, Ny, P, D5 refer to pump two. According to affinity laws the relationship

between the above variables are [12]:

& 0
QQ N2D2
fh_ N, )
H,  N2D,
g ®)
P, NiD,

Ny 5P
AR el 4
N, VB (4)

The Affinity laws can be applied to the same pump. In this case the diameter of the impeller
of the two pumps is equal, D; = D,. Using this case, a satisfactory prediction of the operation
of the pump can be produced if the speed of the impeller changes. This prediction exists only
for small changes in pump’s speed, at maximum, approximately, 20%. Equation {4] relates the

changes of the speed with the changes of the pump’s power.



2.4.3 Pump curves

Affinity laws, by themselves, can not describe the operation of a specific pump. It is vital to
declare for each pump the relationship between the flow and some variables. Some terms are
necessary before we discuss the curves.

Net Positive Suction Head Available (NPSHa) depends on the conditions of the installation
and is declared as the total suction head of liquid absolute minus the absolute vapor pressure
in meters of the liquid at a specific rate of flow expressed in meters of liquid.

Another useful term about pumps is their efficiency. Pump efficiency declares the percentage of
the mechanical power which the pump converts to hydraulic power. Another useful term is the
Net Positive Suction Head Required (NPSHR). NPSHR is given by the pump manufacturer and
is related with the minimum head in which the pump operates normally, without any problem.
Total head, efficiency and NPSHa depend on the flow rate. Pump curves declare the modifica-
tion of those variables when the flow of the pump changes. Rotodynamic are pumps that have
a curve where the head falls gradually with increasing flow.

A set of curves for a specific rotodynamic pump is shown in Figure .

Another significant curve is the system curve. This curve is related to the water network
system by showing the hydraulic energy required to move water into the system. The required

hydraulic energy increases as flow increases.
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2.4.4 Series pump operation

Pumping stations usually have to deal with high differential head [12]. That makes necessary
to use more than one pump in a pumping station in a series configuration. Series configuration
is used when the pumps deal with a high differential head,usually in combination with small
flows. When two pumps are connected in series the resulting Head - Flow curve is obtained
by adding the individual heads, for each value of flow. The series pump configuration of two

pumps and the resulting Head -Flow curve are shown in Figure [3]

2.4.5 Parallel pump operation

Except from series pump configuration, pumps can connect in a parallel way [12]. Parallel
pump configuration is very useful when pumps deal with large and varying flows. When a
parallel configuration exists, the resulting Head-Flow curve is obtained by adding the actual
flows for each head value. The parallel pump configuration of two pumps and the resulting

Head -Flow curve are shown in Figure [4]
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2.4.6 Causes of water hammer

When a pump reduce it’s speed or closes, the flow of the water changes very fast. The water
is forced to stop or to change direction. This causes an instant high pressure wave which
propagates in the outlet pipe of the pump. Water hammer can cause major problems in the
system, like strong vibrations, damages, leakages and even a pipe explosion. Normally the
pressure wave inside the inlet pipe is very small because pumps change their state gradually
but, when we discuss pump controlling in a big water network system, the hammer effect must
be examined. There are some situations where water hammer is susceptible. For example an
automatic re-start of a pump, which rotates backwards after a power failure or an acoustic

resonance effect due to positive displacement pump flow variations [12].

2.4.7 Pumps speed control

The relation between the speed of a pump and it’s required power, is also known as the cubic
law, because the required power is the cube of the speed, as shown in Equations [3] and []
This fact means, that a small reduction in pump’s speed results a significant reduction in
required pump’s power and consumed energy. As well, by controlling the speed of a pump, the
outflow of the pump is controlled. Pump’s speed controller are divided into 2 main categories,
mechanical and electric. Mechanical controllers include hydraulic clutches, wet coupling, and
adjustable belts and pulleys. Electric controllers include eddy current clutches, rotor adjusters,

and frequency controllers [1].



3 Description of the under study distributed water net-
work, Epanet and SmartWaters Matlab GUI

3.1 Under study water network description

This Thesis deals with the distributed water network of the Organization for the Development
of Crete S.A. (OAK.AE). The water network starts from the western sid of sub-region of Chania
and finishes on the eastern side of Chania sub-region. Also the water network is expanding in

Akrotiri cape of Chania. The under study distributed water network is shown in Figure [3]

Figure 5: Under study distributed water network [1]. 1: Meskla village, 2: Myloniana tanks,
3: Daratso region, 4: Perivolia region, 5: Mournies region, 6: Nerokouro region, 7: Tsikalaria
region, 8: Vlites pumping station, 9: Megala Chorafia region, 10: Korakies tanks, 11: Akrotiri

region. Red color: main supply pipe, blue color: sub-networks pipes.

The network is supplied with fresh water by sources which are located near Meskla village. The
sources high is between 197 m and 212 m. From those sources the water is transferred, using
the force of gravity, into two tanks where are located in Myloniana territory. The capacity of
both tanks is about 6500 m? and the altitude is about 135 m. Furthermore, in Myloniana there
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are 5 boreholes which are also connected with the base tanks. The main pipe of the network
starts from Miloniana tanks and supplies 4 other tanks, along the pipe. The main pipe ends
up to Vlites booster pump station where the water is concentrated to a relief well. Vlites is
located 83 m above MSL. The pump station boosts the water from the relief well to the two
main Akrotiri tanks territory. Those two tanks which are located in Korakies territory, about
215 m above MSL, have a capacity of 8500 m?® and supply the whole Akrotiri cape. A second
pipe is also used to transfer water to Akrotiri via Vlites booster station. This pipe starts from
a tank in Megala Chorafia territory and with a local booster pumping station, the pipe drives
the water from the Tank to Vlites pumping station which supplies the two tanks in Korakies.
Vlites booster pumping station is the main station of the network. This Thesis focuses on this
pumping station. This station has nine pumps which serve water supply and irrigation needs.

The characteristics and the curves of Vlites pumping station are included in Appendix A.

3.2 SmartWaters Matlab GUI and Epanet

SmartWaters GUI, as a part of SmartWaters framework, is a Matlab GUI, which uses Epanet|2]
and was implemented by the team of |1] for the purposes of the Scientific project: Design of an
intelligent system for sustainable management of water networks: application to Crete. The
basic operation of SmartWaters framework is shown in Figure [0, A part of the SmartWaters
framework, Epanet, perform an extended period simulation for the hydraulic and water quality
behavior of a distributed water network, like the under study network in this Thesis. Epanet
can simulate permanent or transient flows, in under pressure supply networks of any size and
topology. Epanet calculates the amenities and pressures in nodes and pipes, the demand
pressures, the water levels in tanks, the speed of the pumps and the position of the valves.
The method that computes the hydraulic behavior of a water network in Epanet, is based on
the principle of mass conservation and law of conservation of energy. Those are the two base
equations to examine as to whether a water network is in a hydraulic stability. Let us define a

water network with N crossed nodes and N F' fixed grade nodes.

ZQz,j_Dz:Oﬂ':l’N (5)
J

H; — Hj = hjj = rQ}; + mQ3, (6)
iy = (o —r(L)) )

SmartWaters framework calculates the pressures (loads) H; for each node and @); ; for each pipe,
at every time-step, based on the above equations. Equations [ and [6] describe the conservation
of mass and energy in which, D; is the demand of node N;, H; and H; the loads in nodes N; and
Nj, h; j the losses of the load between nodes N; and Nj, r is a resistance factor which is analog

to the roughness of the in-between pipe and m, is a factor for unimportant losses. Equation [7]
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Figure 6: Block diagram of SmartWaters framework which was developed in [1].

is the corresponding equation for the operation of pumps, in which hq is the cutoff head of the
pump, w is the related speed of the pump and r,n are related with the curve of the pump.
The environment of SmartWaters Matlab GUI is shown in Figures [7] [8 [9] and [10] Figure
shows the initial window, where the user loads the topology of the under study network and sets
the simulation parameters such as the total duration of the simulation, the time step which the
program will analyze and calculate the hydraulic units of the network, the pattern time steps
in which the consumption will remain the same and some other variables. After that, when
the simulation starts, window in Figure [8| opens. This Figure shows the simulation progress of
the under study distributed water supply network. This window also shows, graphically, the
change of network tank levels. When the simulation finishes, the user can get basic metrics of
the overall network parts, like pipe flows, pump flows, node pressures and others. A sample of
the result windows is shown in Figures [9] and [10]
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4 Vlites pumping station proposed control algorithms

4.1 Under study main pumping station description

Vlites is the biggest pumping station of the under study irrigation water supply system, as
described in Chapter 3. The elevation of the station is 83 m. The diagram of the pumping

station is shown in Figure [T1}
‘k \ < Pipes to Korakies tank

&
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Figure 11: Vlites pumping station structure.

The pumping station is made up of 8 pumps, 7 of which can operate together due to demand
requirements. Pump 4 exists for safety reasons if 1 of the other 3 similar pumps fails. Pumps
1 to 6 are inside Vlites pumping station building and the other 2 are outside. The basic
characteristics of the pumps, as named in Figure [11] are shown in Table 2| and pump curves for
each pump are figured in Appendix A.

Vlites station boosts the water to Korakies irrigation tank in order to feed the irrigation supply
system of Akrotiri region. The elevation of Korakies irrigation tank is 212 m. The diameter
of the tank is 37 m, the minimum tank level is 0.5 m and the maximum is 6 m. The total
capacity of the tank is 6500 m?. Figure [12] shows the whole region of Akrotiri, including the
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location of Vlites pumping station and Korakies irrigation tank, Figure[13|shows the connection

of the pumping station with Korakies Irrigation tank and Figure [14] shows the pipes which are

connected with the tank.

Pump name

Installed power kW

Nominal flow m?/h

Nominal rotational
speed (RPM)

Type of pump

Pumps 1 to 6 250 350 1450 Deep well jet pumps
Pumps 5, 6 93 180 1450 Centrifugal pumps
Pumps 7, 8 186 300 2900 Booster pumps

Table 2: Main characteristics of Vlites pumps.
L )

Korakies tank

€ V/lites pumping station

Figure 12: Akrotiri irrigation supply sub-network, consists of 547 nodes and 495 pipes.
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Figure 13: Connection of Vlites pumping station with Akrotiri tank. Vlites MSL is 83 m and
Korakies tank is 212 m.
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Figure 14: Korakies irrigation tank and connected pipes.
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4.2 Proposed pumps scheduling control (ON/OFF) under constant

speed operation based on boolean logic

A first approach to control the flow from Vlites pumping station to Korakies tank it’s achieved
by dividing the level of the tank in certain regions. Depending on the region where the tank
level is, a combination of pumps operates, in order to deliver water to the tank of the system
[1]. The input of the scheduling controller is the level of Korakies tank and the output is the
pumps which will operate. Table [3| shows the tank level regions in m and the corresponding

pumps which are operating. All pumps are operating in nominal speeds.

Tank level region (m) Pumps in operation
Level > 5.5 None

5.3 < Level < 5.5 Pump 1

4.8 < Level < 5.3 Pumps 1, 2

3.9 < Level < 4.8 Pumps 1, 2, 5

3.1 < Level < 3.9 Pumps 1, 2, 5, 7
2.5 < Level < 3.1 Pumps 1, 2,5, 7, 8
Level < 2.5m Pumps 1, 2, 3,5, 7, 8

N | O =W N

Table 3: Tank level regions and corresponding active pumps on pumps scheduling control.

4.3 Proposed pumps scheduling control under variable speed oper-

ation based on boolean logic

Variable speed operation can reduce the consumed energy of the pumping station. The aim
of this control method is to keep the tank level within certain limits, by scheduling in real
time the combination of Vlites pumps, which will be active and the speed of the pump would
be operating in variable speeds [1]. In the present study, Pump 1 was selected to operate in
variable speeds because it has one of the highest energy consumptions in the whole pumping
station, and it is the first of the pumps, which will be active. The controller uses, as input, the
current level of Korakies tank,L(¢;), and the previous tank level, L(t3), in order to calculate
the changing rate of the tank level, DL(ty — t1). The output of the present controller is the
combination of the pumps which are operating and the speed of the pump which operates in
variable speeds. In the under study system, the changing rate of the Korakies tank is calculated
every minute. Depending on the changing rate, the variable speed pump operates in a specific
discrete speed. The minimum shaft speed of Pump 1, in order to lift the water to Korakies
tank is set 80 % of Pump 1 nominal rotational speed. Due to affinity laws, the maximum

reduction of the power by reducing the speed of the pump to 80 % is approximately 128 kW .
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The combination of the operating pumps at each time depends on the level of Korakies tank

and it is the same as pumps scheduling control under constant speed operation.

4.4 Proposed PI(D) pumps control method based on tank level con-
trol

4.4.1 Tank level system

Another way to control the water flow of Vlites pumping station and the level of Korakies tank,
is by using a PI and a PID controller. A water tank level controller can be implemented to
control the tank level by keeping that in a specific reference point. This approach is presented
in Figure This idea can be applied to the under study pumping station, because Vlites

pumping station supplies Korakies tank with water.

Inflow Win(t)

Control signal

Tank diameter d

Outflow Wout(t)

Disturbance

Tank system

Figure 15: Tank level control scheme
Using the automatic control theory, the tank represents the plant of the system, the outflow

represents the disturbance because it is an unknown variable and the inflow represents the
control signal of the under study system [1} [13].
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4.4.2 Mathematical model

Let w;,(t) to be the mass supply flow at time ¢, wy,(f) the mass output flow at time ¢ and

m(t) the mass of the liquid at time ¢. Due to law of conservation of mass:
m(t) = win(t) — Wour(t) (8)

The mass of the liquid at time ¢ is m(t) = dAh(t) where d is the density of the liquid in kg/m?,
A is the tank section in m?, and h(t) the height of the liquid inside the tank in m at time ¢. In
the above system the liquid is the water. Replacing the above relation in equation [§] equation
[9)is produced [t} [14].

Ah(t) = wm(t) - wout(t) (9)

In the case of constant flow (feeding through a pumping station) is equal to the output flow,
the level of the water tank remains constant.
Based on Equation [9] where Dh(t) is the controlled value and u(t) = wy,(t) is the execution

value, the transfer function for the variation of the supply flow, wy,(t) to the water level variation

Dh(t) is:

h(s) = Silwm(s) — ;Awm(s) + ih(o‘) (10)
In equation h(0~) represents the initial level of Korakies tank.
Considering that system’s operation starts from a known initial condition, by using Equation
the transfer function of the tank level system, in which the input represents the inflow
of the tank from Vlites pumping station minus the outflow of the tank to Akrotiri region,

Win(8) — Weut(s) and the output represents the level of the tank, A(s), is:

o h(S) _ i€*T5
Gpls) = Win(8) — Wour(5)  As (11)

where T' represents the delay of the system. For reasons of simplicity, the delay is not taken
into account. The block diagram of the closed loop system, based on Equation [T}, is presented
in Figure [16]

The Controller decides the flow must be given from the pumping station to the tank in order
to keep the tank level in a given reference height. The section of Korakies tank, A, is 1075 m?2.
There are some basic constraints related with the operation of the controller which must be
taken into account.

The tank has a specific height and capacity. Firstly the tank level should not overflow neither
become empty.

The second constraint deals with the limits of the pumping station. The flow of the water from
the pumping station to tank, can not be negative. Also the pumping station has an upper flow

limit which it can reach.
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Figure 16: Tank level control closed loop system. w,,; models the demand requirements of the

network in Akrotiri region. The h,,; is the level of the tank.

Taking into consideration those two basic constraints, the control of the flow of the pumping
station can be achieved by using a PI controller as the specific process in Figure [16] is a first

order system [15]. For examination purposes, a PID controller was also designed.

4.4.3 PI controller tuning for Korakies tank level control

The transfer function of a parallel PI controller is defined in Equation [12]

K

GC}P](S) = Kp + ?z (12)

where K, and K; are the proportional and integral terms of the controller. By using the transfer
function of the parallel PI controller in the closed loop system of Figure|10] the transfer function

of the closed loop system is:

. KpS + Kz
107582 + Kps + K;

By using the transfer function of Equation , Routh—Hurwitz stability criterion is used [16],

GClp[(S) (13)

in order to be found the ranges of K, and K; in which the under study closed loop system is
stable. The Routh’s stability matrix is:

52 1075 Kz
s K, 0 (14)
80 Kz —

By using the Routh-Hurwitz stability criterion and the matrix, as calculated in [I4] the under
study system is stable, if K, > 0 and K; > 0.
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In order to apply the PI in SmartWaters framework and control the flow of the main pumping
station, the parameter gains of the controller must be tuned. PI controllers are very popular,
but tuning process is not something trivial.

To calculate sufficient values for the gains of the PI controller, the model of the tank level
control system, as shown in Figure [I6] was modeled and simulated in Matlab Simulation and
Model Based Design (Simulink) in order to use PID Tuner graphical tool [17] which is very
suitable for controllers tuning proposes. Also a disturbance time-series was created (Figure[17),
in order to simulate the behaviour of the closed loop system and to tune the parameters of the
PI controller. The selection of the disturbance time- series is based on the real consumption
data of the under study network [1].

PID tuner provides controller gains in order for a good balance to be achieved between perfor-
mance and robustness for PI and PID controllers.

Initially it creates a linearised model by taking into consideration the combination of all blocks
between the input and the output of the controller block. The Matlab graphical interface of
the PID tuner gives the opportunity to change two main variables, in order to find suitable
gains for the controller. Those two variables are the response time and the transient behaviour
of the controller. Changing the values of these two parameters, changes the gains of the PI
controller. Also an input disturbance step plot exists, in order to give a graphical information

about the rejection of the disturbance during the tuning of the controller.

Model parameter Value
1 | Total simulation duration | 72 h
2 Simulation time-step 1 min
3 Tank reference height 5.5 m
4 Tank upper bound 6 m
5 Tank lower bound 0.5m

Table 4: Matlab tuning procedure. Simulink simulation parameters.
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Disturbance time-series for Simulink simulation purposes
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Figure 17: Simulink model disturbance time-series (w,:(t)) for the tuning processes of the PI

and PID controllers, which models the demand requirements in Akrotiri region, as shown in

Figure .

By using the above method to tune the PI controller and making many trials, by changing the
parameters of the PID tuner tool in order to minimize the overshoot of the system response
and taking into consideration the restrictions of the tank level problem, as mentioned above,
the extracted PI gains are presented in Table [5l The results of the closed loop system, after
the tuning of the PI controller are shown in Figure

PI controller parameter Gain (unitless)

1 | Proportional gain (K,) | 3175.45625
2 Integral gain (K;) 12

Table 5: Results of PI tuning process. Tuned PI controller gains.
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Figure 18: Matlab simulink simulation testing results for tuned PI controller.

4.4.4 PID controller examination

The transfer function of a parallel PID controller is defined in Equation [15]

K;
Gc(S) = Kp—l—?—i—KdS (15)

By using the transfer function of the parallel PID controller in the closed loop system of Figure

the transfer function of the closed loop system is:

K;s% + Kps + K;
(K4 +1075)s2 + K5 + K;

GClp[D(S) =

By using the transfer function of Equation [16], Routh-Hurwitz stability criterion is used [16],
in order to be found the ranges of K, K; and K, in which the under study closed loop system

is stable. The Routh’s stability matrix is:
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By using the Routh-Hurwitz stability criterion and the matrix, as calculated in [I7] the under

s*| Kg+ 1075 K;

SO Kz

0

study system is stable, if K, >0, K; > 0 and K; > —1075.

Except for the PI controller, which is sufficient for first order systems, a D parameter is inserted
in the above PI controller, by keeping P and I gains the same as in the PI controller, in order to
examine the behaviour and the effects of the derivative gain to the system. For small gains, the
D parameter does not affect the system. The gains are calculated by simulating and increasing
the value of the derivative gain until it affects the system. The parameters of the examined
PID controller are presented in Table 6l The examination results of the PID controller gains
are shown in Figure [I9 Also an effort was made in order for suitable gains to be found by

using PID Tuner tool. Each tuning trial failed because some of the problem restrictions were

violated.

PID controller parameter

Gain (unitless)

1 | Proportional gain (K,) | 3175.45625
Integral gain (K;) 12.00000
3 | Derivative gain (Kj) 390.00000

Table 6: Results of PID tuning process. Tuned PID controller gains.

25




PID controller output signal and system disturbance signal
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Figure 19: Matlab simulink simulation testing results for tuned PID controller.

4.4.5 Pumping station flow matching

The PI and PID controllers, as designed above, decide indirectly the required flow must be
given from the main pumping station to the tank, by keeping the tank level in a specific level.
The main pumping station has 8 operating pumps. According to this, there is a need of
matching the operation of the pumps with the decided flow. This pairing is shown in Table
[7l The speed of Pump 1, which is set to operate in variable speeds, has a minimum permitted
speed limit, 80 % of pump’s nominal speed, in order to operates in Best efficiency Point (BEP)

region in which affinity laws can be applied.
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Pumps in operation
Flow @ (m?/h) (Var. speeds)

1 Q<0 All pumps off

2 0<@Q <350 Pump 1

3| 350 <@ <530 Pumps 1, 5

41 530 <@ <700 Pumps 1, 2

51 700 <@ <880 Pumps 1, 2, 5

6| 880 < @ <1180 Pumps 1, 2, 5, 7
711180 <@ <1480 | Pumps 1,2 5 7,8
8 1480 < @ Pumps 1, 2, 3,5, 7, 8

Table 7: Vlites pumping station pumps proposed operation, based on pumps flow capacity and

tank level regulation.

4.4.6 Stability, controllability and observability of the tank level control closed
loop system after PI and PID controllers tuning

In order to characterize the closed loop system of Figure [16] after the tuning of the controllers,
the transfer functions of the closed loop system, when the tank is controlled by the PI and the
PID controllers, were calculated. Equation [18| shows the transfer function of the closed loop
system, Gclpr(s), when the PI controller is used and Equation shows the corresponding

transfer function,Gelp;p(s) when the PID controller is applied.

31755 + 12
Ipi(s) = 1
Gelpi(s) = {07552 7 31755 + 12 (18)
39052 + 31755 + 12
GCZP[D(S) (19)

146557 + 31755 + 12
From the transfer function of Equation [18| turns out that the poles of the closed loop system,

when the PI controller is set, are p; pr = —2.9496 and p; p; = —0.0038. The transfer function
has one zero, which is z; py = —0.0038. The pole - zero map of this transfer function is
shown in Figure 20, As for the transfer function of the closed loop system, when the PID
controller is applied, the poles are p; prp = —2.1635 and py prp = —0.0038 and the zeros are
z1,prp = —8.1384 and 25 pyp = —0.0038. The pole - zero map of the transfer function of PID

case is shown in Figure [21]
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Pole - Zero map of tank level control closed loop system, using Pl controller
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Figure 20: Pole - zero map (s-plane) of tank level closed loop system, when the PI controller is

applied. Poles are symbolized as x and zeros as o.
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Figure 21: Pole - zero map (s-plane) of tank level closed loop system, when the PID controller

is applied. Poles are symbolized as x and zeros as o.

From the position of the system’s poles in both PI and PID cases, is concluded that both closed

loop systems are stable, because the poles are on the left semi-plane of the poles - zeros s-plane

map [18].
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In order to examine the controllability and the observability of the closed loop system the system
must be represented in the state space. The state space matrices, after thee transformation of
the system [19], when the PI controller is used, are shown in Equations 20 [21] 2] and 23] and
when the PID controller is used, are shown in Equations [24] [25] [26] and [27]

—2.9535 —0.0112
Apy = 20
o (1.0000 0 ) )
1
Bor = 21
PI (0) (21)
Cpr = (2.9535 0.0112) (22)
Dy = (0) (23)
~9.2.1672 —0.0082
A = 24
oP ( 1.0000 0 ) 2y
1
BPID - ( ) (25)
0
Cpip = (1.5903 0.0060) (26)
Dpip = (0.2662) (27)

In order to examine if a system is controllable, the controllability matrix must be calculated.
The controllability matrix of a system is defined in Equation 28] |20].

Co(A,B)= (B AB A’B ... A"'B) (28)

In Equation 28, Co(A, B) represents the controllability matrix, A and B the matrices of the
system and n, the order of the system. The controllabily matrix of the under study closed loop
system, when the PI controller is applied, is shown in Equation 29 and when the PID controller
is used, is shown in Equation [30}

1.0000 —2.9535
Copi(Apr, Bpr) = 29
pi(Api, Bpr) ( 0 1‘0000) (29)
1.0000 —2.1672
Co App,B = 30
pip(Apip, Bpip) ( 0 1.0000) (30)

In order to be a system controllable, the order of the system must be equal to the rank of
controllability system’s matrix. In both cases, the ranks of the controllability matrices are the

same with the order of the systems. This fact proves, that the under study closed loop system
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in both PI and PID control methods, is controllable, because the rank of Cop; and Copip is
2, the same as the corresponding system’s order.

The examination of the system’s observability is required the observability matrix, which is
defined in Equation [31] [21].

C
AC
O(A,C) = | A2C (31)

A"1C
In Equation [31 O(A, C) represents the observability matrix, A and C the matrices of the
system and n, the order of the system. The observability matrix of the under study closed loop

system, when the PI controller is applied, is shown in Equation |32/ and when the PID controller
is used, is shown in Equation [33]

1.9535 —0.0112
Op1(Apy, Cpr) = 32
pi(Apr, Cpi) (—8.7119 —0.0330) (82)
1.5903  —0.0060
Opin(Apin, Cpin) = 33
po(Apm. Cei) (—3.4405 —0.0130) (33)

In order to be a system observable, the order of the system must be equal to the rank of
observability system’s matrix. In both cases, the ranks of the observability matrices are the
same with the order of the systems. This fact proves, that the under study closed loop system
in both PI and PID control methods, is observable, because the rank of Op; and Opip is 2,

the same as the corresponding system’s order.

4.5 Test of the proposed control algorithms by using SmartWaters
framework for the OAK.AE simulated model

4.5.1 SmartWaters simulation scenario

For the tests of the proposed control algorithms, is used the framework SmartWaters [1]. The
simulation parameters used for the hydraulic simulation, via Epanet, of the OAK.AE distributed

water supply system, are set as shown in Table [§]
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SmartWaters’s GUI parameter Value

1| Total simulation duration 12 days
2 | hydraulic analysis time-step | 1 minute
3 Pattern time step 1 hour
6 Flow units (Q) m3/h
7 Pressure units (P) m

Table 8: SmartWaters simulation parameters.

4.5.2 Water demand scenario

The multipliers and the demand data for each node are based on real consumption data of
OAK.AE. network.

The water demand profile, which is used for testing, the proposed control algorithms, is based
on real data, as they are calculated by the SmartWaters team [1]. Every consumption node of
the network has a base demand. The total base demand of the under study system is 1514 m3/h.
The total base demand of Akrotiri sub-network is 561.48 m?3/h. To change the consumption
of the system during the simulation, two demand patterns were implemented, a daily demand
pattern which provides hourly multipliers and it is the same for each simulation day (Figure
and a total pattern which provides multipliers for every day (Figure 23). The demand of each
consumption node at a given simulation hour is calculated by multiplying the base demand of
the node with the corresponding multipliers from Figures 22] and 23] The consumption data
for each simulation day represents a typical day of each month of the real under study network
[1].

3.5

u.)
- I
(%)) Pa (%))

Demand multiplier {p.

0.5

0 5 10 15 20 25
Time (h)

Figure 22: Standard daily demand multipliers, based on real data [1].
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Figure 23: Demand multipliers for each day of simulation.

4.6 Testing simulation results and discussion

In order to examine and compare the efficiency of the PI, PID, pumps scheduling under constant
speed operation based on boolean logic and pumps scheduling under variable speed operation
based on boolean logic tank level controllers, two basic types of graphs are exported, for each
controller. The first is the Korakies tank level response during the simulation of each method
and the second is the outflow of Vlites pumping station. Also the total energy consumption of
the pumping station was calculated and is presented in Table [J

The figures for all the control methods for the overall duration of simulation can be found in
Appendix B.

In the following figures the results for each control method for 2 simulation days,3% and 7"
days are presented.

Figure [24] refers to Proposed pumps scheduling control (ON/OFF) under constant speed op-
eration based on boolean logic, Figure [25| refers to Proposed pumps scheduling control under
variable speed operation based on boolean logic, Figure 26| refers to PI control based on tank
level control results and Figure [27] refers to PID control based on tank level control results.
Also an important metric, in order to compare the proposed and the examined control methods,

is the total consumed energy of the pumping station at each control method.
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Control method Energy Percentage energy

consumption reduction (%)
(kW)

Proposed pumps scheduling con-

trol (ON/OFF) under constant Reference
1 84204.78

speed operation based on boolean method

logic

Proposed pumps scheduling con-
2 trol under variable speed opera- | 81193.66 3.58

tion based on boolean logic

PI pumps control method based
3 82581.59 1.93
on tank level control

PID pumps control method based
4 81847.36 2.80
on tank level control

Table 9: Vlites energy consumption for all control methods.

By comparing the energy results, it can be noted that pumps scheduling control under variable
speed operation based on boolean logic has the minimum energy consumption. All the above
examined control methods reduce the energy consumption in relation with the pumps scheduling
control (ON/OFF) under constant speed operation based on boolean logic method. The PID
control method has smaller energy consumption than the PI control method. Examining the
tank level response during the operation of the controllers, it is observed, in Figures [26] and [27],
that PI and PID controllers have the fastest response and the minimum error for all simulation
days. Also the decision flow of the PI controller is very smooth. PID control method shows
small oscillations when the demand of the systems changes. Those oscillations arise from the
effect of the PID derivative gain. It seems that PI and PID controllers exploit better the
variable speed operation of the variable speed pump compared with Smart control method.
Finally it is observed that PI controller presents a small steady state error compared with PID

controller which eliminates this error in all simulation days.
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Figure 24: Pumps scheduling control (ON/OFF) under constant speed operation based on

boolean logic simulation results for third and sixth day.
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Figure 25: Pumps scheduling control under variable speed operation based on boolean logic

simulation results for third and sixth day.
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Figure 26: PI pumps control method based on tank level control simulation results for third

and sixth day.

36



5 5D:-ly 3 tank level response during PID control method simulation Day 3 pumping station outflow during PID control method simulation
X T T T T T T T T T T

1200
5.45 4
1000
541 1
5.35 — 800
E s53f i -
£ 53 g 600
[]
5250 1 <
€ & 400
S 52 1 o
515 1 200
51 1
0
5.05 F Tank level res.ponse 4
Reference point
5 . . . . . 200 . . . . .
50 55 60 65 70 50 55 60 65 70
Simulation time (h) Simulation time (h)
(a) Third day tank level response. (b) Third day given flow from Vlites pumping sta-
tion to Korakies tank.
5 5D:-ly 7 tank level response during PID control method simulation 18%Sy 7 pumping station outflow during PID control method simulation
1600
5L
1400 -
1200
45}
E £ 1000 -
ko] =
3 4r < o0
¢ 3
= L 600
351
400
200
3l
Tank level response oF
Reference point
251 . . . . 200 L . . . .
145 150 155 160 165 145 150 155 160 165
Simulation time (h) Simulation time (h)
(c) Seventh day tank level response. (d) Seventh day given flow from Vlites pumping

station to Korakies tank.

Figure 27: PID pumps control method based on tank level control simulation results for third

and sixth day.

37



5 Proposed leakages detection algorithm

5.1 Introduction

During the transfer of the water from water sources to consumption nodes, there are significant
water losses in the pipes and the connection nodes of a water supply system because of the
leakages. The timely detection of a leakage is very important in water supply systems because
it can prevent water losses. A satisfactory method, in order to detect big leakages, greater
than 20-25 m3/h, can be based on extraction of features of nodes pressure signals. Features
extraction method transforms an input set of values, like time-series, to another set, depending
on extracted feature, in order to get indirect information about the behavior of the under
study signal and classify the signal into some categories. In the present Thesis 3 features are
examined which are extracted from the measured pressures of the under study water supply

system connection and consumption nodes. Those features are

e the discrete time interval energy of the pressure signals of the node which is examined for

leakages,
e the entropy of the pressure signals and
e the discrete Wavelet decomposition of the pressure signals

All the above features are examined in an experimental simulation of the under study network,

in order to find which of the above features can be used for big leakage detection.

5.2 Examined features from node pressure signals
5.2.1 Energy

For a given discrete time interval [ny, ny| the energy of the discrete signal is defined in Equation

22,

E, = > 2*[n] (34)

n=ni
In Equation x[n], represents the values of the under study signal. Energy declares how far

are the values of a vector for their mean.

5.2.2 Entropy

Entropy is a generic measure of uncertainty. Entropy was initially introduced as a thermody-
namic state variable, but was associated with signal processing. In information theory, entropy
is a measure of randomness, the information dispersion for the included information in a vector.
The entropy of a vector is defined in Equation [35] [22].

H =~ Plog,(P) (3)

38



In Equation (35, H is the calculated entropy of the signal and FP; is the probability function
value for each element of the under study vector. The propability function, which is used in
the present Thesis, is defined in Equation [36] [22].
2
€T
pP=—"t_ 36
=17y (36)

In Equation [36 P; is the probability value and x; the ith value of the under study vector, x.

5.2.3 Discrete Wavelets decomposition (DWD)

Wavelets transformation becomes famous over the past years in many applications which are
related with signal processing. Wavelets are used as base functions, in order to describe other
signals, like sines and cosines in Fourier transformation. The most significant advantage of
Wavelets analysis against Fourier analysis is the study of transient phenomena during a signal
processing. By using Wavelets decomposition, information about transient phenomena can
be extracted. Another advantage of Wavelets against Fourier analysis in a time-series is that
Fourier analysis required stationary signals which maintain their properties among the time.
Signals in Water supply systems are not stationary because the changing of the consumption
in the system or leakage, causes changes in the properties of the pressure signals. This fact
creates the need of localization, not only in the frequency domain, but also in the time domain.
Wavelets transformations are built for those purposes, because they focus both on frequency
and time domain analysis of the under study signal [23]. Initially is defined a finite discrete
wavelet base function. By shifting and scaling this function, other similar functions are created.
All those functions, are multiplied with the under analysis signal in order to achieve the wavelet
decomposition of the signal.

Another way to achieve descrete wavelet decomposition, is by using high and low pass filters.
This can be achieved by using the Mallat algorithm, a two channel fast Wavelets decomposition
algorithm, based on the above filters [24]. The operation of Mallat algorithm is shown in Figures
and 29

4

Low pass filter ,L 2 —> CcA

Approximation

coefficients
Downsample
X[n]
High pass J{
—_—

filter 2 C D

Detail
coefficients

Downsample

Figure 28: Block logic diagram of one dimension level Wavelets decomposition using Mallat

algorithm. Downsample keeps the even indexed elements.
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Figure 29: One dimensional discrete Multi level Wavelets decomposition using Mallat algorithm.

As shown in Figures [2§ and [29] Mallat algorithm decomposes the signal into two base compo-
nents, the approximation coefficients which arise from the low pass filter and are symbolized
with A; and the detailed coefficients which produced from the high pass filter and symbolized
with D;. Approximation coefficients show the behaviour of the signal in different from the
initial scale. Detailed coefficients focus in rapid changes of the signal. The maximum level
decomposition depends on the length of the initial signal and the selected wavelet family.

There are several wavelet families, with different properties, which can be used in signal analysis
and decomposition. One of those families are Daubechies (db) [25], which introduced by Ingrid
Daubechies [25]. Wavelets of Daubechies family are bi-orthogonal, asymmetric and orthogonal.
There are several orders of Daubechies family. For the purposes of this Thesis, the 2 order of
this wavelets family (db2) filter are used for pressure signals decomposition, because the length
of the under examination signals consists of 60 samples, which is relatively small. Those filters

are shown in Figure [30]

5.3 Modeling and simulation of leakages

Leakages in EPANET program are modelled by an emitter function which depends on the
instant pressure of the node where the leakage exists [1, 2]. The definition of the emitter is
shown in Equation [37]

Qt) = KcPe(t) (37)
In Equation 37, Q(t) in m?/h, represents the outflow rate of the leak at time ¢ in min,

K. in % is an emitter coefficient which declares the size of the leak, P.(f) in m repre-

sents the pressure of the leak node at time ¢ and ~, a unitless factor, is an emitter exponent
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Figure 30: Daubechies 2 wavelets family (db2) low pass and high pass decomposition filters.

Horizontal axis: discrete time (n). Vertical axis: Amplitude.

which depends on the material and the age of the node.

In order to test the accuracy of leakages modelling in SmartWaters framework, a prototype
water supply network was created and is shown in Figure 31} The role model network consists
of seven nodes, a tank and a throttle control valve. The radial of the tank is =16 m and the
initial water level is 4 m.

The characteristics of the simulation of the test model network we used are shown in Table [0l

Node 1

Node 6

Figure 31: Prototype water supply network model used for SmartWaters’s framework leakages

testing.
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SmartWaters’s GUI parameter Value

1| Total simulation duration 48 h
2 | Hydraulic analysis time-step | 1 mun
3 Flow units m3/h
4 Pressure units m

5t Network consumption null
6 Leaking node Node 2
7 Leakage insertion time 24th h
8 Emitter coefficient 3

9 Emitter exponent 0.5

Table 10: Simulation parameters in order to test the correct simulation of leakages in Smart-

Waters program by using the prototype water network of Figure .

The results of the simulated testing network model in SmartWaters framework are shown in
Figure When a leakage of is applied, the level of the tank begins to decrease. Considering
that the tank is vertical cylinder, the capacity of the water, which was lost due to leakage, can

be calculated by the volume equation of a cylinder which is defined in Equation 38|

V =mr?h (38)

In Equation V represents the volume of the tank, r is the radius of the tank, and A is the
height of water in the tank. By used the above equation, the capacity of lost water, during
leakage simulation, is 506.2 m? (tank water level is reduced by 0.6294 m). To be ascertained
the correct simulation of leakages in SmartWaters framework, the pressure of the leaking node
is exported and then, by using Equation [37], the total amount of lost water is calculated. The

3. The amount of lost water from the leakages model

total amount, as calculated, is 506.9 m
and the experimental amount of the lost water in the prototype network are very close. The
results, are also included in Table[11] This fact, proves the very accurate simulation of leakages

in SmartWaters framework.

Type of result Value

Tank level reduction 0.6294 m

Expected total water leakage volume, as calculated from the model | 506.2 m?

SmartWaters framework simulation’s total water leakage volume | 506.9 m?

Table 11: Leakages modeling and simulation results of the prototype water network, in order

to examine the accuracy of leakages simulations in SmartWaters framework.
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Tank level response during leakage testing in SmartWaters
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5.4 Features examination for leakage detection in a case-study node
of the under study distributed water supply system using en-

ergy, entropy and DWD pressures features extraction
5.4.1 Introduction

The above mentioned features are examined in a set of experimental extended simulations, in
SmartWaters framework, in order to determine which of these features can be used to check if
a possible leak exists. For the purposes of the experiment, a case-study node is selected, from
the set of the examined for leakage nodes in the scientific project [1]. Especially the name of
the node in the under study distributed water supply system is PO_NE_5, which is located at
Nerokouro region of the under study distributed water supply system. The emitter coefficient

which is used for the present experiments is the same as it is set in the scientific project.

5.4.2 SmartWaters GUI parameters and experiments description

The parameters set to SmartWaters’s GUI for the experiments are shown in Table[12] Figure
shows the daily demand pattern and Figure [34] shows the coefficients, which the corresponding
coefficient of each day multiplies the daily demand pattern.

SmartWaters’s GUI parameter Value
1| Total simulation duration 12 days
2 | Hydraulic analysis time-step 1 minute
3 Flow units m3/h
4 Pressure units m
D Network consumption Figures 15 and 17
6 Leaking node PO NE 5
7 Emitter coefficient 4.5
8 Emitter exponent 0.5

Table 12: Simulation parameters in order to examine and compare the behavior of the men-

tioned features in a set of normal and leaking pressure signals.
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Figure 33: Daily demand pattern for the experimental simulation in order to examine and

compare the behavior of the mentioned features in a set of normal and leaking pressure signals.
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Figure 34: Coefficients, which multiply the daily demand pattern of the experimental simulation
in order to examine and compare the behavior of the mentioned features in a set of normal and

leaking pressure signals.
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In order to find which features are useful for leakage detection five experiments were done.
The first experiment was done without any leakage and represents the normal operation of the
node, which depends on the water consumption of the under study node.

The other four experiments deal with leakages which were inserted in different simulation
times. In all leakage experiments the node emitter coefficient remains the same. The labels
of the experiments and the leakage insertion time in each experiment is shown in Table [I3|
At each experiment, the pressure signal of the under study node was extracted for the overall
simulation time. Those signals are shown in Figure [35 In this Figure it is observed, that the
pressure in leakage experiments drops when the leak starts. Another observation is that when
the leakage starts, the drop of the pressure is very sharp for a short time period compared
with the normal experiment, in which the transition of the pressure during the changes of the

consumption is smoother.

Experiment label Type of experiment Leak insertion time (hour)
1 | Experiment 1 | Experiment without leak
2 | Experiment 2 Experiment under leak 50
3 | Experiment 3 Experiment under leak 103
4 | Experiment 4 | Experiment under leak 190
5 | Experiment 5 | Experiment under leak 235

Table 13: Experiments labels and leakages insertion times.
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Experiment 1 | Pressure signal of Node
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Figure 35: Under study node pressure signals.

5.4.3 Extracted features from the under study node pressure signals, results and

discussion

From the above pressure signals, as presented in Figure [35] energy, entropy and energy of detail

coefficients of Daubechies 2 39 level wavelets decomposition are calculated. The features are

extracted every hour, by using the last hour pressure measurements, which are 60 values.
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Figure [36| shows the hourly energy of all experiments, Figure [37] shows the hourly entropy of
all experiments and |38 shows the hourly energy of detail coefficients of Daubechies 2 3¢ level
wavelets decomposition. The aim of the extracted features, is to find if they have significant
changes in their behaviour when a leakage is inserted. It is observed that energy signal drops
when a leak event takes place and after that, the signal continues to be reduced until the end
of the simulation.

In order to examine the appropriateness of energy in leakage detection, a lower bound was
set and is presented in energy figures. This bound is based on the minimum energy value
of experiment 1. This bound is very strict and was set only for examination purposes. It is
observed in Figure [36] that the energy in experiment 2 decreases when the leakage starts, but
the values remain above the lower bound. Only when consumption grows considerably do the
energy values drop below the lower bound.

This fact proves that energy features can not help to find out, relatively fast by using thresholds,
if a leakage exists. On the other side, entropy and especially energy of detail coefficients of
Daubechies 2 39 level wavelets decomposition seem to be useful measurements for leakage
detection. It is observed in Figures[37]and [38], that those features change significantly the hour
when the leakage starts in all leakage experiments.

For the entropy experiments, a threshold to classify the leak and not leak events was experi-
mental calculated (trial and error), based on the experiment 1 where there is not any leakage
and is presented in entropy figures. The value of entropy threshold was set to be the previous
fourth decimal of the entropy values.

Wavelets decomposition energy has the greatest change at the leak starting hour. When the
experimental leakage takes place, the wavelets energy increases 1000 to 10000 times. The values
between leak and no leak events have very big differences and it is easy to use this feature for
leakage and no leakage events classification.

A threshold was calculated, as in previous features. The threshold is defined as twice the
maximum value of experiment 1, in which there is not any leakage event. This threshold seems
to be very suitable for leakage detection in the under study water supply network and is also

used in the proposed leakage detection algorithm.
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Experiment 1 | Energy of pressure signal of Node
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Figure 36: Hourly energy of under study node pressure signals.
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Experiment 1 | Entropy of pressure signal of Node
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Figure 37: Hourly entropy of under study node pressure signals.
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Experiment 1 | Wavelet 3d level detailed energy of pressure signal of Node
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Figure 38: Hourly energy of detail coefficients of Daubechies 2 3d level wavelets decomposition

of under study node pressure signals.
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5.4.4 Proposed leakage detection algorithm description

The proposed leakage detection algorithm is based on the previous features examination. It
uses the energy of detail coefficients of Daubechies 2, 3¢ level wavelets decomposition and a
local threshold for every examined node in order to find possible leakages in the under study
water supply system. The examined nodes are from the set of nodes in the scientific project
examined for leakages [1]. The algorithm calculates the energy of the wavelets decomposition
every hour by using the last 60 measurements of the under study node pressure signals. The
sampling interval is 1 minute. At the end of every hour, the above feature is calculated for the
9 under study nodes and is compared with the corresponding threshold. If the value of a node
is above the threshold, then a possible leak trigger for this node is activated. The thresholds
for the examined nodes of the scientific project [1] were calculated, as calculated in Experiment
1 of the above subsection, and are twice the maximum value of the feature for each node in the
case of no leakages. These thresholds can be found in Table[14] The block diagram of proposed
leakage detection algorithm is shown in Figure [39]

Node name Node location Feature threshold
1 | PO_BA_51 | Daratso region 4.0596
2 | PO_NK_16 | Daratso region 4.9453
3 | PO_NK_67 | Daratso region 4.9453
4 | PO_PE_41 | Perivolia region 5.7785
5 | PO_NE_71 | Nerokouro region 0.0115
6 | PO_NE_5 | Nerokouro region 0.0340
7 | PO_NE_59 | Nerokouro region 0.0225
8 | PO_TS_18 | Tsikalaria region 0.0851
9 | PO_TS_31 | Tsikalaria region 0.0100

Table 14: Energy of detail coefficients of Daubechies 2 3¢ level wavelets decomposition thresh-

olds for leak events classification.
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Figure 39: Proposed leakage detection algorithm block diagram.

5.5 Results and discussion

Big leakages, greater than 25 — 30m3/h, can be detected by extracting features and using

threshold to classify normal and leak events. From the examined features, energy of detail
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coefficients of Daubechies 2 3¢ level wavelets decomposition, seems to be the most suitable
feature for leakage detection, when the time length from one to another feature extraction is
one hour. The distance of the values of this feature, between normal and leak events is very
big. Also by using entropy, it seems that a classification by using thresholds can be achieved,
but the distance between leak and no leak feature values is minimal and the change of the
value when a leakage starts, appears in the fifth decimal of the value. Setting thresholds in
energy measurements for leakage detection purposes is not very useful for leakage detection
in big water supply networks with significant amount of consumptions. Finally, the proposed

algorithm was tested in SmartWaters framework without any problem.
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6 Summary and future work

6.1 Thesis summary

In this Thesis, a real distributed water supply system was studied. More specifically, a set
of simulations was done, by using SmartWaters framework, which was implemented for the
purposes of the project "An Intelligent system for sustainable management of water supply
networks: application in the island of Crete', which was submitted for the purposes of the
program GR02.03 - "Integrated marine and inland water management - Good environmental
status in European marine and inland waters" and was funded by the European Economic
Area grants 2009 - 2014 (EEA grants 2009 -2014) [1], in order to examine and compare the
operation of Vlites pumping station which feeds "Korakies" tank. The "Vlites" pumping station
control methods were based on the water tank level control of "Korakies" tank which supplies
the water network of "Akrotiri" region. The latter supply is achieved by the use of gravity only
(no pumps). Also an algorithm for big leakages detection was implemented, based on features
extraction from system’s nodes pressure signals. For the purposes of algorithm implementation,
a set of simulations were done, in a case - study node, in order to examine which of the under

study features are suitable for this kind of problem.

6.2 Conclusions

The examination and the simulation of the pumping station control algorithms has led to some
useful conclusions. The installation of a speed controller, in one of the station pumps, leads to
electrical energy reduction and smoother station response. The pumps scheduling control under
variable speed operation based on boolean logic, which was implemented for the purposes of the
project 1], has the least energy consumption, but the changes in the operation of the pumping
station are steep. PI and PID controllers for tank level control, as tuned in the present Thesis,
show a smoother response than pumps scheduling control under variable speed operation based
on boolean logic, but have a little bigger energy consumption. For the part of leakage detection,
SmartWaters framework has a very good algorithm for leakage simulations. Due to this fact,
an extended set of simulations was done, in order to examine three features, based on node
pressure signals, for leakages detection. Those three features were the hourly energy of pressure
signals, the hourly entropy and the hourly energy of detail coefficients of Daubechies 2, 3¢ level
wavelets decomposition signal. By using hourly energy it can not be decided if a leakage exists.
The value of hourly entropy, at leakage starting time, decreased by an order of 1072 %, which
makes entropy unremarkable for leak events detection. The corresponding value of energy of
detail coefficients of Daubechies 2, 3¢ level wavelets decomposition was increased by 1000 to

10000 times which makes this feature remarkable for leakages detection.
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6.3 Future work

There are some open issues which can be studied in the future. A new, optimal, PI or PID
controller for the operation and the flow control of the pumping station can be examined, by
creating and minimizing an objective function, based on the costs of the consumed electrical
energy. For leakage detection, more features and other wavelet families can be examined for
leaking events detection. Also for the detection of the leakages, based on features extraction,
a better set of thresholds can be achieved by using methods, such as k-means. Finally, a new
algorithm can be implemented, based on neural networks and nodes categorization. Nodes with

similarly hydraulic behaviour, can be examined if they can use the same threshold.
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Appendices

A Vlites pumping station curves
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Figure 40:
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:é. e {
4 Pump 3
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Chorafia pumping ———>

Pump 4

Pump 1

station

Pump 7

Vlites pumping station network.

Nominal rotational

: 3
Pump name Installed power kW | Nominal flow m?/h speed (RPM) Group
Pumps 1 to 4 250 350 1450 Group 1
Pump 5, 6 93 180 1450 Group 2
Pump 7, 8 186 300 2900 Group 3

Table 15: Vlites pumping station pump groups and characteristics.
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Figure 41: Pump’s Head - Flow and efficiency curves for pumps of Group 2

60



95 F

90

85

80

75

Total head

65

60 -

55

50

Pump curve for pumps group 2

80

50 100 150 200
Flow (m*/h)

(a) Head - Flow curve

250

300

78

Efficiency (%)
@ D ~ ~ ~ ~
(2] co o A] L= (2]
T T T T T T

[#)]
=
T

62 -

60

Efficiency for pumps group 2
T e “LH

50

Figure 42: Pump’s Head - Flow and efficiency curves for pumps of Group 2

100 150 200
Flow (m%/h)

(b) Efficiency curve

61

250

300



140 Pump curve for pumps group 3

130 i

/

120 ~ 4
110

100 | N .
90 | N :

y

Total head

80 - a

60 .

50 A

40 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Flow (m*/h)

(a) Head - Flow curve

8o Efficiency for pumps group 3

80

Efficiency (%)
~ ~ ~ ~
[\ e [#p] o

'h.q
o
T

1

68 .

66 1 1 | 1 |
150 200 250 300 350 400 450

Flow (m%/h)

(b) Efficiency curve
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Figure 44: Pumps scheduling control (ON/OFF) under constant speed operation based on

boolean logic results. Korakies tank level response for days 1 to 6.
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Figure 46: Pumps scheduling control (ON/OFF) under constant speed operation based on

boolean logic results. Vlites pumping station outflow for days 1 to 6.

65



1800

Day 7 pumping station outflow

1600 -

1400 -

1200 -

1000 -

800 [

Flow (CMH)

600 -

400

200 -

150 156

Simulation time (h)

(a)

160

1500

Day 9 station outflow

1000 -

Flow (CMH)

500 -

195

205 215
Simulation time (h)

()

200

©
=3
S

Day 11 station outflow

Flow (CMH)
©w B o [=2] ~ o]
2 2 2 g F 2
g€ 8 8 8 8 8

N
=3
=3

=)
=3
T

0
240

Figure 47: Pumps scheduling control (ON/OFF) under constant speed operation based on

250 255
Simulation time (h)

(e)

245 260

1800

1600 -

1400

1200

1000

Flow (CMH)
M &2 O @ ®
8 8 8 8

o

1200

1000

800 [

600

Flow (CMH)

400

200

Flow (CMH)
- n w o [=2] ~ o] ©
o [=3 o (=] o [=] (=] (=3
g8 8 8 8 8 8 8 8

o

I
=)
<3

Day 8 pumping station outflow

175 180 185 190

Simulation time (h)

Day 10 station outflow

T T T
220 225 230 235 240

Simulation time (h)

Day 12 station outflow

. . . .
265 270 275 280 285

Simulation time (h)

(f)

boolean logic results. Vlites pumping station outflow for days 7 to 12.

66



Figure 48:

simulation

5.6

Day 3 tank level response

52

Tank level (m)
s a
R [} © (&)
T T T T

»
S
T

~
T

3.8

——Tank level response
—— Reference point

50 55 60 65
Simulation time (h)

(a)

5.6

Day 3 tank level

54r

52

Tank level (m)
A& s
S [=2] © (&
T T . T

»
S

IS
T

3.8

Tank level response
—— Reference point

50 55 60 65
Simulation time (h)

()

Day 5 tank level response

55

Tank level (m)

w »

(& £ (& (&)
T T T T

w
T

—— Tank level response
—— Reference point

Pumps scheduling control under variable speed operation based on boolean logic

100 105 110
Simulation time (h)

(e)

115

120

Tank level (m)

Tank level (m)

Tank level (m)

5.6

Day 2 tank level response

o
IS
T

o
N}

o

>
3

»
=
T

4.4+

—— Tank level response
——— Reference point

4.2

25 30 35 40

Simulation time (h)

(b)

45

Day 4 tank level

5.5

451

35

Tank level response
Reference point

75 80 85
Simulation time (h)

(d)

Day 6 tank level response

90

95

5.5

451

35

Tank level response
——Reference point

15
120

125 130 135
Simulation time (h)

(f)

results. Korakies tank level response for days 1 to 6.

67

140




Tank level (m)

Tank level (m)

©
o

Tank level (m)

55

4.5

3.5

25

5.5

o

>
o

&

©

25

5.5

3.5

240

Day 7 tank level response

——Tank level response 4
—— Reference point

145 150 155
Simulation time (h)

(a)

Day 9 tank level

Tank level response
—— Reference point

195 200 205 210 215
Simulation time (h)

()

Day 11 tank level r

—— Tank level response
—— Reference point

245 250 255 260
Simulation time (h)

(e)

Tank level (m)

Tank level (m)

Tank level (m)

55

4.5

35

5.5

4.5

35

25

5.5

4.5

3.5

Day 8 tank level response

[ — Tank level response
——— Reference point
170 175 180 185 190
Simulation time (h)
Day 10 tank level
T T T T
Tank level response
Reference point
220 225 230 235 240
Simulation time (h)
Day 12 tank level
Tank level response
—— Reference point
I . L I L
265 270 275 280 285

Simulation time (h)

(f)

Figure 49: Pumps scheduling control under variable speed operation based

simulation results. Korakies tank level response for days 7 to 12.
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Figure 50: Pumps scheduling control under variable speed operation based on boolean logic

simulation results. Vlites pumping station outflow for days 1 to 6.
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Figure 51: Pumps scheduling control under variable speed operation based on boolean logic

simulation results. Vlites pumping station outflow for days 7 to 12.
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Figure 52: PI pumps control method based on tank level control simulation results. Korakies
tank level response for days 1 to 6.
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Figure 53: PI pumps control method based on tank level control simulation results. Korakies
tank level response for days 7 to 12.
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Figure 54: PI pumps control method based on tank level control simulation results. Vlites

pumping station outflow for days 1 to 6.
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Figure 58: PID pumps control method based on tank level control simulation results. Vlites

pumping station outflow for days 1 to 6.
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Figure 59: PID pumps control method based on tank level control simulation results. Vlites

pumping station outflow for days 7 to 12.
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