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Abstract:

The purpose of this project is to test
if it is possible to implement an Itera-
tive Learning-based Control (ILC) in the
AAU Smart Water Infrastructure Labora-
tory and what effect it has on such a sys-
tem. By taking this into account, the plan
was to try and implement ILC and in-
clude a leakage detection method in the
water network. This specific implementa-
tion was plausible due to consumers using
the water repeatedly, thus allowing for ILC
to be used. In this report, specific require-
ments were made to allow the testing of
such control. Later in the report, model-
ing for the water distribution network was
made, which includes static and dynamic
models. Then, after introducing ILC, mul-
tiple tests were conducted for both simu-
lations and in an actual lab. To detect the
leakages in the network, pressure residu-
als are generated from the difference be-
tween the dynamic model measurements
and estimated values from the static model
to compare it with a threshold that identi-
fies the leak. In conclusion, it is plausi-
ble for ILC based controller to be imple-
mented in the water lab and can be ex-
panded even further in the future.

http://es.aau.dk/




CONTENTS

ABSTRACT III

PREFACE 1

1 Introduction 2
1.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Problem analysis 4
2.1 Water distribution network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Leakage types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Household water consumption patterns . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Problem analysis conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4.1 Problem formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Requirements 12
3.1 Simulation requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Lab requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 Leakage detection requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4 Modelling 13
4.1 Water distribution network components . . . . . . . . . . . . . . . . . . . . . . 13

4.1.1 Pipe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.1.2 Valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.1.3 Pump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.1.4 General component model . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.2 Graph theory based network model . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2.1 Basics of graph theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2.2 Water network model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2.3 Static model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.4 Dynamic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Lab setup 26

6 Iterative learning pressure control 29
6.1 Overview of ILC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
6.2 Input update law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
6.3 Stability analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

V



Group 931 CONTENTS

7 Tests 34
7.1 First static model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
7.2 Behaviour of consumers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
7.3 Static model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

7.3.1 Static model using one consumer . . . . . . . . . . . . . . . . . . . . . 38
7.3.2 Static model using two consumers . . . . . . . . . . . . . . . . . . . . . 40

7.4 Dynamic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
7.4.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

7.5 Dynamic model with one consumer . . . . . . . . . . . . . . . . . . . . . . . . 47
7.5.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

7.6 Dynamic model with two consumer . . . . . . . . . . . . . . . . . . . . . . . . 51
7.6.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7.7 Lab test 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.8 Lab test 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

8 Leakage detection 64
8.1 Residual generation for leakage detection . . . . . . . . . . . . . . . . . . . . . 64

9 Discussion 67
9.1 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

9.1.1 Static model results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
9.1.2 Dynamic model results . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

9.2 Lab results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3 Leakage detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
9.4 Requirement discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

9.4.1 Simulation requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 72
9.4.2 Lab requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
9.4.3 Leakage detection requirement . . . . . . . . . . . . . . . . . . . . . . . 73

9.5 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

10 Conclusion 75

BIBLIOGRAPHY 76

A Appendix 80
A.1 Static Model MATLAB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.2 Dynamic model with one consumer MATLAB . . . . . . . . . . . . . . . . . . 84
A.3 Dynamic model with two consumers MATLAB . . . . . . . . . . . . . . . . . 87

VI



PREFACE

This project was created by the third/fourth-semester student group 931 from the En-
gineering Masters’ Degree of Automation and Control at Aalborg University during the
period from autumn of 2021 to summer 2022. The supervisors for this project were Carsten
S. Kallesøe and Saruch S. Rathore. The literature is referenced in the bibliography. The
reference to the literature is a number in the square brackets. Figures and tables are num-
bered based on sections they are in.

Many thanks to the supervisors, Carsten S. Kallesøe and Saruch S. Rathore, who have
provided guidance and support throughout the entire project. A special thank to Saruch
S. Rathore for his support in the smart water lab with the network setup.

Aalborg University, June 2, 2022

Signatures

Danas Sirvidas
dsirvi16@student.aau.dk

Artis Revelis
arevel17@student.aau.dk

Ibrahim Abdiweli Jama
ijama20@student.aau.dk

1



Chapter 1

Introduction

Water is a vital resource no matter where in the world. Therefore, access to good qual-
ity water is a basic right for all human beings. It plays an essential role in life and the
conservation of the health of the population.[1]

Water resources and infrastructure are facing challenges caused by the rapid global
changes such as population growth, economic development, migration, and urbanisation,
with over half of the world population now living in cities, which introduces new strains
on the systems that supply water to the citizens, businesses, industries, and institutions.[2]
Therefore, the function of a water network distribution is to deliver water to all the cus-
tomers, of the network, in sufficient quantity for potable drinking water at the appropriate
pressure, with minimal loss, of safe and acceptable quality.[3]

The project aims to implement a self-adjusting control method that becomes more ac-
curate over time. The controller will be implemented in AAU Smart Water Infrastructure
Laboratory setup, which contains a simulated water network. The simulated water net-
work has a set of pumps, consumers and pipes.
The goal is to have an iterative learning control to reduce error over time. Iterative learn-
ing control will be implemented due to the repetitive flow pattern in the water network.
Combined with leakage detection, it would reduce water waste.

1.1 Chapter overview

This section gives an overview of chapters contained in this project, followed by a brief
introduction of each chapter.
Chapter 2: Problem analysis investigates if it is possible to use iterative learning control.
It is done by first investigating what water distribution networks consist of then what
types of leakages occur in them. The chapter also describes if there have been changes to
household water consumption patterns. Since iterative learning control is used on periodic
systems. Problem formulation is formulated after the conclusion of problem analysis.
Chapter 3: Requirements describes system requirements that later will be tested, to see if
the implementation of iterative learning control is a success.
Chapter 4: Modelling describes mathematical models for the water distribution network.
In the chapter, graph theory is used to derive static and dynamic models for the simulation
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1.1. Chapter overview Aalborg University

of water networks.
Chapter 5: Lab setup describes the AAU Smart Infrastructure Laboratory water network
layout used in the test chapter. Descriptions of the pumping unit, consumer unit and pipe
unit, that are used in the water network, are given in this chapter.
Chapter 6: Iterative learning pressure control introduces the control method used for
the project, by first giving an overview. Then the input update law is described, and the
stability analysis of the system controlled by iterative learning control is presented.
Chapter 7: Tests describes simulation tests of iterative learning controller across several
versions of the models together with graph representations. The different model versions
are separated into static models and dynamic models.
Chapter 8: Leakage detection describes a method that is based on residuals of the pressure
in the water distribution network. The static model is used as the prediction model to
generate the pressure residuals for the dynamic model. And the general structure of the
leakage detection method is given.
Chapter 9: Discussion evaluates the simulation results, lab results and leakage detection.
A comparison between test results and Chapter 3 is made. Lastly, there is a section with
possible future improvements.
Chapter 10: Conclusion assesses the overall state of the report. And answers a question If
the problem formulated in Section 2.4.1 has been solved.

3



Chapter 2

Problem analysis

2.1 Water distribution network

A water distribution network(WDN) is a part of a water supply network(WSS). WDN
is a system to deliver water from safe water sources to residential, industrial and com-
mercial consumers. Depending on the consumer there are different consumption patterns.
However, the purpose is to deliver water at a pressure that satisfies the water consumption,
without impeding the quality or safety of the water. Figure 2.1 is an example of a WDN.

Figure 2.1: Schematics of a water distribution network based on [4]. Pressure nodes contain pressure sensors

WDN consist of pipes, valves, pumps and water sources to supply water to consumers
or designated areas. The water source can be a water reservoir or a water tower. WDN
can be controlled to keep a designated pressure across the network. Or it can be divided
into different operational zones, that can be controlled individually. A network that is sep-
arated into different operational zones is called District Metered Area (DMA) or Pressure
Management Area (PMA). In the current literature pressure and flow sensors are placed
in intersection nodes to localize leakages [5],[6],[7].

4



2.2. Leakage types Aalborg University

2.2 Leakage types

The pressure control is quite cost-effective for reducing leakages since it is easier to
detect pressure drops in certain areas of the water network. There are three considerations
regarding what gets classified as leakage faults [8]:

• Reported leaks and breaks- have a high flow rate and short run time, which is easier
to detect than other leaks.

• Unreported leaks or breaks- have average flow rates and a long run time. Usually,
these leaks are detected by leakage detection programs.

• Background leaks- have a small flow rate and can take a very long time to be detected
due to the small size of the break or leak. Usually, flow rates are too low to be
detected by leakage detection systems, so another type of detection method needs to
be used.

The most common ways of pressure management are establishing different small zone
boundaries or DMAs, adding fixed outlet valves, controlling the level and pump outputs,
different modulated flow and time valves, etc.

In this reference, [8] there are some examples of showing multiple DMAs for Madraset
Arama in Alexandria, Egypt. The first example Fig. 2.2 shows how the water network looks
with multiple DMAs in the city, while the second one Fig. 2.3 shows only one isolated
DMA from the rest of the network, such that the reader could visualize the difference
between multiple DMAs or a single one.

5
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Figure 2.2: Madraset Arama DMAs network with one of the inlets for DMA [8]

6



2.2. Leakage types Aalborg University

Figure 2.3: Simplified singular DMA from Madraset Arama DMAs network [8]

Pressure Reducing Valves (PRVs) seems to be the most used and effective method of
controlling the pressure in the water network. PRVs are instruments installed at strategic
places in the network to reduce the pressure to a set level. PRVs are usually placed within
DMA, next to the flow meter such that the meters’ accuracy does not get affected [9]. The
placement in the network can be seen in Fig. 2.4.

7



Group 931 Chapter 2. Problem analysis

Figure 2.4: PRV (blue colored) installed on the pipe which is part of DMA network [9]

It can be complicated to see the actual placement of PRV from previous figure, so the
model version in the pipe is also made for readers to understand. This is represented in
Fig. 2.5.

Figure 2.5: PRV inside the pipe network model [10]

2.3 Household water consumption patterns

It is important to understand if COVID-19 had an impact on household water con-
sumption patterns. Since water consumption patterns need to be repetitive for iterative
learning control to function.

8



2.3. Household water consumption patterns Aalborg University

Figure 2.6: Cumulative patterns and percentages of hourly consumption for UK households during COVID-
19 pandemic in the “Evening Peak (EP)”, “Late Morning Peak Peak (LM)”, “Early Morning Peak (EM)” and
“Multiple Peak (MP)” clusters [11]

As seen in figure 2.6 the water consumption in households is not constant over the 24
hours. Due to it, the water pressure, in water networks, has to be adjusted to minimize
water losses. Increased water flow increases the pressure, and the increased pressure on
pipes and holes leads to higher leakage.

In figure 2.7e compared to figure 2.7f it can be noted that water consumption has
increased during the COVID-19 pandemic. Water consumption during COVID-19 has
higher maximum values in all of the patterns, except the early morning pattern.

9
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Figure 2.7: Charts for peak hours of water consumption in the UK during COVID-19. Chart e is the average
hourly water consumption before COVID-19. Chart f is the average hourly water consumption during COVID-
19 in the UK. Chart g is the percentage of hourly water consumption before COVID-19 in the UK. Chart h is
the percentage of hourly water consumption during COVID-19 in UK [11]

2.4 Problem analysis conclusion

Iterative learning control will be used in this project since the household water con-
sumption patterns are periodic. However, there have been changes in daily water con-
sumption patterns, due to Covid-19. The average household water consumption, during
COVID-19, has increased. The most common consumption pattern is the multiple peak
pattern. It is possible to simulate WDN on the AAU Smart Water Infrastructure Labora-
tory setup. Specifically, the household water consumption pattern will affect the pressure
of the water delivered to the consumer. Therefore, the iterative learning control will be

10



2.4. Problem analysis conclusion Aalborg University

used to keep the pressure at the desired reference for the consumers.

2.4.1 Problem formulation

We will investigate:

How an iterative learning based controller at the inlet, in addition to a leakage
detection method at the outlets, can accommodate the pressure requirements in the

water network, which has a periodic disturbance?.

11



Chapter 3

Requirements

From Chapter 2, it was decided to implement an iterative learning controller in the wa-
ter lab setup and design a leakage detection method in the dynamic model. Requirements
were formulated to later be compared to test results.

3.1 Simulation requirements

1. Iterative learning control should stabilize the system at the reference point after five
iterations, if the consumer consumption is considered to be a sinusoidal wave.

2. Iterative learning control should stabilize the system at the reference point of 0.2 Bar
even with more consumers that act as disturbances to the network.

3.2 Lab requirements

1. Can the iterative learning controller control the pressure to reach the desired refer-
ence of 0.5 Bar when a constant valve opening degree is used in the network?.

2. Using the iterative learning control, water pressure has to reach the desired reference
of 0.5 Bar when the valve dynamics has a periodic opening degree.

3. Iterative learning control should never go above 100% of the maximum propeller
speed.

3.3 Leakage detection requirements

1. The generated pressure residuals should indicate whether or not there is a leakage
in the network model.

After the requirements are finalized, it is time to describe the modelling for static and
dynamic systems in the next chapter.

12



Chapter 4

Modelling

In this chapter a mathematical models for the water distribution network is formulated
using models of the different components that form the WDNs and derived with graph
theory principles. In Section 4.1 the models for the components of the WDNs are derived
and in Section 4.2 an introduction to the graph theory is presented as well as the derivation
of the mathematical model for the WDN using graph theory principles.

4.1 Water distribution network components

A water distribution network is an integrated system that consist of different compo-
nents such as pipes, pumps, and valves. carrying demanded water amounts at preferred
pressures and water qualities to consumers, therefore in this section the model for each
component is presented and the derivation of these component models will follow[12],
[13] and [14].

4.1.1 Pipe

The change in pressure in all components can be expressed as

∆pk = pin,k − pout,k (4.1)

Where,
∆pk is the pressure drop across the kth component [Pa]
pin,k is the pressure at the kth component input node [Pa]
pout,k is the pressure at the kth component output node [Pa]

The pipes in the network are assumed to have the same diameter that is constant
along the pipe’s length. The flow is assumed to be uniform along the pipe’s cross-section.
Therefore the dynamic model for pipes in the water network distribution, as presented in
[14], can be described as

∆pk = Jk q̇k + λk(qk)− ζk (4.2)

where,
∆pk is the drop in pressure across the kth pipe [Pa]
Jk is the mass inertia of water in the kth pipe

[
kg
m4

]
13



Group 931 Chapter 4. Modelling

qk is the flow of water through the kth pipe
[

m3

s

]
λk(qk) is the drop in pressure due to surface and form resistances in the kth pipe [Pa]
ζk is the drop in pressure due to elevation [Pa]
The mass inertia of water in the pipe can be expressed as

Jk =
Lρ

A
(4.3)

Where,
L is the pipe length [m]

ρ is the density of the water
[

kg
m3

]
A is the cross sectional area to the pipe [m2]

The pressure drop in the pipe due to surface resistance h f is given by Darcy-Weisbach
equation[15]:

h f =
8 f Lq2

π2gD5 (4.4)

where,
h f is the head loss due to surface resistance [m]

f is the coefficient of surface resistance known as friction factor
g is the gravitational constant

[m
s2

]
D is the diameter of the pipe [mm]

The friction factor f is dependent on the Reynolds number Re, which describes the flow
type and the average height of roughness ε of the pipe wall. By assuming turbulent flow
of the water, the friction factor of the pipe can be given by

f = 1.325
[

log
(

ε

3.7D
+

5.74
Re0.9

)]−2

(4.5)

where Re ≥ 4000 for turbulent flow.
The pressure drop due form resistance can be expressed as

hm = k f
8q2

π2gD4 (4.6)

where,
hm is the head loss due to form resistance [m]

k f is the form-loss coefficient [m]

the term k f can take different values in different situations. Such as a change in an area
where the pipe bends or change in direction, where elbows can be used to provide a sharp
turn, the form-loss coefficient k f in these situations can be expressed as

k f =

[
0.0733 + 0.923

(
D
R

)3.5
]

α0.5 (4.7)

14



4.1. Water distribution network components Aalborg University

where,
R is the bend radius [mm]

α is the bend angle [rad]

k f = 0.442α2.17 (4.8)

where,
α is the elbow angle [rad]
The drop in pressure due elevation can be given by

∆z = ρg∆h (4.9)

4.1.2 Valve

The valves in this project for the water distribution network are valves with variable
opening degrees (OD). The changes in the (OD) can alter the flow rate of the water and
the pressure drop across the valve. Modelling of the valves was approached similarly to
the pipe model in Eq. 4.2. Where length L and elevation change ∆z are assumed to be zero
since the valve is relatively small compared to the pipe.

∆pk = µk(qk, ODk) =
1

kvs(ODk)
2 |qk|qk (4.10)

Where,
µk(qk, ODk) is a function expressing the pressure drop over the kth valve [Pa]
kvs(ODk) is the conductivity function of the kth valve
ODk is the opening degree of the kth valve

4.1.3 Pump

The pumps in the water distribution network are used to deliver pressure and flow into
the network and in this project the centrifugal pumps was chosen. the pressure difference
of the pump is depend on two main variables that is: the flow through the pumps and
the rotational speed of the centrifugal pumps. The model was derived based on these
variables and can be presented such as,[13]

∆pk = αk(qk, ωk) = −ah2,k|qk|qk + ah0,kω2
k (4.11)

Where,
αk(qk, ωk) is a function representing pressure delivered by the kth pump [Pa]
ah2,k,ah0,k are the pump constants of the kth pump
ωk is the rotational speed of the kth pump

15
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4.1.4 General component model

The general model is formulated by combining the component models namely the pipe
model in Eq. 4.2, the valve model in Eq. 4.10 and the pump model in Eq. 4.11 as shown in
Eq. 4.12.

∆pk = Jk q̇k + λk(qk) + µk(qk, ODk)− αk(qk, ωk)− ∆zk (4.12)

Where,

Jk =
Lkρ

Ak
(4.13)

λk(qk) = ρg( f
8Lk

π2gD5 + k f
8

π2gD4 )|qk|qk (4.14)

µk(qk, ODk) =
1

kvs(ODk)
2 |qk|qk (4.15)

αk(qk, ωk) = −ah2,k|qk|qk + ah0,kω2
k (4.16)

∆zk = ρg∆hk (4.17)

Component Jk λk µk αk ∆zk

kth pipe Jk λk 0 0 ∆zk
kth valve 0 0 µk 0 0
kth pump 0 0 0 αk 0

Table 4.1: The general component model parametrization

Eq. 4.12 is used to describe the pressure drop across each component. It combines the
different component models. Pressure drop across a specific component, for example the
pump, can be calculated by setting other components to be zero. This can also be done by
combining Eq. 4.12 and Table 4.1.

4.2 Graph theory based network model

In this section the fundamentals of graph theory are presented as well as the static
model and dynamic model that are derived using the graph theory principles.

4.2.1 Basics of graph theory

Graph theory can be used to represent water networks as sets of vertices and edges.
An example of a graph is shown in Fig. 4.1 and the following definitions and matrices can
be introduced with the aid of this figure.

16



4.2. Graph theory based network model Aalborg University

v4e3

e2 e4

v3

v2
v1

e1

Figure 4.1: A graph example

Graph

A graph G = (V, E) consist of a set of objects V = {v1, v2, · · · , vn} called vertices, and
another set E = {e1, e2, · · · , em}, whose elements are called edges, such that each edge ek
is identified with pair (vi, vj) of vertices[16].

Loop or cycle

A loop or cycle of a graph is a closed walk where the initial and terminal vertices are
identical [17], such closed walk could be {v2, e2, v3, e3, v4, e4, v2}.

Tree

A tree T Given a connected graph G a tree T is a graph which contains no cycles by
removing any of its edges[18].

Spanning tree

A spanning tree is a tree T that connects all the vertices of the graph G[18], such as
{v1, e1, v2, e2, v3, e3, v4}.

Chord

A chord is an edge of G that is not in the given spanning tree T[16], edge {e4} can be
considered as a chord.

In water distribution networks, components such as pipes, valves, and pumps are rep-
resented as edges, the connections between these components are represented as vertices.
The following two matrices are also used in the derivation of the model for the WDN.

17
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Incidence matrix

An incidence matrix H of a digraph with n vertices and m edges is an n by m matrix,
such that[16]

Hij =


1 edge ej is leaving vertex vi
−1 edge ej is entering vertex vi
0 otherwise

(4.18)

Incidence matrix Eq. 4.19 is created by following rules of Eq. 4.18.

H =

e1 e2 e3 e4


1 0 0 0 v1

−1 1 0 −1 v2

0 −1 1 0 v3

0 0 −1 1 v4

(4.19)

A reduced incidence matrix can be obtained by choosing one of the nodes in the graph
a reference node, node {v4} is chosen to be the reference node and edge {e4} as a chord
edge, the reduced incidence matrix can be presented as,

H =
[

HC HT
]

(4.20)

Where,
HC is the reduced matrix for the chord edges in the graph
HT is the reduced matrix for the tree edges in the graph

H =

e4 e1 e2 e3 0 1 0 0 v1

−1 −1 1 0 v2

0 0 −1 1 v3

(4.21)

Cycle matrix

for a given connected graph G that has a spanning tree T, the loops that are formed
by adding the chord edges to the graph are called cycles, therefore the cycle matrix B of a
digraph is a matrix defined as,

Bij =


1 edge ej is in the loop direction
−1 edge ej is opposite the loop direction
0 otherwise

(4.22)

The cycle matrix can be partitioned into chord matrix and tree matrix as presented be-
low,[13]

B =
[
BC BT

]
(4.23)
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The cycle matrix for the graph in the figure above is given as,

B =
e4 e1 e2 e3

[ ]1 0 1 1 (4.24)

The matrix does not contain negative entries that is because all the edges that forms the
cycle in the graph follows the same direction as the loop.
The fundamental cycle matrix can be represented in terms of reduced incidence matrix as
follows,[13]

B =
[

I −HT
C H−T

T

]
(4.25)

4.2.2 Water network model

A two-terminal hydraulic element is represented by edge ek. Associated with each edge
are two edge variables, pk and qk. The variable pk is called the edge pressure and may be
regarded as a cross variable because it exists across the two end nodes of the edge. The
other variable qk is called the edge flow and flows through the edge. A hydraulic network
can be described the same way as an electrical network. The current is equivalent to the
flow in the edges and the voltage is equivalent to the pressure. The edge variables must
also obey the two laws of Kirchhoff’s [16]:
Kirchhoff´s Current Law (KCL) states that the net sum of all the current flows leaving and
entering a node is zero.

Ai = 0 (4.26)

Where,
A is the incidence matrix of the graph
i is the vector of current flows
The voltage difference across the edge can be described as

∆v = ATv (4.27)

where ∆v is the voltage difference
Regarding Kirchhoff´s Voltage Law (KVL) it is stated that at any time the net sum of the
voltage drops in a cycle is zero.

B∆v = 0 (4.28)

where B is the cycle matrix of the graph.
Similar to the electrical network the KCL Eq. 4.26 can be formulated in terms of hydraulic
network as follows:

Hq = d (4.29)

where,
H is the incidence matrix
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q is the vector of flows through the edges
d is the vector of nodal demands which are the nodes open to atmospheric pressure
The nodal demands take a negative sign if the water flows out of them, such as nodes
connected to a consumer. And positive sign if the water flows in, such as nodes connected
to a pump. The remaining nodes have no disturbance meaning no water is removed nor
added to the system therefore they take values of 0.

d = dp1 + dp2 + dc1 + dc2 = 0 (4.30)

where,
dp1 and dp2 are the pump flow rate
dc1 and dc2 are the consumer flow rate

d = Fd f (4.31)

Eq. 4.31 is formulating Eq. 4.30 in matrix form, where F is a matrix extracting the non-
zero nodal demands d f from the vector of nodes. Moreover, the reduced F matrix can be
represented by removing the reference node from d f vector, and can be written as follows:

d = Fd f (4.32)

Lemma 1

Let q be the vector of flows through the edges in a flow network with underlying graph
G and let n be the number of vertices in G. With T denote a particular spanning tree of
G and qC the vector of flows through the chords of T with respect to G. Lastly, let HT be
the reduced incidence matrix of T and d be the vector of node flows for the non-reference
nodes. Then the following is true [13],

q = BTqc +

[
0

H−1
T

]
d (4.33)

From Eq. 4.33, BT matrix is as follows:

BT =

[
I

−H−1
T Hc

]
(4.34)

The flow vector can be split into chord edge flow and tree edge flow, and substitute BT

matrix and d with their corresponding values as follows:

q =

[
qc

qT

]
=

[
I

−H−1
T Hc

]
qc +

[
0

H−1
T

]
Fd f (4.35)

From Eq. 4.35 qT can be expressed as:

qT = −H−1
T Hcqc + H−1

T Fd f (4.36)
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Differentiating Eq. 4.33 can be given as:

q̇ = BT q̇c +

[
0

H−1
T

]
Fḋ f (4.37)

From Eq. 4.37 q̇T can be expressed as:

q̇T = −H−1
T Hcq̇c + H−1

T Fḋ f (4.38)

4.2.3 Static model

In this section, the network is assumed to have a single pump which is also considered
as a reference node for the network and takes the following assumptions. This model acts
as a steady state model which discards the dynamics of the pipes in the network.

Assumption 1.

The distribution between the n− 1 non-inlet demands d, is fixed in time, that is, there
exist ν ∈ Rn−1

+ with the property ∑n−1
i=1 νi = 1, and dn is the total non-inlet demand such

that[19]
d(t) = −ν · dn(t) (4.39)

Assumption 2.

The hydraulic resistance takes this form:[19]

λi(qi) = fi|qi|qi with fi > 0 (4.40)

The nodal demand of the network in the static model is

d = Fpdp +Fcdc (4.41)

Where,
Fp is a matrix that draws inlet demand vector dp from the nodal demand vector d
Fc is a matrix that draws outlet demand vector dc from the nodal demand vector d
by removing the reference node the nodal demand is given by

d = F pdp +F cdc (4.42)

Where,
F p is the Fp after the removal of the reference node, F c is the Fc after the removal of the
reference node
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In this static model the tree edge flows of the network is calculated from Eq. 4.33 where
d is equal to Fcdc

qT = −H−1
T Hcqc + H−1

T Fcdc (4.43)

From assumption 1 and 2, there exist a vector B, which is partitioned into chord and tree
parts, as shown in the following equation:

q(t) =
[

qC(t)
qT(t)

]
=

[
aC
aT

]
dn(t) = a · dn(t) (4.44)

This means that for a given ν, in the consumer demand, there exist a vector a in all edge
flows of the network.[19]

qC = aCdn (4.45)

d = −νdn (4.46)

∆p = λ(q)− ∆z (4.47)

Similar to electrical network, the KVL Eq. 4.28 can be formulated in terms of hydraulic
network as follows:

B∆p = 0 (4.48)

B∆z = 0 (4.49)

Bλ(q) = 0 (4.50)

Using Eq. 4.48 and Eq. 4.49 in Eq. 4.47

λC(qC)− HT
c H−T

T λT(qT) = 0 (4.51)

λC(qC)− HT
c H−T

T λT(−H−1
T Hcqc + H−1

T Fcdc) = 0 (4.52)

Using Eq. 4.45 and Eq. 4.46 gives

(λC(aC)− HT
c H−T

T λT(−H−1
T HcaC − H−1

T ν))d2
n = 0 (4.53)

The pressure difference across edges is similar to voltage difference in electrical network
given in Eq. 4.27:

∆p = HT p (4.54)

The elevation difference across edges can also be given as:

∆z = HTz (4.55)

The vector of pressure difference, elevation difference and incidence matrix can be split
into chord edges and tree edges. [

∆pC
∆pT

]
=

[
HT

C
HT

T

]
p (4.56)[

∆zC
∆zT

]
=

[
HT

C
HT

T

]
z (4.57)

∆pT = HT
T p = λT(qT)− HT

T z (4.58)
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Lemma 2

Let T be a directed tree with the incidence matrix HT and reduced incidence matrix
HT (without loss of generality, assuming that the last row of HT has been deleted to obtain
HT). The reduced incidence matrix is invertible, since a tree is a connected graph with n-1
edges. Then the following holds [20],

HT H−1
T =

[
In−1

−1T

]
(4.59)

where 1 is a vector of ones, In−1 is n− 1 identity matrix and Transposing Eq. 4.59 gives,

(HT H−1
T )T = H−T

T HT
T =

[
I −1T

]
(4.60)

The pressure vector can be split into non-reference node pressures p and reference node
pressure po.

p =

[
p
po

]
(4.61)

Similarly, vector of pressure, due to elevation, is divided into non-reference node pressures
due to elevation z and reference node pressure due to elevation zo.

z =

[
z
zo

]
(4.62)

H−T
T HT

T p = p− 1po = H−T
T λT(qT)− (z− 1zo) (4.63)

p = H−T
T λT(qT)− (z− 1zo) + 1po (4.64)

p = H−T
T λT(−H−1

T Hcqc + H−1
T Fcdc)− (z− 1zo) + 1po (4.65)

Using Eq. 4.45 and Eq. 4.46 gives

p(t) = H−T
T λT(−H−1

T Hcac − H−1
T ν)d2

n − (z− 1zo) + 1po(t) (4.66)

where
p(t) is the vector of pressure at the non-inlet nodes
po(t) is the inlet node pressure
The Eq. 4.66 can be written with set of constants αi, κ(t) and γi in the following form[21]

pi(t) = αid2
n − γi + u(t) (4.67)

Where αi = (H−T
T )iλT(−H−1

T Hcac − H−1
T ν)

γi = (zi − 1zo)

u(t) = 1p0(t)
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4.2.4 Dynamic model

In this section the dynamics of the pipes, valves and pumps are taken into consideration
to build the model. The vector representing pressure drop across all the edges of the graph
can be described using general component model Eq. 4.12

∆p = J q̇ + λ(q) + µ(q, OD)− α(q, ω)− ∆z (4.68)

Using Eq. 4.48 and Eq. 4.49 in equation. Eq. 4.68

B∆p = BJ q̇ + B(λ(q) + µ(q, OD)− α(q, ω))− B∆z (4.69)

0 = BJ q̇ + B(λ(q) + µ(q, OD)− α(q, ω)) (4.70)

BJ q̇ = −B(λ(q) + µ(q, OD)− α(q, ω)) (4.71)

Substituting Eq. 4.37 in Eq. 4.71 gives:

BJ BT q̇c + BJ
[

0
H−1

T

]
Fḋ f = −B(λ(q) + µ(q, OD)− α(q, ω)) (4.72)

For simplifying Eq. 4.72 J is split into chord edges and tree edges
[
JC 0
0 JT

]

BJ BT q̇c +
[

I −HT
C H−T

T

] [JC 0
0 JT

] [
0

H−1
T

]
Fḋ f = −B(λk(q) + µ(q, OD)− α(q, ω))

(4.73)
BJ BT q̇c − HT

C H−T
T JT H−1

T Fḋ f = −B(λ(q) + µ(q, OD)− α(q, ω)) (4.74)

Using Eq. 4.36 in Eq. 4.74 gives:

BJ BT q̇c − HT
C H−T

T JT H−1
T Fḋ f = −B(λ(−H−1

T Hcqc + H−1
T Fd f )+

µ(−H−1
T Hcqc + H−1

T Fd f , OD)− α(−H−1
T Hcqc + H−1

T Fd f , ω))
(4.75)

Taking the tree part of the general component model Eq. 4.68 gives:

∆pT = HT
T p = JT q̇T + λT(qT) + µT(qT, ODT)− αT(qT, ωT)− HT

T z (4.76)

Using Lemma 2 on Eq. 4.76 gives the following equations:

H−T
T HT

T p = H−T
T JT q̇T + H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωT))− H−T
T HT

T z (4.77)

p− 1po = H−T
T JT q̇T + H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωT))− z− 1zo (4.78)

Pre-multiplying FT with Eq. 4.78 gives:

FT
(p− 1po) = FT H−T

T JT q̇T + FT H−T
T (λT(qT) + µT(qT, ODT)− αT(qT, ωT))− FT

(z− 1zo)

(4.79)
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0 = FT H−T
T JT q̇T + FT H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωT))− FT
(z− 1zo) (4.80)

FT H−T
T JT q̇T = −FT H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωT)) + FT
(z− 1zo) (4.81)

substituting q̇T and qT expressions from Eq. 4.38 and Eq. 4.36 into Eq. 4.81

−FT H−T
T JT H−1

T Hcq̇c + FT H−T
T JT H−1

T Fḋ f = −FT H−T
T (λT(−H−1

T Hcqc + H−1
T Fd f )+

µT(−H−1
T Hcqc + H−1

T Fd f , ODT)− αT(−H−1
T Hcqc + H−1

T Fd f , ωT)) + FT
(z− 1zo)

(4.82)

with Eq. 4.75 and Eq. 4.82, the model for the water distribution network is given and can
be written in matrix form as follows:[

BJ BT −HT
C H−T

T JT H−1
T F

−FT H−T
T JT H−1

T Hc FT H−T
T JT H−1

T F

] [
q̇C

ḋ f

]
= −

[
I −HT

C H−T
T

0 −FT H−T
T

]
([

λC(qC)

λT(qC, d f )

]
+

[
µC(qC, ODC)

µT(qC, d f , ODT)

]
−
[

αC(qC, ωC)

αT(qC, d f , ωT)

])
+

[
0

FT

]
(z− 1zo)

(4.83)

B =
[

I −HT
C H−T

T

]
(4.84)

Bd =
[
0 H−T

T

]
(4.85)

BJ BT
d = −HT

C H−T
T JT H−1

T (4.86)

BdJ BT
d = H−T

T JT H−1
T (4.87)

Eq. 4.83 can be re-written as follows by using the above four Eq. 4.84, Eq. 4.85, Eq. 4.86
and Eq. 4.87 [

BJ BT BJ BT
d F

FTBdJ BT FTBdJ BT
d F

] [
q̇C

ḋ f

]
= −

[
I −HT

C H−T
T

0 −FT H−T
T

]
([

λC(qC)

λT(qC, d f )

]
+

[
µC(qC, ODC)

µT(qC, d f , ODT)

]
−
[

αC(qC, ωC)

αT(qC, d f , ωT)

])
+

[
0

FT

]
(z− 1zo)

(4.88)
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Chapter 5

Lab setup

This chapter describes the AAU Smart Water Infrastructure Laboratory(SWIL) setup
for the water network. SWIL consists of multiple modules. Modules are separated into a
pumping station, a consumer unit and a pipe unit, symbols seen in figure 5.1.

Figure 5.1: Meaning of symbols in SWIL module schematics [22]

The pumps are controlled by setting rotor speed between 0-100%. Pumps P4, P5 and
P6 are responsible for recycling the water back into the system. Pumps P1, P2 and P3
supply the pipe and consumer units with water flow, see figure 5.2.

Figure 5.2: The schematic of a pumping station [22]

The pipe units in the network allow to change the pipe length and diameter as well as
the possible setup of the water network, see figure 5.3.
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Figure 5.3: The schematic of a pipe unit [22]

Each pipe unit has 12 Input/Output valves. These valves are used to connect the pipe
units with pumping stations, consumer stations or other pipe units. There are also 3
internal valves that change pipe length in each pipe unit. Pipe units also contain different
variations of pipes, specifically with a diameter of 15 or 25.

The consumer units have controllable valves for each of the pipe unit connections. The
controllable valves can be set to 0-100% open, see figure 5.4.

Figure 5.4: The schematic of a consumer station [22]
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Two of the connections are for simulating water consumption with the water being
stored in the consumer station tank. One connection is for recycling the water back into
the system.

A simplified schematic of the lab setup is seen in figure 5.5.

Figure 5.5: Simplified lab setup schematic with labeled edges. Valves In1_1 and In1_2 represent the consumers

Each module is used once for the lab setup. P3 in the pumping station is the only
functional pump. For recycling water, P4 and P5 are turned on. See the complete schematic
in Appendix A.1.
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Chapter 6

Iterative learning pressure control

In this chapter, an Iterative Learning Control (ILC) is proposed for the WDN, where
the end goal of this control scheme is to keep the pressure of the water in the consumers’
ends at the desired pressure. In section 6.1 an overview of the ILC is presented which
points to the advantage of using such control scheme, in section 6.2 an input update law
is presented where it explains the control algorithm and in section 6.3 a stability analysis
of the system controlled by the ILC is presented.

6.1 Overview of ILC

ILC can be classified as an intelligent control approach which is a method to enhance
the transient performance of systems that function repetitively over a predetermined time
interval[23].
In control theory, there is a wide range of control schemes that provide improvements
to the response of a dynamic system but due to the presence of unmodeled dynamics or
parametric uncertainties in real-world systems, it is not always possible to achieve the re-
quired desired performance[23]. Therefore, the advantage of using ILC when the system
of interest operates repetitively is that it is not dependent on a model of the system[21].
The objective of the ILC is to iteratively design an input sequence for a system that per-
forms the same task repetitively such that the output of the system is as close as possible
to the desired output at all times[24][25][26][27].

6.2 Input update law

As mentioned in section 6.1 the objective of the ILC can be formulated in terms of the
pressure at the measured node as follows,[21],

yi(t) = ri (6.1)

where,
yi(t) is the pressure pi(t) at the ith measured node.
ri is the desired reference pressure at ith node.

To control the pressure in the system the controller was placed at the inlet node of the
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network which in this project it is considered to be the pump specifically the rotational
speed of the pump u(t), the controller proposed in this project is feedforward ILC which
was used in [21]. A basic configuration of feedforward ILC is presented in Fig. 6.1[23].
The controller gives a reference pressure r and forces the pressure at the outlet nodes y(t)

System

Memory

Iterative Learning  
Controller

uk(t)

uk+1(t)
r

yk(t)

Figure 6.1: Basic ILC configuration

to approach the reference by updating the input speed sequence u(t) after each iteration,
to formulate this suppose that the system operates on a finite horizon given by t ∈ [0, N]

thus each iteration domain consists of a finite number of time points which can be written
as follows,[23]

uk = (uk(0), uk(1), · · · , uk(N − 1)) (6.2)

yk = (yk(0), yk(1), · · · , yk(N − 1)) (6.3)

ek = r− yk = (ek(0), ek(1), · · · , ek(N − 1)) (6.4)

With these vectors the update law can be written as,[21]

uk+1 = uk + Kek (6.5)

Where,
uk+1 is the control parameter vector in k + 1st period and the initial control parameter u0

is either set to zero or initialized appropriately by the system characteristics.[25]
K is constant learning gain.
ek is the error which is the signal representing tracking accuracy on iteration k.

Equation (6.4) indicates the error computed from a single output, for multiple outputs
as in this project the max function was used to obtain the error as in Eq. 6.6

ek = max{r(t)− yk(t)} (6.6)

Where, r(t) is the vector of reference pressures for each output in the system at time
interval t.
yk(t) is the vector containing the measurements from all outputs at time interval t of
iteration k.
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6.3 Stability analysis

The stability for the systems using ILC can be associated to the convergence by raising
the following typical question:

Will the error approach zero as the number of iterations grow?[28]

For the stability to be well defined a few assumptions on the system controlled by ILC
are given,[28]

Assumption 1

Every iteration k ends in a fixed time N ∈ t.

Assumption 2

A desired output r is given a priori over the time interval t ∈ [0, N].

Assumption 3

Every output yk(t) can be measured and therefore the tracking error ek(t) = r− yk(t)
can be utilized in the calculation of uk+1(t).
In this section, the stability analysis was conducted on the static model as well as the
dynamic model to choose the right gain K which will fulfill the error convergence of the
system and therefore makes the ILC stable.

In static model the pressure Eq. 4.67 at kth period is given below,

pi,k(t) = αid2
n − γi + uk(t) (6.7)

The ILC error track is[25],

ek+1 = r− pi,k+1(t) = r− αid2
n + γi − uk+1(t) (6.8)

According to Eq. 6.5 the controller in Eq. 6.8 is written as follows,

ek+1 = r− uk − Kek − αid2
n + γi (6.9)

From Eq. 6.7 the following is given,

uk(t) = pi,k(t)− αid2
n + γi (6.10)

Using this in Eq. 6.9 results the following,

ek+1 = r− pi,k(t) + αid2
n − γi − Kek − αid2

n + γi (6.11)
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Since αi and γi are constant and d2
n is a periodic term and it is invariant over the period

then they cancel out each other, and the error tracking will be as follows,

ek+1 = ek − Kek = (1− K)ek (6.12)

Where ek = r− pi,k(t) from Eq. 6.11 The Eq. 6.12 is used in the convergence theorem which
states that the ||.||∞ of the ratio between the next error and the current error should be less
that ε and the ratio between the errors is given as ek+1

ek
= ||(1− K)||

In a mathematical form the convergence is given as,

||1− K|| ≤ ε < 1 (6.13)

From Eq. 6.13 it is clear that the error convergence in the static model holds if 0 < K < 1
The steps mentioned above in the static model are also used in the dynamical model

for the control gain calculation.
The output pressure Eq. 4.78 at kth period is used,

pi,k(t) = (H−T
T JT q̇T)i + (H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωTk)))i − (z− 1zo)i + 1po

(6.14)
The equation is simplified into the following equation,

pi,k(t) = Di − Auk − γi + 1po (6.15)

Where,
Di = (H−T

T JT q̇T)i + (H−T
T (λT(qT) + µT(qT, ODT)− αT(qT)))i

αT(qT) = −ah2|qT|qT

A = H−T
T ah0

ωTk = uk
γi = (z− 1zo)i
The subscript (·)i means the ith row of the matrix (·)
By assuming that the water network is in steady state most of the time, the fast dynamics
in the system can be neglected by setting q̇T = 0 then the
Di = (H−T

T (λT(qT) + µT(qT, ODT)− αT(qT)))i
Where qT can be taken as a constant according to the assumption above which makes the
term D a constant term.
Then the ILC error tracking is,

ek+1 = r− pi,k+1(t) = r− Di + Auk+1 + γi − 1po (6.16)

From Eq. 6.5 the update law is,

Auk+1 = Auk + AKek (6.17)
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Using Eq. 6.17 in Eq. 6.16 results the following,

ek+1 = r− Di + Auk + AKek + γi − 1po (6.18)

The controller term in Eq. 6.18 which is found from Eq. 6.15 is,

Auk = −pi(t) + Di − γi + 1po (6.19)

Using Eq. 6.19 the following equation is found,

ek+1 = r− Di − pi(t) + Di − γi + 1po + AKek + γi − 1po (6.20)

Assuming the terms Di, γi and 1po are constant the error track equation is expressed as
follows,

ek+1 = ek + AKek (6.21)

Using the error tracking equation the gain can be determined by fulfilling the convergence
theorem as shown below,

||1− AK|| = ||1− H−T
T ah0K|| ≤ ε < 1 (6.22)

Using the triangle inequality, Eq. 6.22 can be written as,

||1− H−T
T ah0K|| ≤ ||1|| − ||H−T

T ah0K|| ≤ ε < 1 (6.23)

Therefore, for the ILC in the dynamic model to be stable it should hold 0 < ||H−T
T ah0K|| <

1
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Chapter 7

Tests

In this chapter simulation tests of ILC applied on several versions of the models derived
in Chapter 4 are presented as well as the network layout in graph representations of the
models are presented. In Section 7.1 to Section 7.6 several simulation scenarios of the
static model and dynamic model are presented, in Section 7.7 and Section 7.8 lab tests of
the WDN controlled by the ILC carried out in the AAU SWIL are presented.

7.1 First static model

Description

This was the very first iteration model used to familiarize with how to set up the
static model with a simple controller. This test was meant to see how the simplest iter-
ative learning controller works on a sinusoidal wave. The sinusoidal wave in Fig. 7.1 is
represented by using cos wave function with modifications that are represented such as:
65 + 35 ∗ cos( 9

100 ∗ pi ∗ (t− 6)). Value for t is a period from 1 to 24 which is represented in
hours to reflect the entire day.

Procedure

After initial variables are initialized, the simulation goes through two for loops. The
first loop represents how many days the iterative learning controller will run and update
the sinusoidal wave accordingly to the error found in the second loop. The second loop is
used to find pressure values, which then are compared to the reference values, in this case,
the reference is equal to 0.2, to find the error value to be used in the first loop. By running
this simulation for 4 days, the wanted reference was reached without any overshooting or
undershooting reference value.

Results

Once simulation begins, the very first figure 7.1 is generated which shows the begin-
ning of sinusoidal wave before any alterations from iterative learning controller.
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Figure 7.1: Cos sinusoidal wave before iterative controller changes

After running for 4 days, the sinusoidal wave was modified to reach the reference value
of 0.2, which shows that the most basic example of ILC on a sinusoidal wave was achieved
the wanted results. Such results are represented in Fig. 7.2.
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Figure 7.2: First working iteration of basic sinusoidal type static controller

7.2 Behaviour of consumers

In order to utilize the consumer patterns found in Fig. 2.6, the behavior of such patterns
will be simplified and unified into a single figure, which represents the total consumption
throughout the entire day. This behavior will then be used in both simulations: static
model and dynamic model. The behavior in Fig. 7.3 will be used to simulate consumer
valve openings throughout the entire day which will be used in simulations to generate
the graphs.
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Figure 7.3: The average indoor water consumption through out a day[29]

7.3 Static model

V1

e3

e2 e4

e1
V2

V3V4
dp

dc2

dc1

Figure 7.4: Reduced order graph of the static simulation model
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H =


−1 0 0 1
1 −1 0 0
0 0 1 −1
0 1 −1 0

 (7.1)

H =

 1 −1 0 0
0 1 −1 0
−1 0 0 1

 (7.2)

B =
[
1 1 1 1

]
(7.3)

In this section the static model of the water network in Fig. 7.4 was simulated using
equations from section 4.2.3 using MATLAB. Since the model is static, the valve charac-
teristics are disregarded and only the valve opening is set to follow the behavior of the
average daily water consumption. In the following, two tests will be conducted. The
first test will only have a single consumer while the second test will have two consumers.
In both tests, the consumers mimic the behavior of the average daily water consumption
found in Fig. 7.3.

7.3.1 Static model using one consumer

Description

This test will show how the pressure changes over time using ILC when the system
only contains a single consumer. The consumer will be assigned values from the total
consumption graph throughout the day shown in the Fig. 7.5, which then is repeated
periodically for 3 days. The pressure graph will be updated for each iteration the controller
makes and plots the results on top of the existing plot, such that changes to the plot can
be seen by iterations.

Procedure

First, all the variables are declared including pipe dynamics, which then is used in the
minimization problem to find the lowest possible ac value. This value is then used to find
the values for f unctiong. Then f unctiong is used to find the pressure values that are used
to find the error values. These error values will then be used to affect the next iteration
control values. After each iteration, new plots will be added on top of old ones, to have all
iterations in a single figure to see how they affected the simulation in general.
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Results

0 5 10 15 20

Time[hour]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
lo

w
[m

3
/h

]

Total consumption of the water

Total Consumption of the water

Figure 7.5: Total consumption of the water for singular consumer

The very first iteration shows quite much progress compared to the initial values of
the consumer pressure, this might be the case due to having the gain value be initialized
as 0.9. In this case, just in 3 days, the iterative learning controller managed to reach the
required reference of 0.2 bars of pressure which is shown in Fig. 7.6.
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Figure 7.6: Pressure graph after using iterative learning controller for 3 days

7.3.2 Static model using two consumers

Description

Similar setup as the test with one consumer, the only difference being that now there
are 2 consumers. Each consumer in this case has a different weight for the total consump-
tion of the water. The first consumer’s weight is set up to be 0.3 of total consumption, and
the second consumer is at 0.7 of total consumption. The weights are added in a way, that
the sum of the weights, needs to be 1 in order to reflect the same total consumption curve
as in Fig. 7.3. The iterative learning controller will run for 3 days with a gain of 0.9 and a
reference of 0.2.

Procedure

After initializing all required values for both consumers, the minimization problem
will be solved in order to find the lowest possible value of ac. This ac is then used to find
f unctiong, then it will be used to find pressure values. The only difference between using
one and two consumers is in the error finding function. Since now the error is generated
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as a vector, max function needs to be introduced to find the biggest error value, which will
be used to reflect upon the next iteration control signal. This will repeat for a total of 3
times to reflect 3 days of the real world and will be represented in the Fig. 7.8.

Results

The Fig. 7.7 shows the graph for both consumers after applying weight scalars on each
of the consumer.
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Figure 7.7: Total consumption of the water through entire day with two consumers

After 3 iterations, the following Fig. 7.8 is generated and can be seen that in 3 iterations,
it managed to reach the required reference pressure.
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Figure 7.8: Pressure at the consumer nodes after iterative controller

Due to scaling, it is hard to see both consumers in a single graph, so zoomed in version
of last iteration was made into the graph, see Fig. 7.9, for easier representation where each
consumer pressure ends up at.

Figure 7.9: Zoomed in version for the last iteration with two consumers
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7.4 Dynamic model

In this section the dynamic model was simulated using the graph representation illus-
trated in Fig. 7.10 the incidence matrix of the graph was obtained in Eq. 7.4 the reference
node for this network was chosen to be node v7 and the reduced incidence matrix Eq. 7.5
was obtained by removing the last row which represent the reference node v7, the loop
matrix for the network is derived in Eq. 7.6

V1

e7

e6

e3

e2 e4

e1

e5

V2

V5

V6
V3V4

V7

Figure 7.10: Graph representation of the dynamic model

The incidence matrix H of the dynamic model:

H =



−1 0 0 1 0 0 0
1 −1 0 0 1 0 0
0 0 1 −1 0 1 0
0 1 −1 0 0 0 −1
0 0 0 0 −1 0 0
0 0 0 0 0 −1 0
0 0 0 0 0 0 1


(7.4)
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The reduced incidence matrix H of the dynamic model:

H =



1 −1 0 0 0 0 0
0 1 −1 0 1 0 0
−1 0 0 1 0 1 0
0 0 1 −1 0 0 −1
0 0 0 0 −1 0 0
0 0 0 0 0 −1 0


(7.5)

The loop matrix B of the dynamic model:

B =
[
1 1 1 1 0 0 0

]
(7.6)

The dynamic model was simulated from the equations in section4.2.4 and section4.2.1
using MATLAB, unlike the static model the valve characteristics are taken into account in
the dynamic model where the consumer’s valve opening is set to mimic the behavior of
the average daily water consumption in a residential building as shown in Fig. 7.3. The
following tables are showing the parameters that were used in the different components
of the network for simulating the dynamic model.

Valve Kvs[
m3

h ]

e5 1
e6 1

(a) Valve parameters

Pump ah2 ah0

e7 0.0367 7.335 · 10−5

(b) Pump parameters

Pipe Length[m] Diameter[mm]
e1 20 25
e2 20 25
e3 20 15
e4 20 15

(a) Pipe parameters

Node Elevation[m]
v1 1
v2 1
v3 1
v4 1
v5 1
v6 1
v7 1

(b) Elevation of the nodes in the network

The control signal in this model is the angular speed of the impeller blades of the pump
and in this case is fixed to run at full speed 100%.
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Figure 7.11: A simulated opening degrees of the valve that flows the consumers’ water consumption during
24 hours

The curve in Fig. 7.11 shows that the valve opening degree is in the interval (0, 100), to
as shown in the graph the curve has two peaks one in the morning around 7 hour is the
highest consumption of the water and another around 18 hour, this graph was constructed
by adding two sinusoidal waves.
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7.4.1 Results
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Figure 7.12: Flow to the consumers

The Fig. 7.12 shows the flow to consumers and as expected the changes in the valve
opening degrees greatly effects how the flow should behave throughout the simulation,
where around 6 o’clock the flow to the first consumer end node v2 is 0.63m3/h and the
flow to the second consumer end node v3 is 0.68m3/h.
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Figure 7.13: Pressure at the consumer nodes

The pressures at the consumers’ ends are shown in Fig. 7.13, the control signal in this
simulation has been taken to be a constant value of u = 100 which means 100% of the
pump speed. In this graph the relationship between the pressure and the valve opening
degrees can be seen, meaning that when the opening degree of the valve in one node is
too low the pressure at that node will increase and when the valve is almost fully open the
pressure will drop, this behavior can be clearly seen from Fig. 7.13 and Fig. 7.11

7.5 Dynamic model with one consumer

In this section, the dynamic model was simulated and the ILC derived in section 6.2
was applied to the dynamic model, the network in this section was structured to have one
consumer where the consumer edge e6 was removed from the dynamic model network
shown in Fig. 7.10 and the ILC was applied to control the pressure of that consumer, the
properties of the consumer’s valve was the same as in section 7.4.
The simulation was set to run 24 hours each iteration where after each iteration the ILC will
produce a new control sequence to use in the next iteration, this simulation was run for 4
iterations to produce 4 different pressure sequence measurements and 3 control sequences
as will be shown in the following section.
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7.5.1 Results

The results of simulating the dynamic model with one consumer are presented in this
section, the results are divided into three parts:

1. The flow to the consumer.

2. The input sequence or control sequence for each iteration.

3. The pressure measurement at the consumer end after each control sequence.

The flow to the consumer node in this simulation can be seen in Fig. 7.14, it can be
observed that both the valve opening degrees and the control applied in the system are
effecting the flow of the water during the day.
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Figure 7.14: Flow to the consumer

The control sequence for the network which is the speed of the pump for the first
iteration of the simulation is given to be 100% of the pump speed, then the ILC updates
the control sequence every iteration using the previous control sequence and a gain of
K = 0.16 multiplied with the error measurement of the previous iteration. These control
sequences are shown in Fig. 7.15 where the blue line is the control sequence for the second
iteration and the red line is the control sequence for the third iteration.
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Figure 7.15: Control sequence for the 2nd and 3rd iterations of the simulation

Since The ILC updates the pump speed every 24 hours which is equivalent to one it-
eration, the pressure measurements for the consumer can be seen in Fig. 7.16. At the start
of the simulation, the initial control sequence was applied to the network which gave the
pressure measurements in the blue line, where the red line is the pressure of the second
iteration and the yellow line is the pressure of the third iteration.
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Figure 7.16: Pressure at the consumer node

The 4th iteration of the pressure measurements can be seen in Fig. 7.17, which shows
that the ILC managed to bring the pressure at the consumer end from 0.7 bar to 0.2 bar in
four iterations.
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Figure 7.17: the 4th iteration of pressure at the consumer node
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7.6 Dynamic model with two consumer

In this section the second consumer has been added to the network with the same
characteristics as the first consumer in terms of valve opening degrees.
Since the network has two consumers in this simulation the ILC updates the speed of the
pump by taking the largest value in the error vector as shown in Eq. 7.7.

ek(t) = max(r− pk(t)) (7.7)

Where pk(t) is a vector consisting of the pressure from the two consumers and r is the
vector of the reference pressure for each consumer.

7.6.1 Results

In this section, the results of the simulation of the dynamic model network with two
consumers are presented. The results are shown in terms of:

1. The flow to the consumer.

2. The input sequence or control sequence for each iteration.

3. The pressure measurement at the consumers’ ends after each control sequence.

As seen in section 7.5.1 the curve of flow to the consumer end nodes follows the shape
of the valve opening degree since the opening degrees dictates how much flow should go
through the valve, the flow to the consumers is shown in Fig. 7.18
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Figure 7.18: Flow to the consumers
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Figure 7.19: Control sequence for the 2nd, 3rd and 4th iterations of the simulation
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The initial control sequence for the network is given to be 100% of the pump speed, and
the simulation of this network was set to run for 4 iterations (4 days) the control sequence
obtained by the ILC for each iteration is shown in Fig. 7.19, the control sequence for each
iteration was obtained from the previous control sequence and a gain of K = 0.16.
The significant change in the control sequences can be notice from the first iteration where
the control sequence was 100 throughout the entire iteration and the fourth iteration where
the pressure at the consumers end approach the reference as will shown in the next figures.

Figure 7.20: Pressure at the consumer nodes

The pressure at the consumer end nodes for all four iterations is shown in Fig. 7.20,
the pressure for each consumer starts around 0.65 bar for the first iteration and it keeps
approaching the reference pressure 0.2 bar. In Fig. 7.21 the pressures of the 4th iteration
in the simulation were shown, from that figure it is obvious that the ILC applied on the
dynamic model network with two consumers is forcing the pressure at the consumers’
ends to follow the reference pressure.
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Figure 7.21: 4th iteration of pressures at the consumer end nodes
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7.7 Lab test 1
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Figure 7.22: Graph representation of the network used in SWIL tests

This section deals with the water network model in the AAU water lab. The model
consists of 1 pump described as e8, 2 consumers(valves) which are e6 and e7, and 4 pipes
(e1,e2,e3,e4). All of these components are constructed as shown in Fig. 7.22.

The model for the water lab setup was partially given as a template, which then was
modified with an extra function block where the iterative learning controller resided.

The lab test was set up to run an indefinite amount of time since ILC on the real
system is quite slow and because of that, each iteration for the control to change is made
only every 48 minutes. This means that every 2 min, the simulation changes the control
value from the vector of controls generated over a single iteration. After all 24 values are
generated, the control vector will get updated with the new values, and those values will
be used for the next iteration of the control.

The valve opening degrees were set to be 80% for the first consumer and 50% for the
second consumer and both consumers were set to be static values. This means that even
when the simulation runs for a long time, the consumer opening degree will not change.
The initial pump speed to apply for the initial entry was taken to be 75% of the full speed
and the desired pressure for the system to reach was set to be 0.5 bar.

In this lab test, the following parameters for the pipes were used to construct the model.
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Pipe Length[m] Diameter[mm]
e1 15 13
e2 20 13
e3 20 25
e4 20 25
e5 5 13

Table 7.3: Pipe parameters for the model in the water lab

The first iteration of the pressure reading can be found in Fig. 7.23 and the first iteration
control signal can be found in Fig. 7.24. From the control signal figure, it can be seen that
the pressure is almost stable at 0.5 bar as the reference required. This happened due to the
initial pump propeller speed initialized at 75% speed.
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Figure 7.23: Pressure readings after first iteration of ILC in the lab
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Figure 7.24: Control signal values for the pump after first iteration of ILC in the lab

After running the simulation for a couple of days, the latest iteration was chosen to
see the changes that occurred compared to the very first iteration. The full last iteration
that the simulation managed to run was 28th. The pressure after 28th iteration is shown in
Fig. 7.25 and the control signal after 28th iteration looks like this in Fig. 7.26.
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Figure 7.25: Pressure readings after 28th iteration of ILC in the lab
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Figure 7.26: Control signal values for the pump after 28th iteration of ILC in the lab

The differences between the iterations will be further discussed in the Discussion chap-
ter.

7.8 Lab test 2

In this section a second lab test was conducted in the SWIL, the network used in this
test has the same structure as the previous test, this simulation test was set to run 24
minutes each iteration and it ran for 113 iterations, the consumer end valves are set to
open according to Fig. 7.27, this figure was designed by adding two sinusoidal waves with
an amplitude of 1, a phase shift of 3 and a period T of 24 and 12.
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Figure 7.27: Opening degrees of the valves used in the test throughout each iteration

The results obtained from the test are compared between the first 20 iteration and the
last 20 iteration of the simulation. In this test the initial control sequence was taken to be
85% of the pump speed, then the ILC updates the control sequence for kth iteration from
the previous control sequence iteration k− 1 along with the error sequence computed from
taking the maximum value of the difference between the reference pressure 0.5 bar and the
consumer pressure measurements from the (k− 1)th iteration and a gain of K = 0.16. Using
the parameters mentioned above the pressure measurements for the two consumers was
acquired as shown in Fig. 7.28, the figure compares between the pressure measurements
at the first 20 iterations and the last 20 iterations.
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Figure 7.28: Pressure measurements of the first 20 and last 20 iterations taken from the test made in SWIL

The pressure at the first consumer starts at 0.5 bar which is equal to the reference
pressure and the second consumer starts at 0.3 bar, therefore, the ILC lifts the pump speed
in order for the pressure at the second consumer to reach the reference pressure, in the
last 20 iteration, it showed a noticeable increase of the pressure at the first consumer and
slightly increase at the second consumer.
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Figure 7.29: Error measurements for the first 20 and last 20 iterations from the lab test

in Fig. 7.29 the error sequence obtained from the maximum value of the difference
between the reference and pressure measurements of the two consumers are shown, from
these measurements it is clear that the second consumer is dominant in generating the
control sequence for the system which explains the increase in the input or control se-
quence seen in Fig. 7.30 where the control signal increased from 85% to 88% of the full
pump speed.
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Figure 7.30: Control sequence for the first 20 and last 20 iterations from the lab test
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Chapter 8

Leakage detection

In this chapter a leakage detection method is presented, this detection method is based
on the residuals of the pressure in the water distribution network, and a general struc-
ture of the leakage detection method is presented where it uses the static model as the
estimation model to generate the pressure residuals for the dynamic model.

8.1 Residual generation for leakage detection

In this section, the general principle of the leakage detection used in this project is il-
lustrated as shown in Fig. 8.1 where the generation of the residuals ri is the groundwork of
this leakage detection method, the residuals contain information about the changes in the
water distribution network where any deviation from estimated pressure p̂i(t) in the static
model will be seen from the residuals, then the residuals are compared with a threshold
to identify whether there is a leakage in the water distribution network or not.
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dynamic model

Threshold

pi(t)

pi(t)

ri(t)
-

Alarm

+

ˆ

Figure 8.1: Block diagram of the leakage detection structure

The residuals are generated from the subtraction of the measured readings from the
actual system which in this case is the dynamic model (Section 7.6) from the static model
(Section 7.3.2),

ri(t) = pi(t)− p̂i(t) (8.1)

Where,
ri(t) is the residual pressure at node vi.
pi(t) is the output pressure of the dynamic model at node vi.
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p̂i(t) is the estimated pressure at node vi.
To estimate the pressure p̂i(t) at the ith node the pressure equation of the static model
(4.67) can be used[30][31],

pi(t) = αidn(t)2 − γi + u(t) (8.2)

Since the demand profile in the water distribution network dn exhibit a periodic behaviour
which means dn(t + T) = dn(t) where T is the length of the period, then only the parame-
ters αi and γi needs to be found to estimate p̂i(t)[32].
With the estimation model in place a leakage will be introduced to the dynamic model
where a leakage demand vector dl is added to the nominal demand of the model as shown
in equation (8.3)

q = BTqc +

[
0

H−1
T

]
d +

[
0

H−1
T

]
dl (8.3)

Where,
dl = [dl,1, dl,2, · · · , dl,n−1]

′ and n is the number of nodes in the network. Using the same
derivation used in section 4.2.4 the dynamic model with the leakage can be written as,[

BJ BT BJ BT
d F

FTBdJ BT FTBdJ BT
d F

] [
q̇C

ḋ f

]
= −

[
I −HT

C H−T
T

0 −FT H−T
T

]
([

λC(qC)

λT(qC, d f )

]
+

[
µC(qC, ODC)

µT(qC, d f , ODT)

]
−
[

αC(qC, ωC)

αT(qC, d f , ωT)

])
+

[
0

FT

]
(z− 1zo)

−
[

BJ BT
d

FTBdJ BT
d

]
ḋl

(8.4)

The output pressure of the dynamic model p(t) after including the leakage demand to the
network can be given as,

p(t) = H−T
T JT q̇T + H−T

T (λT(qT) + µT(qT, ODT)− αT(qT, ωT))− z− 1zo + 1po (8.5)

Where,
qT = −H−1

T Hcqc + H−1
T Fd f + H−1

T dl

q̇T = −H−1
T Hcq̇c + H−1

T Fḋ f + H−1
T ḋl

As mentioned before the estimated pressure for node v1 p̂1(t) can be found by calcu-
lating the parameter α1 and γ1 using the values obtained from simulating the static model
in section 7.3.2 which results in the following,

p1(t) = −0.0808 · dn(t)2 − 0 + u(t) (8.6)

Using this estimation of p̂1(t) along with dynamic model before adding the leakage de-
mand vector dl to the model, the residual of the pressure at node v1 was computed, this is
shown in Fig. 8.2
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Figure 8.2: A residual of the pressure at node v1 with no leakage in the network

The threshold for the residuals has been chosen to be at 0.02 which means the pressure
from the dynamic model should not be greater than the estimated pressure of more than
0.02 bar.
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Chapter 9

Discussion

In this chapter, the results found in Chapter 7 and Chapter 8 are presented below with
some discussions surrounding the results.

9.1 Simulation results

This section will describe the results gathered from the static and dynamic models as
well as lab test results.

9.1.1 Static model results

• The first test results were gathered from the very first static model. The point of
this test was to see if it is possible to make an iterative learning controller work on a
static example. From the Fig. 7.1 it can be seen that the iterative learning controller
managed to decrease the sinusoidal wave to stabilize around the required reference
value of 0.2. With this test, the groundwork for the iterative learning-based controller
is done. This controller then is used in all other tests.

• The second test introduced consumers into the equation, which follows a specific
valve opening graph represented in Fig. 7.3. Adding to this, pipe dynamics were
also added to simulate a water lab setup. With 2 new uncertainties, the code had to
be rewritten to accommodate these changes. A new sinusoidal wave was created to
look as close as possible to Fig. 7.3. The results are plotted on the x-axis to be the
time in hours, while the y-axis is the pressure in bar. Since the reference is 0.2 bar,
based on the graph 7.6, the controller managed to reach required goal. The sharp
dips can be seen from the initial phase at around 7 hour mark as well as 18. This
happened due to average consumption at these specific times being highest, resulting
in a pressure drop.

• The third test was similar to 2nd one, with the only difference being that now there
were 2 consumers. Since the test had to make both consumers reach 0.2 bar pressure,
it was decided to not have both consumers with the same water consumption, but
add a small variation. This variation was introduced by using scalar weights on each
consumer. Consumer 1 had a 0.3 weighting factor, while consumer 2 had 0.7. The
sum of all the weight scalars had to be equal to 1 in order to reflect the same total
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consumption of the water. The distribution of water consumption can be seen in
Fig. 7.7. After running the simulation for 3 times, the Fig. 7.8 was generated. We
can see smaller dips at the 7 and 18 hour mark, since both consumers contributed to
the usage of the water. The 2nd iteration lowered drastically, due to the gain being
quite high at 0.9. After the last iteration, it reached close to the required reference.
The new Fig. 7.9 was made for better representation of the consumers. In this figure,
it can be seen that the goal of 0.2 bar has not been met. This might occur due to
increased complexity and requires more days to stabilize at 0.2 bar. Maybe if the
simulation was increased from 3 days to 4 days, the required goal could be achieved.

9.1.2 Dynamic model results

• The first simulation of dynamic model was carried out using the network graph
representation given in figure Fig. 7.10 the matrices related to the network were
derived in Eq. 7.4,Eq. 7.5 and Eq. 7.6. The parameters used in the simulation were
also given in table Table 7.1a, Table 7.1b, Table 7.2a and Table 7.2b, in the simulation
the valve opening degrees for the consumers were set to operate as shown in Fig. 7.11
so that the flow to the consumer will imitate the average indoor water consumption
as given in Fig. 7.3. The result is given in Fig. 7.12 where the flow has two peaks, one
in the morning around 6o’clock where the flow is around 0.63m3/h and 0.68m3/h
for the first consumer and the second consumer respectively. The second peak is in
the evening around 18 o’clock where the flow is 0.45m3/h and 0.46m3/h. From the
shape of the figure it can be seen that the behavior of the flow imitates the average
indoor consumption. The simulation was run to output the pressure of the consumer,
a fixed control of 100% of the full pump speed was applied in this simulation, the
pressure measurements of such input is given in Fig. 7.13. The valve opening has an
affect on the pressure behaviour at the consumer nodes where closing the valve will
build up the pressure and opening it will release the pressure as shown in Fig. 7.13.

• The second simulation was implemented to introduce the ILC in the dynamic model
network that has 1 consumer which is the edge e5 in the network graph representa-
tion Fig. 7.10. The simulation was set to run 24 hours each iteration. Valve opening
degrees were set to have the same characteristics as in Fig. 7.11 so that the flow to
the consumer Fig. 7.14 will follow the concept of the average indoor consumption
given in Fig. 7.3. The ILC was used to generate a new control sequence after com-
pleting each iteration and applied to the next iteration as shown in Fig. 7.15. It can
be seen from the figure that the control sequence updates every iteration. It reduces
the pressure at the consumer node to stabilize around reference pressure of 0.2 bar.
The effect of these control sequences can be seen from the pressure measurements
in Fig. 7.16 and in Fig. 7.17, where the pressure of the 4th iteration is shown that it
reached the reference pressure.

• The third simulation was executed using the dynamic model with both consumers
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in the network as shown in Fig. 7.10. The ILC was also introduced in this simulation
to bring both consumer pressures to the reference pressure, and the controller uses
the maximum value of the difference between the reference pressure vector and the
pressure measurement vector for both consumers. The initial control sequence was
set to be 100% of the full pump speed which results in a pressure of 0.65 bar at the
start of the first iteration as shown in Fig. 7.20. Then the control sequence updated,
as seen in Fig. 7.19, where the changes in the control sequence from iteration to
iteration is barely noticed. This is due to the pressure of both consumers being
almost the same. In the second iteration, the pressure measurements are almost at
the reference pressure which will not require high changes in the control sequence
for the next iteration.

9.2 Lab results

• The first lab test was conducted over couple of days of the period. Each iteration for
the system was applied every 48 minutes with sampling every 2 minutes. This means
that the system only gets 24 samples total for each iteration. After the first iteration,
in Fig. 7.23, the average pressure can be said to be around the reference point which
is set up at 0.5 bar. This happened due to correctly estimating the required propeller
speed in the pump and setting it up as the initial value. No testing was done prior to
looking for the most optimal propeller speed to not get biased results. The propeller
speed values after the first iteration can be seen in Fig. 7.24. There is a spike around
3rd hour, due to a small pressure drop. After the first iteration of ILC, the simulation
was kept running throughout the night, and after a couple of days, the simulation
was stopped. The last full iteration that it managed to finish was 28th. After the final
iteration, the data was taken and projected into 2 figures: Fig. 7.25 and Fig. 7.26. As
seen in the figures, the pressure values stayed almost identical, with small variations,
due to propeller speed values being close to what was initialized in the beginning.
On the other hand, the control signal values seem to be more unstable than the initial
ones. From the Fig. 7.26, it can be seen that the values increased from the initial 70%
to approximately 75.4%. The instabilities that occurred might come from another
pump, that refills the system tank from time to time. Once a certain level threshold
drops in the tank, the pumps will kick in, and entire pressure will drop in the system
until the pumps will stop after stabilizing the levels in the tanks. To further test this,
it might have been required to increase the gain or run the simulation even long to
reflect on the pump changes.

• The second lab test was carried out using both consumers in the ILC calculations of
updating the control sequence. This simulation test was running for 113 iteration
where each iteration was set to be 24 minutes. The opening degrees of the valves in
consumer ends were chosen to vary from 78% to 82% of the full opening degree as
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shown in Fig. 7.27. The results obtained from the test were presented as a comparison
between the first 20 iterations and the last 20 iterations of the test. The pressure
measurements gathered from using such opening degrees in the consumer valves
in addition to the ILC were presented in Fig. 7.28, where in the first iterations the
pressure at the first consumer node was 0.5 bar. It fulfilled the pressure requirement
for that consumer, while for the second consumer the pressure was at 0.3 bar. The
control sequence was updated in each iteration to raise the pressure at that consumer
to the reference pressure. In the last iteration it can be seen that the pressure at the
first consumer has increased to 0.6 bar and for the second consumer the pressure
was slightly increased. Firstly this might have happened due to using just one pump
in the network which can only give one value at each instance of time, secondly
the relation between the pressure and the flow was also part of this problem. Since
the consumption on the second consumer was found to be high, which causes the
pressure to stay low. The control sequences and the error signals for the two sets
of the iterations were presented in Fig. 7.30 and Fig. 7.29. In the error signal figure
it can be seen that the second consumer is the dominant consumer and the control
sequence was obtain based on the second consumer. It is due to ILC using the
maximum value from the error vector as shown in Eq. 6.6 where the farthest point
from the reference value is chosen in order to generate the control sequence.

9.3 Leakage detection

The leakage detection method proposed for this project was dependent on a thresh-
old that will decide if there is a leakage in the network or not. The static and dynamic
models were used as an estimation model and measurement model respectively to find
the residuals in the network. Then the residuals would pass through a threshold to check
the presence of the leak in the system. A case was considered where the pressure read-
ings are taken from the consumer end node v1 before introducing the leakage demand the
residuals ri were calculated and it showed that there is no leakage in the network. Since
the residuals have not reached the threshold.
To introduce a leakage in the network a leakage demand vector dl was added to the total
demand of the network and the dynamic equations were changed to integrate the leakage
dynamics. The leakage demand vector dl and its derivative ḋl were plotted as shown in
Fig. 9.1 and Fig. 9.2.
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Figure 9.1: A leakage demand vector
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Figure 9.2: Derivative of the leakage demand vector

The output pressure of the dynamic model was unstable at this moment and testing
the leakage detection method was not possible.

9.4 Requirement discussion

9.4.1 Simulation requirements

• The first requirement "Iterative learning control should stabilize the system at the
reference point after five iterations, if the consumer consumption is considered to
be a sinusoidal wave" was achieved under just 3 iterations. The Fig. 7.2 shows all
3 iterations, and necessary steps for achieving the reference pressure. It started as
a sinusoidal wave, and after running 3 iterations, the simulation stopped, since the
required reference was reached.

• The second requirement "Iterative learning control should stabilize the system at the
reference point of 0.2 Bar even with more consumers that act as disturbances to the
network". This requirement was achieved in all static and dynamic tests that were
done with simulation. The first test was done with the static model and 1 consumer.
From Fig. 7.6 it can be seen that the test managed to achieve desired results. The
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second test was done with the static model but with 2 consumers this time. From
Fig. 7.9 it can be seen that the simulation did not managed to exactly achieve required
reference. However, judging from the figure and the number of iterations it is fair
to say that it will fulfill the requirement if the simulation had been run for a longer
time. Looking into dynamic simulation tests, the first test of the dynamic model
with 1 consumer has fulfilled this requirement by achieving a pressure of 0.2 bar
as shown in Fig. 7.17, the second test of the dynamic model using the ILC, both
consumer pressures have achieved pressure measurements that are very close to the
reference pressure 0.2 bar as shown in Fig. 7.21. Therefore, the second requirement
is fully fulfilled.

9.4.2 Lab requirements

• The first requirement "Can the iterative learning controller control the pressure to
reach the desired reference of 0.5 Bar when a constant valve opening degree is used in
the network?", this requirement was achieved, since the first lab result from Fig. 7.25,
shows that the system after 28th iterations, managed to reach 0.5 bar.

• The second requirement "Using the iterative learning control, water pressure has
to reach the desired reference of 0.5 Bar when the valve dynamics has a periodic
opening degree", this second lab test was used to test this requirement, at the start
of the simulation the pressure at first consumer end has fulfilled the requirement
wherein the second consumer the pressure was too low, therefore, the requirement
was not fulfilled in pressure at the second consumer. At the end of the simulation, the
pressure at both consumers’ ends did not achieve the requirement this may happen
due to: firstly, the ILC generating the control sequence that applies to only one pump
which affects both consumers at the same time and leads to increase the pressures
for both consumers, as shown in Fig. 7.28 secondly, the consumption of the second
consumer was high which made the pressure low, and therefore did not reached the
reference pressure.

• The third requirement "Iterative learning control should never go above 100% of the
maximum propeller speed" was achieved in both lab tests. The first test Fig. 7.26
shows that the propeller speed never went above 76% of maximum speed. For the
second test, the propeller speed for the start and end of the simulation was presented
in Fig. 7.30 where it shows that the speed has reached 88% of the full speed.

9.4.3 Leakage detection requirement

• The requirement: "The generated pressure residuals should indicate whether or not
there is a leakage in the network model", a case was simulated where there are no
leakage in the network, the pressure residuals generated in this case indicated the
absence of the leakage (Section 8.1), and therefore, the requirement in this case was
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fulfilled. Another case was attempted to simulate where a leakage demand vector
was introduced to the dynamic model to imitate a leak in the network, due to the
simulation model becoming unstable after adding the leakage demand, testing this
requirement was not possible (Section 9.3).

9.5 Future work

• Introducing a second controller to control the consumer consumption (flow to the
consumer) while using the iterative learning control for controlling the pressure at
the pump, using these two controllers simultaneously will allow having an adequate
flow and the desired pressure at the consumers’ end nodes. This suggestion is made
based on the results from the second lab test Section 7.8 where the consumption of
the consumer was affecting the pressure measurements.

• During lab tests it was noticed that one pump could not supply the water network
with enough flow and pressure. This was due to having two consumers with a valve
opening degree of up to 100%. A solution would be to reduce the maximum opening
degree of the valves, since at the time of writing other pumping station pumps, that
supply piping unit with water, did not function properly.

• It is important to mention that only one of the household water consumption patterns
were used in the lab tests. Outside of lab environment all of the demand patterns
shown in Fig. 2.6 would be seen. Also the demand patterns would differ between
before COVID-19 and during COVID-19 patters, seen in Fig. 2.7. This would be due
to different lockdown measures in each country. Since the ILC was not tested on
other demand patterns it not known how it would impact the system, if the patterns
would change daily peak hours of consumption.

• Introducing the leakage demand to the AAU lab set up and applying more con-
crete detection methods such as Generalized likelihood ratio, CUSUM algorithm, or
Change-Point-Analysis to the residuals, since the measurements from the lab set up
will contain noise and using the threshold to detect the leakage will not be sufficient.

• Using generated pressure residuals at all nodes to localize the leakage by comparing
these residuals and residuals from an estimation model and looking for pressure
variations to indicate where to search for the leakages.
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Conclusion

This section assess the approaches and the results that have been obtained through-
out the report. The project aimed to develop an iterative learning control for the water
distribution network along with a leakage detection method, which leads to the problem
formulation:

How iterative learning based controller at the inlet, in addition to a leakage detection
method at the outlets, can accommodate the pressure requirements in the water

network, which has a periodic disturbance?.

To fulfill the goals of the project dynamic models were derived for the components of
the water distribution network namely the pipes, the valves, and the pump, later on, these
component models were used to derive mathematical models for the static and dynamic
water networks (Chapter 4). The control scheme proposed for the project was the iterative
learning control where the pressure at the inlet - pump - is controlled to achieve the pres-
sure requirement at the outlets - consumer end valves - of the water distribution network.
The iterative learning control algorithm updates the input sequence to the network after
each iteration was presented (Section 6.2), the stability analysis of the controller was also
conducted to determine the gain that will make the controller stable using the error con-
vergence method (Section 6.3).

Several simulation tests were made to investigate the behaviour of the iterative learning
control, both static and dynamic network models were used to test the controller. Simu-
lations were carried out to observe whether the controller will achieve the requirements
specified in Chapter 3. The control tests were executed with different layouts of the water
distribution network and it was seen that all of the simulation tests using iterative learn-
ing control have fulfilled the requirement of having the pressure at the consumers to be
equal to the reference pressure (Section 7.1 to Section 7.6). Two lab tests were conducted in
the AAU smart water infrastructure laboratory where the layout of the water distribution
network was set up as shown in Fig. A.1. Iterative learning control was used to achieve
pressure requirement in the lab tests, the first test shows that the consumer node pressure
is at the reference pressure and thereby fulfills the requirement. The second test did not
manage to fulfill the requirement, this might have happened due to the consumption of
the second consumer being high enough to keep the pressure low, and therefore, force
the input sequence for the next iteration to go higher, which led to the increased pressure
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at the first consumer where it exceeded the reference pressure (Section 7.7 and Section 7.8).

The leakage detection method proposed in this project was generating pressure resid-
uals from the estimated pressures obtained by the static model and using the dynamic
model as the actual system. Then the residuals will go through a threshold, where it
indicated whether there is a leakage in the network or not. A case with no leakage is
introduced to the dynamic model. In tests it showed the network has no leakage because
of the residuals not reaching the threshold (Chapter 8). Introducing a leakage demand to
the dynamic model was attempted, which made the network unstable and therefore the
leakage detection test was not possible to complete in this case (Section 9.3).
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Appendix A

Appendix

Figure A.1: SWIL setup for the lab tests.
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A.1 Static Model MATLAB

%% Network setup
% e1 e2 e3 e4
H= [1 0 0 -1 %v1

-1 -1 0 0 %v2
0 0 -1 1 %v3
0 1 1 0]; %v4

% n1 n2 n4
F = [ 1, 0, 0; % n1

0, 1, 0; % n2
0, 0, 0; % n3
0, 0, 1]; % n4

rho = 1000;
g = 9.81;

f1=0.0324;
L1 = 20;
D1 = 0.015;
r1 = 2*f1*8*L1*rho/(pi^2*D1^5);

f2 = 0.0324;
L2 = 20;
D2 = 0.015;
r2 = 2*f2*8*L2*rho/(pi^2*D2^5);

f3 = 0.0301;
L3 = 20;
D3 = 0.025;
r3 = 2*f3*8*L3*rho/(pi^2*D3^5);

f4=0.0301;
L4 = 20;
D4 = 0.025;
r4 = 2*f4*8*L4*rho/(pi^2*D4^5);

R = [r4;r1;r2;r3];
R= R/(1*1e5*(3600^2));
z_nodes =[1; % n1

1; % n2
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1; % n3
1]; %n4

%% Submatrices
rHt = H(1:end-1, 1:end-1);
rHc = H(1:end-1,4);
rF = F(1:end-1, 1:end-1);
rz = z_nodes(1:end-1);
z0 = z_nodes(end);
n = [0 1 0]; % when there is just 1 consumer in the network
n = [1 0 0;

0 1 0];% when there is 2 consumer in the network
w = [0;1;0];
gamma = rho*g*(rz - z0);
gamma = gamma/(1*1e5);

%% Simulation
simlength=24000;
t=linspace(0,24,simlength);
dn = (25*sin(0.42*pi*0.2*(t-3)) + 25*sin(0.42*pi*0.4*(t-3))+50)/100;
plot(t,dn)
K=0.9;
r=0.2; % when there is just 1 consumer in the network
r=[0.2;0.2];% when there is 2 consumer in the network
days=3;
p=zeros(3,simlength);
b=ones(3,1);
P_n = ones(simlength,50)*0.5;
e=zeros(simlength,1);
p_i=zeros(1,simlength);

%% Minimization of a_c
objective = @(a_c) (R(1)*abs(a_c)*a_c ...

- rHc’*inv(rHt’)*(R(2:end).*abs(-inv(rHt)*rHc*a_c - inv(rHt)*w).*(-inv(rHt)*rHc*a_c - inv(rHt)*w)))^2;
a_c0=0;
a_c = fmincon(objective,a_c0,[],[],[],[],[],[],[]);

%%
function_g = inv(rHt’)*(R(2:end,:).*(abs(-inv(rHt)*w - inv(rHt)*rHc*a_c).*(-inv(rHt)*w - inv(rHt)*rHc*a_c)));
for i=1:days

for j=1:simlength
p(:,j) = function_g*dn(j).^2+b*P_n(j,i)-gamma;
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p_i(j) = n * p(:,j);
e(j) = r - p_i(j); % when there is just 1 consumer in the network
e(j) = max(r - p_i(:,j));% when there is 2 consumer in the network

end
P_n(:,i+1) = P_n(:,i) + K * e;
plot(t,p_i) % when there is just 1 consumer in the network
plot(t,p_i(1,:),t,p_i(2,:)) % when there is 2 consumer in the network

end

A.2 Dynamic model with one consumer MATLAB

%% Network setup

% e1 e2 e3 e4 e5 e6
H= [1 0 0 -1 1 0 %v1

-1 -1 0 0 0 0 %v2
0 0 -1 1 0 0 %v3
0 1 1 0 0 -1 %v4
0 0 0 0 -1 0 %v5
0 0 0 0 0 1]; %v6

ah0=(7.335e-5*1e5);
% e1 e2 e3 e4 e5 e6
G=[0 0 0 0 0 ah0];
% n5, n6
F = [ 0, 0; % n1

0, 0; % n2
0, 0; % n3
0, 0; % n4
1, 0; % n5
0, 1]; % n6

rho = 1000;
g = 9.81;

f1=0.0324;
L1 = 20;
D1 = 0.015;
r1 = 2*f1*8*L1*rho/(pi^2*D1^5);
A1 = pi*(D1/2)^2;
J1 = L1*rho/A1;
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f2 = 0.0324;
L2 = 20;
D2 = 0.015;
r2 = 2*f2*8*L2*rho/(pi^2*D2^5);
A2 = pi*(D2/2)^2;
J2 = L2*rho/A2;

f3 = 0.0301;
L3 = 20;
D3 = 0.025;
r3 = 2*f3*8*L3*rho/(pi^2*D3^5);
A3 = pi*(D3/2)^2;
J3 = L3*rho/A3;

f4=0.0301;
L4 = 20;
D4 = 0.025;
r4 = 2*f4*8*L4*rho/(pi^2*D4^5);
A4 = pi*(D4/2)^2;
J4 = L4*rho/A4;

a6=-(0.0367*1e5)*3600^2;

J = diag([J1, J2, J3, J4, 0, 0]);
R = diag([r1, r2, r3, r4, 0, 0]);
Alpha= diag([0, 0, 0, 0, 0, a6]);
z_nodes =[1; % n1

1; % n2
1; % n3
1; % n4
1; % n5
1]; % n6

%% Submatrices
rHc = H(1:end-1,4);
rHt = H(1:end-1, [1:3 5:end]);
rF = F(1:end-1, 1:end-1);
rz = z_nodes(1:end-1);
z0 = z_nodes(end);
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B = [1 -rHc’*inv(rHt’)];
Bd = [zeros(5,1) inv(rHt’)];
Jex = [B*J*B’, B*J*Bd’*rF; rF’*Bd*J*B’, rF’*Bd*J*Bd’*rF];
Dex = [B; rF’*Bd];
Eex = [zeros(1,5); rF’];
Tex = [B’, Bd’*rF];

%% Simulation
dt = 0.001;
simTime = 24;
simLength = simTime/dt;
days=4;
t = zeros(1,simLength);
z = zeros(2,simLength);
u = 10000*ones(simLength,days);

mu5 = zeros(1,simLength);
k_vs=1;
OD5=OD(simTime,simLength);
k_v5=k_vs*OD5;
mu5=1./(k_v5.^2)*1e5*3600^2;

p0 = 0;
n = [1 0 0 0 0];
r = 0.2*1e5;
b = ones(5,1);
K = 0.16;
p_i = zeros(1,simLength);
e = zeros(simLength,1);
w = 100*ones(simLength,days);

for i=1:days
for k=1:simLength
Mu = diag([0, 0, 0, 0, mu5(:,k), 0]);
% Time
t(k+1) = t(k) + dt;

% Control
w(k,:)= sqrt(u(k,:) );

%Dynamics
q(:,k) = Tex*z(:,k);
flow(:,k) = q([2:4 1 5:end],k)*(3600);
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dz = Jex\(-Dex*(R([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...
+ Mu([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...
- Alpha([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...
- G([4 ,1:3, 5:end])’*(w(k,i)^2)) + rho*g*Eex*(rz - z0));

z(:,k+1) = z(:,k) + dt*dz;

% Outputs
qt = q(2:end,k);
dq = Tex*dz;
dqt = dq(2:end);
p(:,k) = (rHt’)\(J([1:3 5:end],[1:3 5:end])*dqt + R([1:3 5:end],[1:3 5:end])*abs(qt).*qt ...

+ Mu([1:3 5:end],[1:3 5:end])*abs(qt).*qt - Alpha([1:3 5:end],[1:3 5:end])*abs(qt).*qt ...
- G([1:3 5:end])’*(w(k,i)^2)) - rho*g*(rz - z0) + b*p0;

p_i(k) = n * p(:,k);
e(k) = r - p_i(k);

end
u(:,i+1) = u(:,i) + K * e;

plot(t(1:end-1),p_i/(1*1e5))
end

function y=OD(t,simlength)
x= linspace(0,t,simlength);
y = (25*sin(0.42*pi*0.2*(x-3)) + 25*sin(0.42*pi*0.4*(x-3))+50)/100;

end

A.3 Dynamic model with two consumers MATLAB

%% Network setup

% e1 e2 e3 e4 e5 e6 e7
H= [1 0 0 -1 0 1 0 %v1

-1 -1 0 0 1 0 0 %v2
0 0 -1 1 0 0 0 %v3
0 1 1 0 0 0 -1 %v4
0 0 0 0 -1 0 0 %v5
0 0 0 0 0 -1 0 %v6
0 0 0 0 0 0 1]; %v7

ah0=(7.335e-5*1e5);
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% e1 e2 e3 e4 e5 e6 e7
G=[0 0 0 0 0 0 ah0];

% n5, n6, n7
F = [ 0, 0, 0; % n1

0, 0, 0; % n2
0, 0, 0; % n3
0, 0, 0; % n4
1, 0, 0; % n5
0, 1, 0; % n6
0, 0, 1]; % n7

rho = 1000;
g = 9.81;

f1=0.0418;
L1 = 25;
D1 = 0.015;
r1 = 2*f1*8*L1*rho/(pi^2*D1^5);
A1 = pi*(D1/2)^2;
J1 = L1*rho/A1;

f2 = 0.0418;
L2 = 25;
D2 = 0.015;
r2 = 2*f2*8*L2*rho/(pi^2*D2^5);
A2 = pi*(D2/2)^2;
J2 = L2*rho/A2;

f3 = 0.0418;
L3 = 25;
D3 = 0.015;
r3 = 2*f3*8*L3*rho/(pi^2*D3^5);
A3 = pi*(D3/2)^2;
J3 = L3*rho/A3;

f4=0.0418;
L4 = 25;
D4 = 0.015;
r4 = 2*f4*8*L4*rho/(pi^2*D4^5);

88



A.3. Dynamic model with two consumers MATLAB Aalborg University

A4 = pi*(D4/2)^2;
J4 = L4*rho/A4;

a7=-(0.0367*1e5)*3600^2;

J = diag([J1, J2, J3, J4, 0, 0, 0]);
R = diag([r1, r2, r3, r4, 0, 0, 0]);
Alpha= diag([0, 0, 0, 0, 0, 0, a7]);

z_nodes =[1; % n1
1; % n2
1; % n3
1; %n4
1; %n5
1; % n6
1]; % n7

%% Submatrices
rHc = H(1:end-1,4);
rHt = H(1:end-1, [1:3 5:end]);
rF = F(1:end-1, 1:end-1);
rz = z_nodes(1:end-1);
z0 = z_nodes(end);

B = [1 -rHc’*inv(rHt’)];
Bd = [zeros(6,1) inv(rHt’)];
Jex = [B*J*B’, B*J*Bd’*rF; rF’*Bd*J*B’, rF’*Bd*J*Bd’*rF];
Dex = [B; rF’*Bd];
Eex = [zeros(1,6); rF’];
Tex = [B’, Bd’*rF];

%% Simulation
dt = 0.001;
simTime = 24;
simLength = simTime/dt;
days = 4;
t = zeros(1,simLength);
z = zeros(3,simLength);
u = 10000*ones(simLength,days);
w = 100*ones(simLength,days);
p_i = zeros(2,simLength);
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e = zeros(simLength,1);
b = ones(6,1);

mu5 = zeros(1,simLength);
mu6 = zeros(1,simLength);
k_vs = 1;
OD6 = OD(simTime,simLength);
OD5 = OD(simTime,simLength);
k_v6 = k_vs*OD6;
k_v5 = k_vs*OD5;
mu6 = 1./(k_v6.^2)*1e5*3600^2;
mu5 = 1./(k_v5.^2)*1e5*3600^2;

n = [1 0 0 0 0 0;
0 1 0 0 0 0];

r = [0.2*1e5;
0.2*1e5];

K = 0.16;
p0 = 0;

for i=1:days
for k=1:simLength
Mu = diag([0, 0, 0, 0, mu5(:,k), mu6(:,k),0]);
% Time
t(k+1) = t(k) + dt;
% Control
w(k,:)= sqrt(u(k,:));
% Dynamics
q(:,k) = Tex*z(:,k);
flow(:,k) = q([2:4 1 5:end],k)*(3600);
dz = Jex\(-Dex*(R([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...

+ Mu([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...
- Alpha([4 ,1:3, 5:end],[4 ,1:3, 5:end])*abs(q(:,k)).*q(:,k) ...
- G([4 ,1:3, 5:end])’*(w(k,i)^2)) + rho*g*Eex*(rz - z0));

z(:,k+1) = z(:,k) + dt*dz;
% Outputs
qt = q(2:end,k);
dq = Tex*dz;
dqt = dq(2:end);
p(:,k) = (rHt’)\(J([1:3 5:end],[1:3 5:end])*dqt + R([1:3 5:end],[1:3 5:end])*abs(qt).*qt ...

+ Mu([1:3 5:end],[1:3 5:end])*abs(qt).*qt - Alpha([1:3 5:end],[1:3 5:end])*abs(qt).*qt ...
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- G([1:3 5:end])’*(w(k,i)^2)) - rho*g*(rz - z0) + b*p0;
p_i(:,k) = n * p(:,k);

e(k) = max(r - p_i(:,k)); %error
end

u(:,i+1) = u(:,i) + K * e;
figure(2)
plot(t(1:end-1),p_i(1,:)/(1*1e5),t(1:end-1),p_i(2,:)/(1*1e5))

end

function y=OD(t,simlength)
x= linspace(0,t,simlength);
y = (25*sin(0.42*pi*0.2*(x-3)) + 25*sin(0.42*pi*0.4*(x-3))+50)/100;
end
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