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Abstract:

This project covers the development of a power
optimal control strategy for a water distribu-
tion network.

It is proposed to replace the pressure reduc-
ing valves commonly used to regulate pressure,
with pumps, throughout the network.

By exploiting the additional freedom for con-
trol, obtained by having an over-actuated sys-
tem, it is possible to reduce the power con-
sumption.

The power optimal controller finds the optimal
distribution of pressure boost from the pumps,
by means of gradient descent, while still main-
taining output pressure.

Furthermore the controller developed only re-
quires knowledge of the distribution networks
topology given by a graphical description. It
is also designed to use a minimum of commu-
nication between the individual pumps within
the network.

The results shows that the power optimal con-
troller slowly reduces the power consumption
of the distribution network once the system
pressure has reached steady-state, thus fulfill-
ing the criteria of the controller.

The contents of this report are freely available, but publication (with specification of source) may

only take place after arrangement with the authors.







Preface

Reading Guide

Sources given in the beginning of a section apply to all subsections. Additional sources may
be given in subsections. Citations are given in square brackets indicating the author (first) and
the year of publication (last two ciphers), i.e. Robust Model-Based Fault Diagnosis for Dynamic
Systems from 1999 by J. Chen & R. J. Patton is given as [Chen 99]. Figures, equations and tables
are numbered according to chapter and location, e.g. third figure in chapter five is numbered 5.3.
Units are given in square brackets in symbolic equations and without brackets otherwise.

Symbols, acronyms and general notations used in this report are presented in the nomenclature
after this preface. Appendices are placed after the main report, referred to by capital letters,
followed by the Bibliography. The attached USB contains relevant data sheets, copies of references
found on the Internet, MATLAB and Simulink models and a digital version of this report.
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Chapter 1

Introduction

This chapter presents an introduction to the project tittled "Energy Optimization of Water Distri-
bution Networks - Using a distributed pumping solution for optimal control”.

First a motivation for the project is presented, then existing pressure control and management
methods are described. Finally an outline for the focus of the project is given.

1.1 Project Background

Water supply and distribution networks are a vital part of the infrastructure all over the world.
The distribution network supplies water to the consumers by maintaining a positive water pres-
sure in the network. The pressure must be sufficiently high for the water to reach all parts of the
distribution network, and at the same time, maintaining a minimum water pressure at the end
users. This can be achieved by the use of pumping stations placed at key locations throughout
the distribution network.

The infrastructure which provides safe drinking water is consuming large amounts of energy
throughout it’s supply chain, consisting of retrieving water from the source, a treatment process
and finally distributing water to the consumers. In the U.S. 3-4 % of the total electricity consump-
tion is used for water utilities, with 80 % of the energy used for moving and distributing drinking-
and wastewater [Goldstein 02, EPA 13].

Energy losses in the distribution network are caused by a number of factors, e.g. inefficient pumps,
resistance within the pipes (especially old pipes with large mineral deposits build-up), poor net-
work design with many bottle necks. Water leakages through out a distribution network are also
a large contributor to the energy loss, where the water lost throughout leakages has to be sup-
plied on top of the consumer demand [Feldman 09]. It is estimated that more than 30 % of the
drinking water is lost throughout leakages worldwide, thus just as much energy is wasted. This
fact gives a possibility to greatly reduce energy consumption by simply reducing water leakages
[Group 06, GIZ 11]. Another reason to try to minimize water loss in the network from an energy
perspective, is the energy consumption involved with production and procurement of fresh water,
such as desalination or pumping water from aquifers.

Additionally the increased flow necessary in the network to accommodate for water leaks, in-
creases the energy consumption, due to the fact that the pipe friction grows with increasing flow,
resulting in higher pressure losses in the network.

Lowering the energy consumption can be done in numerous ways, most of these requires replacing
old equipment, e.g. old pumps with more energy efficient models, installing new pipes with lower
friction or repairing burst pipes All of these examples are costly processes since most of the distri-
bution network is placed in the underground within metropolitan areas, thus, requiring intensive
work and possibly the necessity of shutting down main traffic arteries for prolonged periods, which
renders these approaches not viable in many cases.
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Even so, other alternative approaches can be used to reduce the energy consumption, like pressure
management within the network and smart operation strategies. Active pressure management can
be used to manage the pressure throughout the distribution network to ensure that the costumer
has the desired pressure, and at the same time, reducing the pressure in the remaining part of the
network to the minimum required pressure. This is especially useful at night, when the consumer
demand is low, and the pressure in many parts of the distribution network can be lowered and
the pumps close to the consumers can maintain the water pressure required by the consumer.
With a lower water pressure in the distribution network, energy savings can be obtained, as the
pumping stations has to deliver less hydraulic energy to the water, thus reducing their energy
consumption. On top of this, a lower pressure also decreases the leakage flow and reduces the
probability of new bursts and leakages in the network [GIZ 11, Thornton 07].

1.2 Pressure Management

In short, pressure management is a method to ensure that the costumers has a guaranteed min-
imum water pressure, while simultaneously reducing excessive pressure by reducing the sum of
input pressures in the distribution network.

As mentioned previously, the reason why reducing water pressure is beneficial, is that it not only
reduces the energy consumption, but also, excessive pressure increases the risk of bursts in the
distribution pipes. The flow rate of leaks in the distribution network is also affected by the direct
relation between pressure and flow, i.e. with a high water pressure the leakage flow will similarly
be high.

Several systems and technologies exists for pressure management where pressure management is
usually done by dividing the distribution network into a number of pressure management areas
(PMA). A PMA can be a city block, industrial area or any other subsection of the distribution
network which is suitable. Each PMA is connected to the remaining network through one or more
pressure reduction valves (PRV), which reduces the pressure within the PMA, with the aim of
maintaining a minimum pressure at a critical point (CP) within the PMA [GIZ 11, Feldman 09].
There exists many different variants of PRVs, with the most basic being a fixed pressure drop
variant. Other PRVs can be time dependent in order to accommodate for the daily variations
in water consumption, or flow based such that when the flow is high the pressure drop is small
to accommodate for the high demand. Remote controlled PRVs are also a possibility, where the
utility service operator monitors and controls the valve. Commonly for all PRVs is that even
when fully open they induce a pressure loss, which is an unnecessary waste of energy, for which
the pumps in the distribution network has to compensate [GIZ 11].

In figure 1.1 a sketch of a small distribution network, consisting of three PMAs, is shown.

A pumping station supplies water from a reservoir and pressurizes the entire distribution network.
The pressure must be high enough for the water to reach and meet the minimum pressure required
at the critical point (CP), within the PMA farthest away from the pumping station. The CP in
a respective PMA is often defined as the end-user with the highest pressure requirement.
Without PRVs the areas close to the pumping station will experience very large pressures, which
is unnecessary and causes increased water loss and potential damage to the distribution network.
As shown in figure 1.2, inserting PRVs decrease the pressure within the PMA to be high enough
to meet the requirement of the CP, but lower than the pressure in the main water line.

Instead of introducing a pressure loss in the system from the use of PRVs, an other method is
proposed, shown in figure 1.3.

Here pumping station are used to provide a pressure boost to the PMAs furthest away from the
water reservoir; thus the primary pumping station can operate at a lower pressure to meet the
demand at the first CP. The pumping station placed near the second and third PMA will be
used to boost the pressure up to the minimum requirements in the respective areas. A diagram
showing the pressure distribution over distance is shown in figure 1.4.




1.2. PRESSURE MANAGEMENT

PRV 1 PRV 2

Figure 1.1: A water distribution network containing a water source, a pump and
three pressure management areas (PMA) connected to the main water
distribution line. The PMAs pressures are controlled with pressure re-
duction valves (PRV) to meet the pressure requirement at the critical
point (CP) within each PMA.

Minimum End-user Pressure

Pressure [bar]

PRV\PRV, cP, Distance [m]

Y

CP, CP,

Figure 1.2: A graph of the pressure within the distribution network given in figure
1.1. The pressure is decreasing with distance from the pumping station,
PRVs are inducing sudden pressure drops to minimize excessive pressure
in the respective PMAs.

Figure 1.3: A distribution network containing a water source, a pump and three
pressure management areas (PMA) which are controlled with pumps
used to boost the pressure up to the requirement at the critical point
(CP) within the area.
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A

Pressure [bar]

P, CP, P, CP, CP,
Distance [m]

Figure 1.4: A graph of the pressure within the distribution network given in figure
1.3. The pressure is decreasing with distance from the pumping station,
pumps gives a pressure boost large enough for the pressure to meet the
minimum requirements at the CP within the PMA.

However, problems can occur when exchanging PRVs for pumps. When several pumps are con-
nected to the same PMA or when PMASs are interconnected, instability issues can arise when
using feedback control for the pumps. This is generally not a problem when using PRVs, as only
the most advanced PRVs are feedback controlled, and most PRVs are either of the time varying
type or fixed pressure drop [GIZ 11].

1.3 Project Focus

The focus of this project is to develop a control strategy, for a general class of water distribution
networks, which by use of additional pumps in the distribution network is able to reduce the power
consumption, without loss of pressure at the consumers. The reduction in power consumption
will be obtained by using power optimal pressure regulation within the distribution network.
The general class of water distribution networks, are networks with a main supply ring with multi-
ple interconnected PMAs and multiple water source connected to it, including elevation differences
of the individual PMAs.

Furthermore it is necessary to keep the requirement for the communication between the pumps
in the distribution network at a minim. This requirement arise from the fact that increased
communication between pumps, increases the complexity of the system and thereby making im-
plementation more difficult. The use of communication between pumps also introduces additional
points which are susceptible of failure, which is to be avoided.

In short: The aim of this report is to develop a distributed control strategy which minimizes the
power consumption of a water distribution network. With the control strategy also focusing on
minimizing the use of communication between the pumps within the water distribution network.
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System Analysis






Chapter 2

General Network Model

This chapter covers generalized models of water networks. First, the network components are
specified. Then, graph theory is introduced and lastly, the water network model is defined from the
components using graph theory.

The approach of using a general model is taken to broaden the usability of the work performed
here, as the general model is applicable to a wide variety of water distribution networks.

2.1 Water Network Components

One of the main objectives in this project is to design a model which describes a water distributing
network. This properties of the network were defined in section 1.3 which can be summarized
as: A water network with a grid structure layout, multiple water sources, hight difference within
the network and multiple pumping stations. An example of such a network is depicted in 2.1
which has the properties listed above apart from multiple water sources. This example water
distribution network is used through out this chapter to help explaining the modeling process.

height : Om C
n; Cs I;S Cyo Ny !
G Cr height : 5m
n; 1, C, - Cy
* < > S — = L
Gy
Cs
C, ® Cs

Figure 2.1: A water distribution network example which includes pumps (C;, Cq
and Cs), end-user valves (Cg and Ci1) and pipes (Cz2, C4, Cs, Cs and
C10) which are distributed at two different heights. Note that the ground
sign represents atmospheric pressure and C; is considered as the water
source pump. Acronyms: C = Component & n = node.

The water network shown in figure 2.1 includes various components where the k' component is
characterized by two variables, namely its pressure drop across it, Apg, and the water flow though
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it gx. The pressure drop Apy is defined as:

Apk = Pin,k — Pout,k (21)
where
Apy is the pressure drop across the k" component [bar]
Din.k is the pressure at the kth component input node [bar]
Dout,k: 1S the pressure at the kth component output node [bar]

The components are: valves, pipes and pumps, and their models are defined in the following sec-
tions.

2.1.1 Pipe Model

A water distribution network is mostly made of pipes and their fittings, it is therefore important
to setup a dynamical model which describes how a pipe effects the pressure and flow in a network.
One way to model a pipe is to use Newton’s second law which states that the net force, F,
effecting that water inside the pipe is equal to the rate of change of the water linear momentum,
P [Hunt 95].

dP

— = Fle 2.2

W F (2.2
where
P is a water linear momentum [kgm/s]
Fet is a water net force [N]

By assuming that the pipes are full with water and the water is incompressible, it is possible to
rewrite equation 2.2 to its more standard form

dP  d(Mv) dv

b =M= = 2.

dt dt e — (2:3)
where
M is the water mass [kg]
v is the water velocity [m/s]

The forces which affect the water in a pipe, Fjes, can be written in terms of input-, output- and
resistance forces. An illustration of a pipe along with the forces is shown in figure 2.2.

N

Alm’] Lim)

. »“,\N\ Az[m]

Figure 2.2: Water pipe. Acronyms: L = Length, A = Area, F = Force, res =
resistance and Az = change in height.

As mentioned earlier, the goal is to obtain a component model which includes its pressure drop
Ap and the flow ¢, equation 2.3 is therefore rewritten in the following equations. Note, it is

12



2.1. WATER NETWORK COMPONENTS

assumed a constant diameter across the pipe and that the flow is uniformly distributed along its
cross section. These assumption make it possible to define only one pipe diameter, D, and cross
sectional area, A, for each pipe. Furthermore, water velocity, v, can be written in terms of water
flow, ¢, and cross sectional area,A, hence v = ¢/A

dv
MwizF‘in*Fou — Fres
dt '
d
ALP% = Apzn - Apout - Fres
drq
AL 7(*):14 in — ADout — Fres
P i \A p Pout
Lpdg _ Fres
A dt = Pin Pout A
L 14 dq Fres
— — =Ap— 24
Adt P A @4
where
M, is the water mass [ke]
v is the water velocity [m/s]
F is a force effecting the water [N]
A is the pipe cross areal [m?]
L is the pipe length [m]
p is the water density [kg/m
D is a pressure [Pa]
Ap is a pressure drop over a component [Pa]
q is the water flow [m? /s

The factors which cause the resistance force, Fi..s, in a pipe are usually referred as surface resis-
tance, hy, form resistance, h.,, and lastly head loss, Az, which is due to change in elevation along
the pipe [Swamee 08]. These resistances are given in head, h, which is a way to describe pressure
where p = h - g - p, with g the gravitational acceleration and p the fluid density.

Surface Resistance (hy)

The surface resistance is given by the Darcy-Weisbach equation [Swamee 08]:

8L g2
hy=f——" 2.5
1=f D5 (2.5)
where
hy is head loss due to surface resistance [m]
D is the pipe diameter [m]
f is the pipe friction factor

The friction factor is dependent on the Reynolds number, R, which defines the flow type. The
Reynold number is given by equation 2.6 where R < 2000 is defined as laminar flow, R =
2000 — 4000 as critical flow and R > 4000 as turbulent flow.

R:Q: 4q (2.6)

Vo T Ve D

The kinematic viscosity 1, in equation 2.6 is given by equation 2.7, where T, is the water
temperature in °C [Swamee 08].

13



CHAPTER 2. GENERAL NETWORK MODEL

—1
Tw 1.165
Ve = 1.792-107° (1 + <25> (2.7)

Under normal operation, turbulent flow is the dominating flow type in water distribution networks.
This can be shown by applying the typical ranges of the following parameters to equation 2.7 and
2.6: v =05—15m/s, D = 50 — 1500mm and T,, = 10 — 20°C, which result in Reynolds
number between 19000 and 225000 [Trifunovic 06]. Hence, R > 4000 and consequently the flow
is turbulent.

Lastly, the friction factor, f, for a turbulent flow can be found by equation 2.8 [Swamee 08].

574\ 2
f=1.325 (ln (3.;1) + R09)> (2.8)

Where ¢ is the average hight of roughness inside a pipe wall which is given by the pipe manufac-
turer.

Form Resistance (h,,)

A form resistance in a pipe is due to all sort of bends, elbows, valves, enlarges, reducers etc.
Basically all form factors which deviate from a straight pipe and also the junction of two pipes
of different sizes. These form resistances are also referred as pipe fittings and its head loss, hy, is
calculated by equation 2.9 [Swamee 08].

8¢>
hm =k Y 2.9
fﬂ_z gD4 ( )
where
hm is the head loss due to form resistance [m]
D is the pipe diameter [m]
ky is the form-loss coefficient

The form-loss coefficient k¢ can usually be found in the documentation given by the manufacturer,
or listed for different materials and general type of fittings in most water distribution network
design literature, such as: [Swamee 08].

If there are multiple fittings along a pipe, they can be combined as shown in the following equation.

n

h =Y (ky.:) S a (2.10)

2, DA
i=1 mgD
Where n is the number of fittings belonging to the pipe model.
Complete Pipe Model

It is now possible to write out the complete pipe model in terms of pressure drop as a function
of water flow. Lets rewrite 2.4 by combining it with the surface resistance in equation 2.5, form
resistance in equation 2.9 and lastly head loss from change in elevation along the pipe, Az. Note
the relation between head, h, and pressure, p, where p=~h-g - p.

Lp dq

T%:Ap—hfgp—hmgp—mgp

Lpdg 8Lpqy 8p4s

A AP Taps “kiapr —Az9p

Lp dq 8Lp 8p

=P Ap— A 2.11
T A (f7rzj:)5+kf7r2D4 lglg —Azgp (2.11)

14



2.1. WATER NETWORK COMPONENTS

Where the absolute value is applied to the squired flow term, ¢2, to maintain the flow sign, i.e.
the flow direction.

Lastly, the units for flow [m?/s] and pressure [Pa] in equation 2.11 are converted to [m3/h] and
[bar] which are the units used through out this project. The unit transformation procedure is
described in appendix B which result in equation 2.12. Note, the symbols for flow, ¢, and pressure,
p, in equation 2.12 are unchanged, however, the units from now on are [m®/h] and [bar].

Lp dq—Ap—(f 8Lp 8p Azgp (2.12)

dg _ k -
A-105- 3600 dt 72 D5 10536002 72 DA 105-36002> lala = =55

It is worth mentioning that the obtained model in equation 2.12 is the same type of model
introduced in [Persis 11, Tahavori 12, DePersis 07, Persis 09].

Equation 2.12 is hereby the complete pipe model. Nonetheless, a more compact notation is
introduced in equation 2.13, which is the one used henceforth and it applies to the k** pipe
component.

where
T = _ Lwp
¥ AL - 105 - 3600
A f— k
o) <ka2 D7 - 10° 36002 "¢ x2 DF 107 36002 ) |14
_ Azpgp
Ck = T

Lastly, the general component diagram for a pipe is shown in figure 2.3.

kth plpe
pin%_ Pout

—_—
dx

Figure 2.3: Diagram of a pipe and its connecting points in a network. This figure is
inspired by [Kallesge 07].

2.1.2 Valve Model

This section covers the valves which have a variable opening degree (OD), where varying the
OD regulates the pressure loss across it. It is assumed that valves are only placed at the water
network users since one of the project aims is to use multiple pumping stations instead of PRVs, as
discussed in section 1.2. A valve located at an user is denoted as an end-user valve. From a water
distribution network point of view, changes in a end-user valve OD is considered as a disturbance
and it effects both the network pressure and flow. Other valves that are placed throughout the
network with a constant OD are thought as fittings which are included in the pipe model in
equation 2.13.

The valve model can be derived in the same matter as the pipe model in equation 2.12. The
difference is the length, L, and the change in elevation, Az, are both assumed zero. These

15



CHAPTER 2. GENERAL NETWORK MODEL

assumptions resulting in the static equation 2.14 which only contains the pressure loss, Ap, and
the form resistance part. This is a fair assumption since the water mass in a valve and its length
are relatively small compared to a pipe.

8pq,
105 - 3600

O:Ap_kfﬂ2D4 (2.14)

Even though it is possible to find a form-loss coefficient, k¢, for all valve types, valve manufactures
provide a more accurate K, value which is given by equation 2.15 where it may not be mistaken
for ky. The K, is a valve conductivity value which describes the valves ability to transmit a
medium when it is fully open (OD = 100%) where it is a flow expression defined at a 1 bar
pressure differential. Equation 2.15 is also under the assumption that the medium flowing though
the valve has a liquid specific gravity of G; = 1 and a density of p = 1000 kg/ m® at a 20 °C which
are indeed properties of water [Boysen 11].

Koy = —L_ (2.15)
VAp
where
Ky is the conductivity at a fully open valve [m3 /h]
q is the water flow [m? /h]
Ap is the pressure drop over the component [bar]

Equation 2.15 is derived by measuring the flow through a valve in m3 /h when its pressure difference
is 1 bar and then by applying the hydrodynamic law which states that the pressure drop, Ap, in
a valve is proportional to its squared flow ¢> [Boysen 11]. This derivation is demonstrated in the
following equations.

A A A 2 A
12?1 _ ];2 o D1 _ (% o @ =q D1
q7 q3 Aps qs Aps

Where OD = 100%, ¢- is measured as k,s at a pressure difference Ap, = 1, one obtains the same

result as in equation 2.15.
o Apl -
q1 = kvs 1 = k'us \V Apl (216)

More generally, equation 2.16 is written by means of valve conductivity k, which is a function
between a closed valve and a fully open one, hence k,(OD) = [0, k,s] where OD is a number from
zero to one, OD = [0, 1].

¢ = k.(OD)\/Ap (2.17)

Where the valve conductivity, k,, dependent on the valve type and design. One can e.g. choose a
valve with a k, function which has a linearising effect on a non-linear system. Figure 2.4 illustrates
different k, functions.

16



2.1. WATER NETWORK COMPONENTS

14
® Linear
N ® Equal percentage
~ . .
N Quick opening
0 :
0 OD [%] 100

Figure 2.4: The three major types of control valve characteristics: linear, equal per-
centage and quick opening [Lem 96, GIZ 11].

The goal is to obtain a general component model, consequently, 2.17 is rewritten to the same form
as the pipe model in equation 2.12.

q= kv(OD)\/IP
JAp— — 9

ky,(OD)
1
Ap = o (OD)? lal q
1
O—AP—W lal q (2.18)

A model for a valve with a variable opening degree is hereby defined in 2.18. A more compact
model for the kth valve is defined in the following equation.

0= Apy, — pi(qr, ODy) (2.19)

where

(@) = ———— ||
Hi\Gk) = ko x (ODy)? dk| 9k

And the general component digram for a valve is shown in figure 2.5

k" valve

Pin D( ):] Pout

.

Ak

Figure 2.5: Diagram of a valve and its connecting points in a network. This figure
is inspired by [Kallesge 07].
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2.1.3 Pump Model

A pump is a component which generates a positive pressure difference in a hydraulic network,
thus creating flow. This project only considers a centrifugal pump which is the most common
pump type in a water distribution network [DePersis 07]. A model which describes the pressure
drop (Ap = pin — Pout) Over a centrifugal pump is derived in [Kallesge 05] where it has shown to
fit well with measurements of a real centrifugal pump. The pump model is an algebraic expression
and it is presented in equation 2.20.

Ap = aps ¢ — ap1 qw — apo w? (2.20)

Where apg, ap1, aps are constants describing the pump and w is the rotational speed of the pump.
The constants are normally found from measurement data of the pump.

The pump model in equation 2.20 describes the pump differential pressure, Ap, which is dependent
on the flow, ¢, through the pump and rotational speed, w, of the pump. However, pumping
solutions in a distributed water system are usually designed to maintain a constant reference
pressure independent on any flow variation, meaning that the pumping solution has a integrated
pressure regulator which controls the pump rotational speed. Such a pumping solution is often
referred as a booster set which consists of number of pumps connected in parallel to increase the
combined flow throughput. Furthermore, the booster set controller chooses how many pumps are
active depending on the flow demand and the pumps are set to operate in their combined most
efficient way [C. Kallesge 11]. An example of a booster set with three pumps and their combined
pump curves is shown in figure 2.6.

1{ rrrrrr f B [ B

: ® D1 D2
oo

@

Head [m]

br P2

A
Flow [m?/h]

Figure 2.6: Diagram of a booster set with three pumps along with the pumps com-
bined pump curves. The booster set maintains a constant output pres-
sure given by the reference pressure, u, where the controller sets which
pumps are active along with their rotational speed w. This figure is
inspired by [C. Kallesge 11].

Assuming that a pump unit in the water distribution network is indeed a booster set which delivers
a constant differential pressure given by w, it is possible to express the k*"* pump in the network
by equation 2.21.

0 = Api + ag(ug) (2.21)
where

ak(uk) = UL

And the general component digram for a pump is depicted in figure 2.7.
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k'™ pump

Pin 4<>7 Pout

_—
dx

Figure 2.7: Diagram of a pump and its connecting points in a network. This figure
is inspired by [Kallesge 07].

Single Pump Power Consumption

As mentioned earlier in section 1.2, one of the main objectives of this project is to minimize
energy usage in a water distribution network, thus making it necessary to state a pump power
consumption model. Along with the hydrophilic pump model in equation 2.20, [Kallesge 05] also
derives an expression which describes the torque, 7., generated by the electrical circuit of a pump
motor. This expression is shown in equation 2.22 and it can be rewritten in terms of electrical
power consumption, P,, by using the relation P, = 7, - w.

Te = —ap2 ¢° 4+ ap1 qw + apow? + Byw (2.22)
Tew = —ap2 ¢°w + ap1 qw’ + apow® + Byw?
P. = —apy¢* w+ ap1 qw? + apow® + Byw? (2.23)

Where apg, ap1, aps and By are constants describing the pump and w is the rotational speed and
P, is the electrical power consumption of the pump given in Watt. Lastly, one can add an extra
Py term to equation 2.23, which is the power consumption of the control hardware placed on the
pump, resulting in the following equation.

P. = —apsq®w+ api qw? + apow® + Byw? + Py (2.24)

Both By and Py along with the constants apg, api, and aps are usually found from measurement
data of a pump. Equation 2.24 describes a single pump electrical power consumption which is
later used to calculate the energy efficiency of the pump.

Pump Power Consumption Model And Efficiency

As previously discussed, a booster set is operating in the most energy efficient way which can
be achieved by paring speed variable pumps of same size, i.e. identical pumps, where the flow is
equally distributed among them [C. Kallesge 11]. It is assumed the all pumps in the distributed
water network are operating as efficiently as possible at a given pressure reference. As a conse-
quence, this project will not focus on how the booster set are controlled but only focus on the
booster set total power compunction. The power consumption of the booster set can be found
by knowing the pumps energy efficiency. A single pump total efficiency, 1, can be calculated
from equation 2.25 by applying the pump differential pressure, Ap, given in equation 2.20, the
pump electrical power consumption, P., given in equation 2.24 and the flow through the pump, ¢
[Grundfos 06].

Poyarautic  —Ap-10° - ¢ - 360071
= = - 100 2.25
! P. P, (2.25)
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where

Ap is the pump differential pressure given given by equation 2.20 [bar]
P, is the pump electrical power consumption given by equation 2.24 W

n is the pump total efficiency [%)]

q is the water flow through the pump [m? /h]

An example of efficiency plot for a single and multiple pumps (booster set) are shown in figure

2.8 where the flow through the multiple pumps are equally distributed and all pumps are set to
the same rotational speed.

Total efficiency
[ Yt
2 x ® P1tD2
= = P1+P2tP3
" Flow [m®/h] " Flow [m®/h]

Figure 2.8: Diagram showing the efficiency for a single and multiple pumps (booster
set) where the flow through the multiple pumps are equally distributed
and all pumps are set to the same rotational speed.

Lastly, by assuming that 7 is constant, equation 2.21 and equation 2.25 can be combined to the
expression in equation 2.26.

P,=u-10°-¢q- 3600*1% (2.26)
where
P, is the pump model electrical power consumption [W]
U is the pump model differential pressure set point [bar]
n is the pump model total efficiency [%]
q is the water flow through the pump model [m? /h]

The power consumption model in equation 2.26 is not applied directly in the component model,

however, it is later applied for control purposes as the goal is to minimize the energy usage in a
water distribution network.

2.1.4 Component Model

The pump model in equation 2.21, the valve model in equation 2.19 and the pipe model in 2.13
are combined into the following generalized component model.

Jrqr = Apr — Me(qx) — px(qr, ODg) + ax(ur) — Ck (2.27)
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Where
g Ly p
M Ay - 105 - 3600
8Ly p 8p
Ae(ge) = (f’“ﬂ D7 10° 36007 M DT 105 36002 ) |/ 9
o= Azpgp
F 10°

(@) = ——— |l
i(ar) = oDy ] 9
Oék(uk) = U

Equation 2.27 can be used to represents the different component by zeroing the proper terms as
shown in table 2.1. Note, the component model is similar to the one introduced in [DePersis 07,
Tahavori 12, Knudsen 08]

Component ‘ Je A opr o ar (g
kth Pipe Jg X 0 0 (
kth Valve 0 0 pu O O
kth Pump 0 0 0 ar O

Table 2.1: The generalized component model parametrization

Lastly, a list of assumptions taken trough the modelling process are listed below.

Assumption 1. The medium in the network is only water.

This is a fair assumption where this project focuses on a water distribution network. Also, the
pump model in equation 2.20 and valve model in equation 2.15 are only valid for water, and the
underling equations in the pipe model shown in equation 2.11 are only valid for liquid.

Assumption 2. The components are full with water and the water is incompressible.

This assumption is the basis for rewriting the Newton’s second law as done in equation 2.3 where
the water mass in the pipes is assumed constant.

Assumption 3. A pipe in the network has a constant diameter.

This assumption simplifies the model where change in diameter would require a different model
approach than the one presented in section 2.1.1.

Assumption 4. The flow through a pipe is uniformly distributed along its cross section.

This assumption allows for rewriting water velocity, v, in terms of water flow, ¢, and cross sectional
area, A, as shown in equation 2.4, hence v = ¢/A

Assumption 5. The water flow is assumed turbulent.

The equation behind the pipe friction factor in equation 2.11 are only valid for turbulent flow.

Assumption 6. The waters density is p = 1000 kg/m3 and its temperature in assumed 20°C.

This assumption is necessary for the valve model in equation 2.15 to be valid.

Assumption 7. The pumps in the network are centrifugal pumps.

This assumption is the basis for using equation 2.20 which describe the pump type applied in this
project.

Assumption 8. A pump in the network represent a booster set which is operating in its most
energy efficient way. Also, the pumps are controlled by a differential pressure set point, u, where
booster set total efficiency, n, is assumed constant.
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This assumption allows for controlling a pump by a reference differential pressure, u. Also, the
water network control strategy will only focus on how to distribute the pressure actuation among
the pumps since the pumps are already set to operate in their most efficient way at a given
pressure.

Assumption 9. A change in elevation, Az, only occurs in pipes.

This assumption is made since the physical length of the pumps and valves are small. Also, the
differential pressure produced by the component alone is more domination than the effect from
the component change in elevation.

The modelling of the components is hereby completed where this section results in the generalized
component model in equation 2.27.

2.2 Graph Theory

A graph is a mathematical abstraction which is used to represent a system of connected objects.
Graph Theory has many applications in real world problems, e.g. electric circuits or computer
networks, with probably the best known problem being the Konigsberg bridge problem.

Here a graph theoretical approach is taken to model a hydraulic network. By use of graph theory
it is possible to exploit the similarities between electrical circuits and hydraulic networks, with
the analogy being that voltage is the pressure and current is the flow. Thereby it is possible to
use the much familiar tools from circuit theory on a hydraulic network, specifically Kirchhoff’s
voltage law (KVL) and current law (KCL) [Desoer 69].

2.2.1 Incidence Matrix

A graph G consists of a set of connection points called nodes, N = {ny, ng, ...nps }, which are inter-
connected by a set of edges E = {ey, ea,...ex}. In figure 2.9 a graph of the example distribution
network presented in figure 2.1 is shown. The edges represent the individual components of the
hydraulic network and the nodes are the connecting points between the components [Deo 74].

Figure 2.9: The graph G representing the hydraulic network, with 11 edges and 9
nodes.

A reference direction is arbitrarily chosen for each edge, making the graph a directed graph. The
incidence matrix H is as

-1 , if the k" edge is incident into the m‘* node
H,, = 0 , if the k' edge is not incident to the m** node (2.28)
1 , if the k' edge is incident out of the m!”* node
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The incident matrix for the graph presented in figure 2.9 given in equation 2.29, the direction is
chosen such that an edge between two nodes, will be incident into the node with the larger index
number and incident out of the node with the lesser index number.

[t 0 0 0O 0O 1 0 0 0 0 1]

-1 1.0 0 0 0 O O O 0 O

0O -1 1. 0 0 0 1 0 0 0 O

0O 0 -1 1. 0 0 0 0 0 0 0

H">K-10 0o 0 -1 1 0 0 0 1 0 0 (2.29)

0o 0 0 0 -1 -1 0 0 0 0 0

o 0 0 0O 0 0 -1 1 0 0 0

o 0 0 0O 0O 0 0 -1 -1 1 0

o o 0o 0 0 O O 0 0 -1 -1

The k" column in the incident matrix corresponding to the connections of the k" component,
thus each column will have only two non-zero entries, one positive and one negative. The m!"
row in the incident matrix represent the connections into and out of the m** node.

2.2.2 Spanning Tree and Cycle Matrix

Assuming that the graph G is a connected graph, a spanning tree 7 exists. If G is not connected,
each subcomponent of § can be treated as its own separate water distribution network, with
individual spanning trees.

A spanning tree is a connected subgraph of G which contains all the nodes of § and has no cycles.
The number of edges needed to create a spanning tree is always M — 1. Each edge used in the
spanning tree is called a branch, the remaining edges of § which are not a part of the spanning
tree T are called chords, denoted ¢;. In figure 2.10 a spanning tree T of G is drawn, with the gray
lines showing the chords of T [Deo 74].

Figure 2.10: A spanning tree T of the graph § shown in figure 2.9. Unused edges in
the spanning tree are shown in gray and denoted ¢;

By adding a chord between two nodes a cycle is created, as there already exists a path between
the two nodes formed by the branches of T. The cycle created by adding a chord is called a
fundamental cycle. A cycle created using more than one chord is not a fundamental cycle,
because this cycle consists of several fundamental cycle.

The cycles obtained from T are denoted £;, for i = 1,2,..., L with L = K — M + 1, where L is the
number of fundamental cycles in §. A fundamental cycle matrix B contains all the fundamental
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cycles, which is defined as

-1, if the k*" edge is in £; with oppsite direction
By = 0 , if the k™ edge is not included in £; (2.30)
1 , ifthe k' edge is in £; with matching direction

The fundamental cycle matrix has dimensions L x K, where L is the number of fundamental cycles
and K is the number of edges. An example of a fundamental cycle matrix is given in equation
2.31, based on the spanning tree in figure 2.10.

BLXK _

(2.31)

e
O = =
=
—_ O =
OO =
(an)
—_
—_ o O
o = O
|
—

2.2.3 Governing Rules

With the incidence and fundamental cycle matrices in place a compact formulation of Kirchhoff’s
node and loop laws can be made. These define algebraic constraints on the system dynamics.
The loop law (KVL) states that the potential differences across all elements in a closed cycle must
sum to zero, equation 2.32.

BAp =0 (2.32)

Where B is the fundamental cycle matrix and Ap is a vector containing the pressure differences
of all edges in G, (Ap = [Apy, ..., Api]T).

The node law (KCL) states that the sum of flows entering a node must equal the sum of flows
leaving the node, equation 2.33.

Hq =0 (2.33)

Where H is the incidence matrix and q is a vector containing the flows of all edges in G, (q =
[Ch; EE) qk]T)~

From the notion in equation 2.33; the sum of all flows into a node must equal the sum of all flows
out of the node. The flow in all edges in a graph can be found from the flows through the chords.
Each chord form a fundamental cycle loop in the spanning tree of G, thus the flow through the
chord in a fundamental cycle is the superposition of the flows through all edges in that cycle.
Likewise the flows through the edges can be found from the superposition of the flows through
the chords [Desoer 69].

q=B"q, (2.34)

Where qy is a vector of the flows through the chords in 7.
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Chapter 3

System Model

This chapter cover the modeling of a test-system, named "Water Wall".

First the specifications and physical properties of the Water Wall is introduced. Graph Theory
and the component models are used to complete a mathematical model of test system, used for
simulation purposes. Finally a comparison between the simulation model and the Water Wall test
system is used to verify the mathematical model.

3.1 Water Wall Introduction

The Water Wall pictured in figure 3.1 is a test setup which is placed at Aalborg University’s
Control and Automation department.

Figure 3.1: The Water Wall which is used to emulate a water distribution network.
The end-users are emulated by motor driven valves (note the orange
boxes) where two valves are placed at each geographic hight references
which are indicated in the figure. The wall has the AAU-nr.100911
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The Water Wall consists of a connection of pumps, pipes and valves which has several different
configurations, in order to be used for a large variety of experiments.

In this project, the Water Wall is used to emulate a water distribution network with multiple
consumers and water supplies. The Water Wall has a scaling factor of 1:20 compared to a real
distribution network. Also, the wall is designed to operate with a pressure around 0.1 bar and
water flow of 0.3m?/h at the end-user valves. A full diagram of the system is presented in Ap-
pendix A.2, with a component list given in Appendix A.1. Note that some components of the
Water Wall test setup are not used in this project, and only those which are used are shown in
the system diagram and the component list.

The Water Wall is connected as a hardware in-the-loop system. It uses a set of data acquisition
(DAQ) boards to control and measure valves, pumps and pressure throughout the distribution
network.

The DAQ boards are interfacing to Simulink Coder (Real Time Workshop) using a Comedi driver
setup on a Linux PC (AAU nr. 804530). A complete setup guide can be found in Appendix E.
The drivers written for the Water Wall and the Comedi libraries are found on the project CD.

All sensors which are depicted in the system diagram, figure A.2, are available via the DAQ boards.
The sensors measure either differential pressure Ap or relative pressure p. The DAQ boards also
give access to the rotational speed input w of the pumps and the valves opening degree OD. These
inputs and measurement points are listed in 3.1.

Inputs Measurement points

w | Comp. OD | Comp. Ap | Comp. p | Comp. | Node p | Comp. | Node
w1 Cs OD, Cao Apy Ch p1 02,4 n2 De 021,22 n12
w2 Cie OD, Coy Aps Cie P2 016,14 ng D7 023,24 N4
w3 C1g OD3 Car Aps C1s p3 C&18 Ny D8 028,29 ni7
wy | Cos OD, | Cs Apy | Cas pa | Crozs ng po | C3031 | Mig
ws | Cso ODs | O3y Aps | Csz2 ps | Ciz232 ng p1o | Css36 | Moo

ODg Csg P11 | Carss | nos

Table 3.1: The Water Wall inputs and sensor outputs which are available via the sys-
tem DAQ (Data Acquisition) boards. Note, comp. stand for component
and when the notation C , means between component x and y

In Simulink, the pumps are actuated by a scaled rational speed signal, w = [0,1], where w = 1
is the maximum rotational speed. The valves are also actuated by a scaled signal, OD = [0, 1],
where OD =1 result in a fully open valve. The pressure measurements are all measured in [bar]
and note that the pumps are equipped with both a differential pressure sensor and a relative
pressure sensor on the suction site.

The Water Wall distribution network consists of three pressure management areas (PMAs). Each
PMA has two end-user water outlets, which is shown in the complete system diagram in Appendix
A.2. Note in the complete system diagram the ground symbol is used for water intake and outlet
points to indicate a node at atmospheric pressure.

The PMAs are placed at different ground elevation levels, 0m, 0.5m and 1 m, and each PMA has
a single CP (critical point) placed at an end-user in each PMA. A sensor measures the pressure at
the CP relative to the atmospheric pressure. The placement of the CP is based on the end-user
demand and the pressure loss in the distribution network.

Each PMA has two end-users and two pressure sensors, the CP in each PMA is chosen to be
pressure sensor which is pleased directly at the end-user. The CPs are listed in table 3.2
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CPs ‘ measurement point ‘ Component ‘ node

CP, D7 Ca3,24 n14
CP, Do C30,31 n1g
CP3 P11 Cs7,38 No4

Table 3.2: The defined CPs (Critical Points) one the Water Wall where the notation
Cz,y means between component x and y.

In figure 3.2 shows a sketch of the test system distribution network.

PMA-2
CP,

Elevation: 0.5m

PMA-1 PMA interconnections
CP,

Elevation: Om

PMA-3
CP,

Elevation: 1m

Main Distribution Lines

Figure 3.2: Figure of the Water Wall distribution network, with three interconnected
pressure management areas each with different elevation and critical
point.

The PMAs are connected to the main distribution line with a pump, and all the PMAs are
interconnected with a smaller diameter piping than the main distribution line.
Two pumps supply water from a reservoir to the main distribution line at two separate locations.

3.2 Water Wall Model

The Water Wall test system is modeled for simulation and control purposes. The model is based
on the component model derived in section 2.1 and uses graph theory to express the algebraic
constraints presented in section 2.2.

The Water Wall distribution network is represented by a graph G, the graph is shown in Ap-
pendix A.3. Each edge in G represents a component of the distribution network. The edge either
represents a pump, pipe or valve, and the component model in equation 3.1 is applied to each
individual edge of §.

Apr = Jrqr + Me(qr) + pr(ar, ODy) — ax(ug) + G (3.1)
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Where the subscript m is used to denote for which edge in G the component belongs to. Recall
from section 2.1, that only one of the functions, A, p or a can be non-zero for any given edge in G,
with A and J being non-zero if the edge represents a pipe, p being non-zero if the edge represents
a valve and «a being non-zero if the edge represents a pump. ( is the pressure loss contribution
from the elevation difference across an edge, which is zero for all edges that have no change in
elevation.

A more compact model can be obtained by using vector notation

Ap =Jq+ A(q) + u(q,0D) — a(u) +¢ (3.2)

where Ap = (Apy, ..., Ap,, )T and each component vector, A(q) = (A1(q1), .., Am(gm)) T, u(q, OD)
(1(q1,OD1), ooy i (G, OD))T and a(q) = (a1 (u1), ..., m(um))T, where the mt" vector ele-
ment equals zero if the m'" edge is of another component type than the vector. J is an m x m
matrix with J = diag{Ji, ..., J,} where all other entires are zero. ¢ is a positive value for all
edges which has an increase in elevation in the direction of the edge, a negative value if the edge
has a decrease in elevation. If there is no change in elevation across the edge the corresponding
entry in ¢ is zero.

In section 2.2 the algebraic constraints were presented, which are restated here for the convenience
of the reader in equation 3.3 and 3.4.

BAp =0 (3.3)
Bq,=q

Note that it is always possible to construct the cycle matrix B such that B = [I F], with I being
an identity matrix of size £ (with ¢ being the number of chords) and F being a suitable matrix of
size £ x (n — ), by choosing the numbering of the edges correctly.

With the correct B matrix constructed for the Water Wall model it is possible to rewrite equation
3.2 to obtain equation 3.5, by use of the algebraic constraint in equation 3.3.

0=BAp =BJgq+ BX\(q) + Bu(q,0D) — Ba(u) + B¢ (3.5)

Using the algebraic relation in equation 3.4 equation 3.6 can be obtained.

0=BJB"q + BA(B"q¢) + Bu(B”q/, OD) — Ba(u) + B¢ (3.6)

Which is then rewritten to
BIJBTq, = -BA(B”q,) - Bu(BTq,, OD) + Ba(u) — B¢ (3.7)
To isolate the independent flow variables ¢, which is the flows through the chords, the matrix

J = BIJBT must be invertible.

4 =3 (-BA(B"q¢) ~ Bu(B"q;, OD) + Ba(u) — B() (3.8)
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By showing that J is a positive definite matrix, a sufficient condition for g being invertible has
been met [Horn 85].
First note thatd can be written on the form

J=BIBT =[I F] {Jof Jﬂ { FIT ] (3.9)

Where J, = diag{Ji, ..., J¢} is the inertia of the chords of § and Jp = diag{Jy11, ..., J;m} is the
inertia matrix of the remaining components. As both J, and Jp are diagonal matrices J is a
symmetric matrix.

To make sure that all elements of J, are strictly positive the spanning tree T must allow all chords
to be picked as pipe components. For the Water Wall a Spanning Tree is presented in Appendix
A.4 where all chords have been picked as pipes, thus J; > 0. The remaining part, FJrF7, is
nonnegative in all of its matrix elements, F JzFT > 0. Which gives that

xTgx >0, for all x # 0 (3.10)

Thus J is invertible if there exists a spanning tree where it is possible to pick all chords as pipe
elements.

The chosen chords also defines the independent variables, which for the Water Wall model is

qe = [ch, qc13; 4c21, qc235 4c265 qc285 4c305 qe33y 4e35, (Ic37]T (3.11)

3.2.1 Model Relations

With a system model established it is possible to set up a set of relations from the independent
variable, qy.

First of all the flows through every component in the distribution network can be calculated from
the cycle matrix and the independent flows.

q=B"q, (3.12)

The pressure difference across each component is calculated from the model equation

Ap =J4+ A(q) + p(q,0D) — a(u) + ¢ (3.13)

The flow rate of change for the chords, ¢y, is found in equation 3.8, inserting this into equation
3.13 and using the relation in equation 3.12 the following expression can be obtained.

Ap =JBT(BIBY) "' (-BA(B”q,) — Bu(B” qp, OD) + Ba(u) — B¢) (3.14)
+A(B"q) + (B qr, OD) — a(u) + ¢

Which can be rewritten in a shorter form

Ap = (I— JBT(BIBT)'B)(A(B"qy) + u(B”qs, OD) — a(u) + C) (3.15)
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The difference pressure can also be found using the incidence matrix and the pressure at each
node.

With the rank of the incidence matrix for a connected graph always being n — 1, it is possible to
remove one row, i.e. a node, from H without losing rank [Deo 74]. The reduced incidence matrix
is denoted H,..

It is then possible to define a node, Hy, as the reference node with reference pressure pg, and
remove this from H to obtain H,. The pressure of the remaining nodes can then be calculated
relative to the reference node, which should be chosen as a node with a known absolute pressure.
Inserting the reduced incidence matrix and the reference pressure into equation 3.16, equation
3.17 is obtained.

Ap = H]'p, + H{ po (3.17)

By isolating p,- the pressure at each node is calculated as

(H)TAp = (H))™Hp, + (H])'Hjpo (3.18)
p. = (H)'Ap + (H;)™Hf pg (3.19)

Where (HZ) is the pseudo inverse of HY, such that I = (HZ)THZ.

In the Water Wall model the reduced incidence matrix, H,., is formed by removing the first row
of H, corresponding to the first node of §. This is convenient as this node is known to have
ambient pressure (= 1bar) at all times. Otherwise it would be suitable to choose a node which
has a pressure transducer installed to give an absolute pressure reading.

3.3 Model Implementation

The model as described in section 3.2 is implemented in Simulink as an S-function block where
the combination of equation 3.16 and equation 3.19 are applied to calculate the relative pressures
in the system. A simple diagram of the implementation is shown in figure 3.3.

S-function |

i—f(q,0D,u A L
FALODY L ol Apnta. 0Dl pogap) L

-

Figure 3.3: Simple implementation demonstration of the model equation described
in section 3.2 and how equation 3.16 and equation 3.19 are applied to
calculate the relative pressures in the system .

-
OD —4—>
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The model is implemented as a discrete time model which is solved by applying Forward-Euler as
shown in equation 3.20 .

Gn =Gn-1+Ts f(tn_1,qn-1) (3.20)
q=f(tq) (3.21)

In order for the model to work some restrictions have been imposed on the valve components
opening degrees. When closing a valve, the resistance value p in equation 2.19 grows very rapidly
towards infinity, thus rendering the solution infeasible due to numerical error. By recalling equa-
tion 2.19 in equation 3.22, one can see that small values of k,(OD) result in a big p and if
k,(OD) = 0, the equation becomes invalid.

1

px(q) = (0D lal (3.22)

Consequently, the opening degree has been restricted to the interval 35% to 100% (OD =
[0.35,1]). This restriction is not unrealistic, as an aggregated end-user, the consumption is never
Z€ro.

In the Water Wall test system, the pumps experience hysteresis at low speeds and since the pump
model in section 2.1.3 does not take that into account, a restriction of the minimum pump rotation
speed is imposed at w = 0.16. The value of 0.16 is given by the pump data material [Grundfos 10].
Similarly, the maximum speed of the pumps are reached at a w = 0.9, thus the operational interval
for the pump speed is restricted to w = [0.16,0.9].

Along with the pumps speed restriction and the defined range of the valves opening degree, one
has to take into account how fast these actuators can react. The valves located on the water wall
test system are equipped with an rotary actuator which take 9 seconds to fully open the valves
from their closed position [Belmio 10]. While the pumps take around 1 second to reach their top
speed from a stop position according to Grundfos. These slew rates are therefore implemented
in the simulation to ensure that the pumps and valves models behave in the same way as the
physical components in water wall test system.

Finally, as a result of the graph theoretical modelling approach, the water distribution network
has been modelled as a closed loop as opposite to a tree structure. Meaning that all physical
nodes open to atmospheric pressure share the same node in the underlying network graph. This
results in the possibility for water, in the simulation model, to flow into the distribution network
from the water outlet and to deposit water into the reservoir.

3.3.1 Valve Conductivity Function k,(OD)

Before it is possible to implement the model, the valve conductivity function k,(OD) needs to be
defined. The valves found on the Water Wall are all identical and they are listed in table A.4 in
appendix A.1. They share the same valve characteristic curve which is shown in figure 3.4.

Note that the valve is closed when the valve actuator is positioned between 8pp = 0° and 0pp =
15°. The valve characteristic curve in figure 3.4 is given by the below definition of k,(OD).

0 if Oopbog <0
0op — 0, 6op — 0, 1
kvs op i Ngl elingl if op il S —_
kv(OD) — emax - Hoff Hmax - eoff Mgl , 90D =0D - emax
. 0op — bost ) ) .
Ky € " Ornax — Ooft if 290D Toff o °
amax - goﬁ Mgl
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Figure 3.4: Belimo R2015-1-S1 valve characteristic plot [Belimo 11, Belimo 14].
Acronyms: OD = opening degree, 0op = opening degree angle of rota-

tion.
where
fop is the opening degree angle of rotation [°]
ot angle of rotation at which the valve opens [°]
Omax  is the angle of rotation when the valve is fully open [°]
Ngl is the valve characteristic curve factor

OD is the valve opening degree (OD = [0, 1])

The k,(OD) calculation for this particular valve is defined in [Keller 11] where the characteristic
is designed to be linear in the lower opening range when

fop — b, 1
0<M§7

gmax - ooff Ngl

which improves the control characteristic in the lower partial load range [Belimo 14]. After the
linear part, when

bop — bost > 1

3.23
Omax — Oof Ngl ( )

the valve characteristic is similar to the non-linear equal percentage characteristic presented in
figure 2.4 in section 2.1.2.

3.3.2 Pump Speed Controller Design

As mentioned in the beginning of section 3.3, the pumps located on the Water Wall test system
are actuated by a relative speed signal w in [0.16,0.9]. However, the input in the model is the
differential pressure u across the pump. Consequently, a speed controller is designed for the
pumps. After the controller is designed, it is implemented into the Simulink environment which
communicates with the Water Wall via the DAQ boards.

The speed controller implementation for one pump is illustrate in figure 3.5 where the control
signal u is the pump differential pressure set point.
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Simulink interface to DAQ

U ——>pump speed Pump o
W controller Pump Ap

Figure 3.5: Tllustration of the pump speed controller implementation in Simulink
which communicates with the Water Wall test system via DAQ (Data
Acquisition) boards.

The controller shown in figure 3.5 is a PI-controller with an implemented saturation block which
limits the pumps speed signal between wpi, = 0.16 and wmax = 0.9. Additionally, a back-
calculation anti windup scheme is implemented as well to prevent the error, v — Pump Ap, being
integrated when the controller output, w, is saturated [Franklin 10].

#'Kp,w

Proportional Gain

KT Pump o
s
P = /D
Integral Gain Sum Saturate
Integrator
Pump Ap
K, o<

a,0)

Figure 3.6: The pump speed controller.

The resulting performance of the controller is shown in figure 3.7, where one can see the set point
signal v and how the pumps differential pressures follow w.

Pump differential pressure and u

0‘08 | | | | | | |
0 10 20 30 40 50 60 70

time [s]

Figure 3.7: The pumps input signal which is applied in the parameter estimation.

The delay that one can observe in figure 3.7 is primary caused by the pump reaction time[Kallesge 15].

The speed signal w for each pump is shown in figure 3.8.
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Pump speed control
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Figure 3.8: The pump speed controller outputs

The speed signals are also analysed to ensure that they stay in the interval [0.16,0.9]. The pumps
C5 and Cig require the largest w as they, individually, deliver the largest flow of all five pumps.
This is due to the fact that the combined flow through C5 and C44 is equal to the combined flow
through Clg, C25 and 032.

From figure 3.7, one can observe that the pumps differential pressure is not completely stable.
In fact, the pumps differential pressure measurement have the same variation when the w is
completely stable. This variation is assumed to be caused by sensor noise.

Because of the variation in the pump differential pressure measurements and the delay observed
in figure 3.7, the tuning process of the controller is a compromise between a fast rise time and
disturbance rejection. The tuning process is described in the following points which is a similar
to the Ziegeler-Nichols tuning method [Franklin 10].

o First, the proportional gain K, is tuned until the oscillation in the measured Ap starts to
increase. The additional oscillation is due to the delay observed in figure 3.7 which is not
taken into account in the controller design.

o Then, the integration gain Kj;, which ensures no steady state error is tuned in the same
way as the proportional gain K, .

o Lastly, The back-calculation coefficient K, ,, is set as K, ., = K;,, since it is recommended
to choose it K, < K; ,,[KJ Astrom 94]. The controller is also tested when w is saturated
where the error, u — Pump Ap, becomes zero almost instantly. Hence, no further tuning of
K, ., is necessary.

The values of K, and K, result in a acceptable rise time and are therefore kept. The pump
speed controller parameters are shown in table 3.3.

Components ‘ K, ‘ K; . ‘ K, ‘ Wmax ‘ Wmin

)

s, Cre, Crs, Cas, Gz | 05 | 05 | 05 | 016 | 0.9

Table 3.3: The pump components which utilize the speed controller shown in figure
3.6 and the controller parameters.

Through the tuning process of the controller, all of the opening degree is kept the same, namely
OD =0.7.
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3.4 Model Parameters

To complete the model presented in section 3.2, all parameters pertaining to the system com-
ponents have to be stated. Generally, model parameters can be found in data sheets or via
measurements. However, if a parameter is unknown or its given value carries a great uncertainty,
parameter estimation becomes necessary. This section starts by covering the known parameters
and how they are found, followed by an estimation method used to find the remaining parameters.

3.4.1 Known Parameters

The parameters which are considered known for each component are listed below.

e A list of the pumps located on the water wall depicted in figure 3.1 is found in appendix
A.1. Table A.5 lists all the pumps along with their constants ano, an1, an2, apo, ap1, ap2,
By and Py provided by Grundfos.

e The valves which are located on the water wall are listed in table A.4 in appendix A.1 along
with their conductivity values ks, their valve characteristic curve factor ny and the angle
of rotation values which define when the valve starts to open and when it is fully open, f,g
and Opax. These values are found in the valves data sheet [Belimo 11, Belimo 14].

o All pipes in the system have five parameters. The parameters are the pipe diameter D,
their length L, the average roughness hight of the pipe inner walls €, the total form-loss
coefficient, ky, of the pipe fittings and lastly, the head loss from change in elevation along
the pipe, Az.

Only the length of the pipes, their diameter and head losses due to change in elevation are
considered known, they are given by the water wall system diagram in figure A.2 and they
are also listed in table A.1 found in appendix A.1.

3.4.2 Unknown Parameters

The parameters left unknown are the pipe interior average roughness hight ¢, the total form-loss
coeflicient, k¢, of the pipe fittings and lastly, Az for both C4 and C14 are estimated because of an
assumption made in the modelling process. This assumption is demonstrated when Az for both
Cy4 and C1y is explained.

Estimation of ¢ and k;

Even though one can find € via the pipe data sheet, it is only valid for a new pipe as over time
and depending on the material, pipes can rust. Also, the inside walls will collect particles from
the water e.g. calcium. The form-loss coefficient, k¢, is also hard to determine since the exact
number and the size of the fittings in a real water distribution system is not always known. It
is though not necessary, or possible, to estimate both of the constants since they enter the pipe
model in the same place. Recall the A term from the pipe model in equation 2.27 and note that
the pipe friction factor f is assumed constant where it depends on € and D.

Alg) = k
9 <f7r2 D5 10536002 ¥ 72 D7 - 107 36002) lalq
L 8p
M=o 3.24
(Q) <fD ' f) =2 DT 105 - 3600° 11/ (3.24)

It is clear from the above equation, that tuning only either f or k¢ will have the same result for
A(g). Consequently, only k¢ needs to be estimated.
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Note, by only estimating k; one may not obtain the true £y value since f is unknown. The relation
between the estimated £y, assuming correct estimation, and equation 3.24 is shown below.

L L
finitB + kf,est = ftrueB + kf,true (325)

L L
k est = Jtrue k rue — Jinit 35
Frest = [ D + Kyt Jinit D

where
Sinit is the friction factor which is calculated from the initial guess of €.
Sirue is the friction factor which is calculated from the true and unknown e.

kf est is the estimated ky
kftrue is the true and unknown ky

Estimation of Az for C4 and Cy4

The following demonstrations are only shown for C; where the same setup and assumption apply
for C1g. In the system diagram, figure A.2, found in appendix A.2; it is assumed that the inlet
of both Cy and C1¢4 are connected directly to the water supply at atmospheric pressure. This
assumption is demonstrated in figure 3.9 where one can see where the pump, Cs, is connected to
the ground symbol which represents atmospheric pressure.

Figure 3.9: Assumed setup of Cy and Cys which shows how they are implemented in
the system model.

In reality, the pumps are connected to the water supply through a pipe where the water surface
level is not in the same line of hight as the pump. The real setup is demonstrated in figure 3.10.

Water Supply

Figure 3.10: How C is connected to the water supply on the real test system.

To compensate for the additional pipe, C,, and the change in elevation, Az,, the properties of C,
and the Az, are combined into the Cj pipe, resulting in figure 3.11. Note that Az, is assumed
constant since the Water Wall test system is in a closed loop.

First, the length of C, is added to the length of C4 assuming the C, diameter is the same as
C4 and since it is possible to measure the length of C, on the real test system, it is considered
un-necessary to estimate it. Even though it is also possible to measure Az,, any measurement
error will effect the pressure in the whole system. Hence, it is considered necessary to estimate
Az in C4 which corresponds to Az,. Lastly, the arguments behind the necessity of estimation Az
in Cy, also applies for Az in Cy4.
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C 9 T T
Water Supply ? CX

Az

UUU

Ig

Figure 3.11: How C, and Az, which are not taken into account in the modelling
processes, are compensated for by implementing their properties into
the pipe Cjy.

The following notes are made while comparing figure 3.10 and figure 3.11.

¢ One can consider that figure 3.10 represent a part of the real test system and figure 3.11
shows how that part is implemented in the model.

e The pressure in ng is the same in both figure which means that pressure in the remaining
model is not effected by the C, and Az, compensation.

o However, the pressure in ng is not the same in both figures, meaning that the measurement
from the sensor placed at ns can not be used to compare the real test system and the model.

3.4.3 Parameter Estimation

Generally, parameter estimation is performed by applying input data on a model with the unknown
parameters. The input data also has matching output data that is generated by the system which
should reflect the system dynamic properties of the model. Once the input data is applied to
the model, the model output and the system output are compared. It is at this stage where
the parameters are tuned and the goal is to match the outputs as close as possible. The model
simulation is executed multiple times where at each iteration the parameters are tuned until the
best possible fit is achieved. The last step is to verify the resulting parameters by applying new
input data to the model. Then the new output from the model and the system should still match.
[Ljung 87, Petursson 15].

Parameter Initial Guess

When applying any kind of parameter estimation method, a good initial guess of the parameters
can help speed up the process.

The initial values for the average roughness hight, ¢, of the pipe interior is found in the pipe data
sheets [Wavin 15] and [Wavin 12]. Their values are listed in table A.1 located in appendix A.1.

By studying the fittings on each pipe located on the water wall introduced in section 3.1, it is
possible to make a initial guess of the form-loss coefficients, kf. A list of different fittings found
on the water wall along with their individual k¢ values is given in table A.2. The values are found
in [Polypipe 08] and [Fischer 11]. Table A.1 lists the different fittings found on each pipe on the
water wall.

Lastly, Az for the pipes Cy and C14, which are connected to the pumps C; and Cig, are initially
set from physical measurements. The hight measurements are taken between the pumps inlet and
the water supply surface level as illustrated in figure 3.10.
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The Estimation Data

In a parameter estimation and model verification process, it is important to design an input signal
that excites all the dynamics which one is interested to model. Generally, the signal should contain
changes both in frequency and in amplitude in all inputs. This type of signal can be generated by
using low pass filtered white noise or a PRBS (Pseudo Random Binary Sequence) with varying
amplitude [Ljung 87].

However, in this particular case, the unknown parameters only enters on the right hands side of
model which is show in equation 3.26, meaning that they can be determined from steady-state
conditions.

BIB" g, = -BA(B”q,) - Bu(B”q,OD) + Ba(u) — B¢ (3.26)

As it is possible to focus only on the steady-state conditions, the frequency of the input signal is
not of concern and it is only necessary to focus on the signal amplitude. Hence, the estimation
input signal has the following properties:

o All input signals vary in amplitude.

« All input signals hold a steady amplitude for minimum 25 seconds to ensure that the system
reaches steady state between signal steps. The 25 second period is found to be an appro-
priate amount of time to ensure that the system output signal is dominated by steady state
measurements.

o The input signal may not result in a system relative pressure over 0.16 bar since the pressure
sensors in the system have a operation range of p in [0, 0.16] bar.

e The input signal may not result in saturation in the pump speeds w. This is important as if
the pumps are saturated, the set point signal, u, is no longer equal to the actual differential
pressure across the pump.

The estimation signal for the valves is shown in figure 3.12.

T T T T T
e Cn| ]
1 Cos| |
. | | Cas
I N ] \7 Cr| |
Cay
L Cis |
| | | | |
0 50 100 150 200 250

time [s]

Figure 3.12: The valve input signal which is used in the parameter estimation.

And the estimation signals for the pumps is shown in figure 3.13. The input signals shown figure
3.13 and 3.12 have the same amplitude in the beginning and in the end. Consequently, one expects
that the outputs have the same steady state values in their beginning and end.
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Figure 3.13: The pumps input signal which is used in the parameter estimation.

The outputs which are used in the parameter estimation are only the relative pressure measure-
ments since the differential pressure measurements are equal to the input signal u in steady state.
Also, the pressure measurements p; and po belonging to Cy and Cig are neglected as discussed in
section 3.4.2. The measurements applied in the parameter estimation are listed in table 3.4.

Estimation outputs

p | Comp. | Node p | Comp. | Node
p3 | Css n4 pr | Cozoq | Mug
pa | Cioos ng pg | Cagoo | mar
s | Cia,32 ng po | Cso31 | Mg
ps | Cor22 | M2 pio | Css,36 | Moo
pi1 | Csr3s | noa

Table 3.4: The pressure measurement points used as parameter estimation outputs.
Note, comp. stand for component and when the notation C,, means
between component x and y

The resulting pressure measurement taken on the test system are shown in the following plots.

Pump relative pressure

T T T T T

0.06 - -
Cy18
o 0.04 |z Croos | T
g 0.02 Craza| |
IS8

0 - -
002 - -

1 1 1 1 1

0 50 100 150 200 250

time [s]

Figure 3.14: Pump inlet pressure measurements witch are part of the estimation
data.

Figure 3.14 and 3.15 show how the pressure in the system varies while the pumps and the valves
are actuated by the signals shown in figure 3.12 and 3.13. As expected, the pressure measurements
have the same steady state values in their beginning and end. After the parameters are estimated
in the upcoming section, the signals shown in figure 3.14, 3.15, 3.12 and 3.13 are used to evaluate
how correct those parameters are. However, these exact signals are not directly applied in the
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End-user relative pressure
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Figure 3.15: End-user pressure measurements witch are part of the estimation data.

estimation process. Instead of using the whole sequence, which is just over 200s long, chosen
parts of the signals are used instead. The above signals can be divided into seven different parts
where the measurements are in steady state. Each signal part includes a specific time frame of
the signals shown in figure 3.14, 3.15, 3.12 and 3.13. The start and stop time of the parts are
shown in table 3.5.

Signal parts ‘ Part 1 ‘ Part 2 ‘ Part 3 ‘ Part 4 ‘ Part 5 ‘ Part 6 ‘ Part 7
Start time | 4.5s | 30.6s | 55.8s5 | 79.1s | 106.4s | 128.9s | 157s

Stop time 125 38.1s | 63.3s | 86.6s | 113.9s | 136.4s | 163.5s

Table 3.5: The time frame of the signal parts which are applied in the parameter
estimation process.

The signals parts are treated as seven difference estimation signals and since their combined signal
length has been reduce by a factor of four from the original estimation data, the estimation process
time is also reduced. The parts are choose where the pressure measurement are in steady state
and since the model can not be fitted to the sensor noise witch can be observed in 3.14 and 3.15,
the mean value of the steady state measurements are used instead of the measurement itself. By
applying the mean of the measurement and not the true measurement, will also reduce the amount
of time it takes to estimate the parameters.

The signal parts which are taken from pump and valve inputs signals are shown in figure 3.16
and figure 3.17. Note, the signal parts are plotted together even though they are treated as seven
different signals.

Input signal - Pumps

02 T T T T T T
L Co | |
- 0.15 Cue
S C
=, - 18| |
~ 0.1 s
< Csy
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O 1 1 1 1 1 1
0 10 20 30 40 50 60

timel[s]

Figure 3.16: The valve input signal which is used in the parameter estimation.
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Input signal - Valves

T T T T T T
Ir Cy
- 024
8 0.8 O
031
0.6 s
0.4 Cls

1 1 1 1 1 1

0 10 20 30 40 50 60

time[s]

Figure 3.17: The pumps input signal which is used in the parameter estimation.

And lastly, the signal parts where one can se the mean value og the pressure measurements are
depicted in figure 3.18 and 3.19.

Pump relative pressure - Mean
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Figure 3.18: The valve input signal which is used in the parameter estimation.
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Figure 3.19: The pumps input signal which is used in the parameter estimation.

The estimation data er hereby designed. The data which is applied while computing the param-
eters are shown in figure 3.16, 3.17, 3.18 and 3.19. The estimation data which is used to evaluate
the parameters correctness are shown in figure 3.14, 3.15, 3.12 and 3.13.

The Estimation Method

The parameters are estimated by applying the Trustregion Reflective Newton which is a part
of the MATLAB Nonlinear Gray Box Model Estimation toolbox. First, the model is defined as a
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idnlgey which stands for a Nonlinear ODE (grey-box model) with unknown parameters and the
function pem (Prediction error estimate) is used to execute the estimation.

The toolbox configuration setup is kept as default where Trustregion Reflective Newton is
automatically set as the estimation method and since it gives acceptable results, no further tuning
is performed. Also, any deeper understanding of the estimation algorithm is considered out of
this project scope.

Note that weighing of the outputs is considered non-necessary since all measurements have the
same unit and are considered equally important to obtain correct parameters.
The Estimation Results - The First Attempt

The resulting parameters obtained from the parameter estimation are listed table 3.6.

Parameters | Cy(ky) | Cs(ky) | Co(ks) | Crolky) | Cii(ky) | Cia(ky) | Ciz(ky) | Cralky)
Init. value 4.42 3.92 0.51 3.11 1.81 3.63 0.51 1.81
Est. value 579 186 435 438 563 202 283 889
Parameters Clg(k'f) Cgl(k?f) ng(kf) ng(kf) ng(kf) ng(kf) ng(kf) Cgo(kf)
Init. Value 3.57 1.46 7.68 2.55 2.77 0.81 2.26 2.10
Est. Value 259 67 108 42 10 92 104 155
Parameters C33(k7f) Cg5(k’f) Cg@(k’f) Cg7(k‘f) C39(k‘f) C42(/€f) C4(AZ) 014(AZ)
Init. Value 2.27 3.07 2.26 3.27 2.27 2.77 -0.11 0.4
Est. Value 447 44 0 33 345 0 -0.1524 0.5937

Table 3.6: The parameter estimation resulting parameters along with their initial
values. The initial parameters are the same as introduced in table A.1 in
appendix A.1.

The resulting parameters seem to be unrealistically high and much higher than the original pa-
rameters. To get a better understanding of what values of Ky are to expect, A(¢g) is computed
for different values of Ky in figure 3.20. The equation for A(g) is given in equation 2.12 where it
results in the pipe pressure drop under steady state.

pipe differential pressure

60 T T T T T T T T T
K;=05["
= 40 Kp=1 |4
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IS _ Kf =100
< 20k / i
0 I /r"/ t T T 1
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flow [m? /h]

Figure 3.20: The pressure drop over a pipe for different Ky values. The pipe has
the following parameters: L = 10m, D =0.01m, e =T7e — 6

From figure 3.20, it is obvious that K; values around and over 100 are not correct and even
values that are over 10 seems unrealistic for the system. However, to figure out what is causing
the parameter estimation process to result in such unrealistic Ky values, the next step in the
estimation process is taken.
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The next step in the parameter estimation process is to compare the model output with the test
setup measurements. The comparison is done using the MATLAB function compare, which plots a
visual comparison of the signals along with computing a fitting percentage, fit, that indicates how
close the model output is to the test system measurements. The fit value represents an NRMSE
(The normalized root-mean-square error) which MATLAB defines as equation 3.27. Equation
3.27 shows how to compute a fit from two signal vectors, one which is the model output y and
the second one is the validation output data y.

£it = 100 (1 - ly = 51 ) =100 1- (3.27)
ly = y1 - mean(y)]|
where
y is a single validation output data vector.
y is the model output vector.
¥i is a vector of ones which has the same length as y.
Yi is a single element in the validation output data vector.
in is a single element in the model output data vector.
a is the number of samples in both the model and the validation output data vector.

fit is a NRMSE fitting percentage.

From equation 3.27, one can see that it results in a 100% fit only when y —y = 0 and if
(y—9¥) > (y —mean(y)), the £it becomes negative. However, what is more interesting, is the fact
that a £it percentage close to zero is not necessary a bad fit since it only means that mean(y) = y.
A demonstration of a £it which is close to zero is illustrated in figure 3.21.

A

oY
@ mean(y)
>
o \ y
|
(o]
>

time

Figure 3.21: Demonstration of a model output signal, y, that is close to the mean
of the validation data output signal, mean(y).

The oscillation in y is meant to demonstrate sensor noise or e.g. dynamic behaviour which has
not been considered in the model. Depending on the necessity of the model correctness and the
purpose of the model, one can conclude that the model which generated y can indeed be used to
represent the system behind the validation data y, event though their fit is close to zero. Hence,
it is not possible to state if the model is correct by the fit value alone. The focus is more on how
much the fit improves after the parameter estimation. The final verification of the parameter
estimation is performed by a visual analysis of the output signals together.

The fitting percentage for each of the model outputs, before and after estimation, is listed in table
3.7.
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Measurement | Cgs1s | Cioz2s | Ci232 | C21,02 | Ca3,04

point D3 Da Ds De p7
fit - Before | -252% | -275% | -159% | -534% | -362%
fit - After -2% 50% 10% 36% 3%
Measurement C28,29 C30,31 Css36 | Cs7,38

point Ds D9 P10 P11

fit - Before -471% | -545% | -662% | -682%
fit - After 30% 10% 18% -1%

Table 3.7: The fitting percentage, fit, before and after the parameter estimation.
Note, the notation C.,, means between component z and y

From table 3.7 one can see how the fit improves by using the estimated parameters even though
their values are unusually high.

The following figures plot the test system measurements along with the model outputs which are
defined in table 3.4. The model outputs are computed by using the estimated parameters. Figure
3.22 shows the pressures at the pumps inlet.

Pump relative pressure

T
Cgvlg Sim

Clo25 Sim
Cia,30 Sim

Figure 3.22: Estimation data results showing the actual and simulated relative pres-
sure at the pumps inlet.

Figure 3.23, 3.24, and 3.25 show the pressures at or close to the end-user valves.

End-user relative pressure
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Figure 3.23: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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-0.02 & 1 1 1 1 1 .

End-user relative pressure
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Figure 3.24: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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Figure 3.25: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.

From figure 3.22, 3.23, 3.24, and 3.25, one can observe that the model outputs and the real test
system measurements have a close fit, despite the high K values. The following conclusions can
be made from plots presented above and the estimated Ky values.

The parameter estimation process seems to work since the model outputs and the real test
system measurements have a close fit.

The high values of the estimated parameters indicate that their is a modelling error and/or
the measurements from the test system are not accurate.

If the measurements are not correct, the estimation process tries to force the model to give
the same outputs by over tuning the K values.

Since the purpose of the parameter estimation process is to correct the pipe components,
one should focus on the valve model and evaluate how it can effect the above results. Even
though the valve model is considered known as all its parameters are given by its producer,
a small model error can have a relatively big effect. This error could origin from the fact
that the valve OD is mapped to a K, value through an exponential function as shown in
figure 3.4 in section 3.3.1. Consequently, if the model is not correct, small displacement of
the exponential curve can have a relatively big effect on the pressure drop over the valve.

Because of the last consideration, a second parameter estimation attempt is computed where all
the valves are fully open, OD=100%. This means that the function, K,(OD), which includes the
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exponential term is no longer part of the valve model. The valve model is recalled in equation
3.28 where it can be rewritten since the OD = 1.

1

Ap = ——=5v5 lalg
o

-1 | (3.28)
ko(OD)2 = g2, :

D=1

From equation 3.28, one can see that a fully open valve only has one parameter, namely K,
which is considered as a known parameter in the second estimation attempt.

The Estimation Results - The Second Attempt

As described in the fist parameter estimation attempt, second attempt is computed where all
valves are fully open. As the fully open valves result in flow increase in the system and a pressure
drop at the end-user valves, it became necessary to increase the differential pressure over the
pumps. The new input signals for the pumps is shown in 3.26.

03 T T T T T
i C | |
T0.25 o
S 02t Gis |
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4 C
0.15 | 2] 4
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timels]

Figure 3.26: The pumps input signal which is used in the parameter estimation.

The second parameter estimation attempt is computed in the same way as the first attempt where
it estimation data is divided into seven parts. The only real difference is the input signals applied
to the valves and the pumps.

The resulting parameters obtained from the second attempt of the parameter estimation are listed
table 3.8.

Parameters C4(]€f) Og(kf) Cg(kf) Clo(kf) C’u(kf) Clg(k‘f) C13(l€f) 014(l€f)
Init. value 4.42 3.92 0.51 3.11 1.81 3.63 0.51 1.81
Est. value 6.6318 0.8662 0.5167 3.1507 9.3948 | 11.2659 2.2854 1.8353
Parameters Clg(kf) Cgl(kf) ng(kf) ng(kf) Cg@(kif) ng(k‘f) ng(kf) Cgo(k‘f)
Init. Value 3.57 1.46 7.68 2.55 2.77 0.81 2.26 2.10
Est. Value 0.1528 1.4000 | 15.8396 | 5.9887 2.7552 0.7640 37.6350 41.7320
Parameters Cg3(l€f) Cg5(kf) Cgﬁ(kf) 037(]{]”) C39(kf) C42(]€f) C4(AZ) 014(AZ)
Init. Value 2.27 3.07 2.26 3.27 2.27 2.77 -0.11 0.4
Est. Value 8.7924 2.9197 | 25.1453 | 28.4461 | 3.5472 2.8056 0.4350 0.6278

Table 3.8: The parameter estimation resulting parameters along with their initial
values. The initial parameters are the same as introduced in table A.1 in
appendix A.1.

The estimated parameters from the second attempt seem more realistic. However the Az param-
eters seems to be estimated incorrectly and Ky values are still estimated to be above 30 which
again seems unrealistic.

46



3.4. MODEL PARAMETERS

The fitting percentage for each of the model outputs, before and after estimation, is listed in table

3.9.
Measurement | Cg s Cro25 | Cizz2 | Caro2 | Cosoa
point p3 P4 Y2 Pe pr
fit - Before -780% | -1074% | -557% | -2444% | -2955%
fit - After -16% 28% 31% 2% 15%
Measurement | Cogog9 | C031 | C3s36 | Cs7,38
point Ds Do P10 P11
fit - Before “1717% | -1978% | -1506% | -1578%
fit - After 32% 23% 61% 34%

Table 3.9: The fitting percentage, fit, before and after the parameter estimation.
Note, the notation Cj,, means between component x and y

Even though that the fit improves dramatically by using the estimated parameters, one is con-
cerned about how poor the fit is for the original parameters. To gain a better understanding on
how the model performances with the new estimated parameters, plots are made which show the

test system and the model outputs. Figure 3.27 shows the pressures at the pumps inlet.

Pump relative pressure
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Figure 3.27: Estimation data results showing the actual and simulated relative pres-

sure at the pumps inlet.

Figure 3.28, 3.29, and 3.30 show the pressures at or close to the end-user valves.

End-user relative pressure
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Figure 3.28: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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End-user relative pressure
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Figure 3.29: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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Figure 3.30: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.

From figure 3.27, 3.28, 3.29, and 3.30, one can see that the model outputs and the real test
system measurements have a close fit. It also seems that the correct parameters are found where
the valve model is needs to bee tuned. Hoverer, late in the project period, it was discovered that
some of the pump differential pressure sensors in the Water Wall test system where incorrectly
implemented. Consequently, the input signal for the pumps C1g, Co5 and C32 was never equal to
the real differential pressure over those pumps.

This finding does also explain why the original parameters resulted in such a poor fit in table
3.7 and 3.9 . The consequence of this finding and what parameters are used in the rest of the
project are discussed in the following section.

The Applied Parameters

As discussed before, the differential pressure sensors for the pumps Cig, Cs5 and Cszo where
incorrectly implemented. Figure 3.31 shows how the controller is impedimenta into Simulink and
how the DAQ is connected to one of the pumps.
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Simulink interface to DAQ The DAQ

—] pump speed Pump o -~ mPump ©
’_, controller Pump Ap Pump Ap real

WM/\/WV Simulink implementation HW implementation

Figure 3.31: Illustration of the pump speed controller implementation in Simulink
which communicates with the Water Wall test system via DAQ (Data
Acquisition) boards.

The consequence is that the true pressure over the pump is not equal to the pump Ap which is feed
back to the controller in Simulink. This means that through the parameter estimation process, the
real pumps and the model pumps have received the same u signal, however, they did not deliver
the same differential pressure. Due to time constraints it is not possible to redo the parameter
estimation, to obtain parameters using the correctly implemented pressure sensors. Instead the
initial pipe parameters are applied which where found by means of studying the physical system
as discussed in 3.4.3.

Additionally, the implementation of the sensor is corrected and the design of the pump speed
controller was revisited to ensure that it is still performing as it did when it was designed.

In order to analyze the performance of the initial parameters, new measurements are made from
the test system by using the same input data as used in the parameter estimation first attempt.
That is, the input data which actuates both the pumps and valves that are shown in figure 3.13
and 3.12.

First, the fit for initial parameters is computed and shown in table 3.10.

Measurement Cs,ls 010,25 C12,32 021,22 023,24

point D3 Da Ds Dé D7
fit -282% | -252% | -261% | -298% | -191%
Measurement 028,29 030,31 035,36 037,38

point Ds j2) D10 D11

fit -225% | -282% | -243% | -251%

Table 3.10: The fitting percentage fit where the initial model parameters are ap-
plied. Note, the notation C; , means between component = and y

From table 3.10, one can see that in total the fit percentage has improved from the "fit-Before'
presented in table 3.7. This indicates that the calculated initial parameters are not far from the
real parameters.

To gain a better understanding on how the model performances with the initial parameters and
where sensors are implement correctly, plots are made which show the test system and the model
outputs. Figure 3.32 shows the pressures at the pumps inlet.
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Pump relative pressure
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Figure 3.32: Estimation data results showing the actual and simulated relative pres-
sure at the pumps inlet.

Figure 3.33, 3.34, and 3.35 show the pressures at or close to the end-user valves.

End-user relative pressure
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Figure 3.33: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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Figure 3.34: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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End-user relative pressure
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Figure 3.35: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.

The plots in figure 3.32, 3.33, 3.34, and 3.35 show how well the model with the given parameters
can represent the real test system. One can see that the model is not capable to truly mimic the
real system witch limits the usability of the model. Before any conclusion is given on the above
results the model is verified by applying new data. In the following section, the model is not
only verified against new data, it also contains a proper model conclusion where its correctness is
discussed along with its limitations.

3.5 Model Verification

The last step in the modeling process is to verify it against new set of data as described in 3.4.3.
This new data is referred to as the verification data. It is necessary to apply a new set of data
to the model to reveal its correctness. The verification input data has to include different input
sequences with different amplitudes, where it is expected to see similar output matching results as
achieved in the estimation process. Even though the validation data is no longer used to evaluate
the parameter estimation process, it is still important to test the model with a set of different
input data to help evaluate the model correctness.

The verification signal for the valves is shown in figure 3.36.
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Figure 3.36: The valve input signal which is applied in the parameter estimation.

And the estimation signals for the pumps is shown in figure 3.37.
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Figure 3.37: The pumps input signal which is applied in the parameter estimation.

Finally, the model outputs are verified against the test system measurements, note that the sensors
are implemented correctly at this point. Figure 3.38 shows the pressures at the pump inlets where
one can see the Cjg 25 sensor is partly in saturation. Even so, this is not of concern since this
data is not used to estimate parameters.

Pump relative pressure
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Figure 3.38: Estimation data results showing the actual and simulated relative pres-

sure at the pumps inlet.

Figure 3.39, 3.40, and 3.41 show the pressures at or close to the end-user valves.

End-user relative pressure
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Figure 3.39: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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End-user relative pressure
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Figure 3.40: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.
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Figure 3.41: Estimation data results showing the actual and simulated relative pres-
sure close to the end-user valves.

The plots in figure 3.36, 3.39, 3.40, and 3.41 show the final model verification and the conclusions
which can be made from it and the parameter estimation section results are listed below:

e The model which is a combination of the component models and graph theory is an suitable
modelling platform for this type of water distribution network.

e The parameter estimation process is consider to work correctly. The problem accounted
where a incorrect sensor implementation and probably a model error in the valve model. It
is however not been analysed any further.

o It is clear that relatively small modelling errors and errors in hardware implementation can
have a big negative impact when one tries to estimate the over all model.

e The author believes that it is possible to obtain almost correct parameters by first correcting
the pipe parameters while the valves are fully open and then afterwards, correct the valve
model.

o It is obvious that the model containing the initial parameters can not represent the Water
Wall test system. However, the model can represent a system with is slightly different but
with the same structure. This means that the model can be used as an simulation platform
where control schemes can be designed before they are implemented onto the Water Wall.

e The model is not correct enough to be used in a model based control scheme and not in a
fault detection scheme where one compares the system to the model to detect faults.
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The model is hereby completed. The resulting model can be used as an simulation platform and a
control development platform. The model represents a system which has the same structure and
a similar size as the Water Wall test system.
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Chapter 4

Steady-state Power Minimization

In this chapter a control system, for a water distribution network of the form presented in part I,
is introduced. The controller seek to minimize the steady state power consumption and maintain
the desired pressure at the critical points (CP) in the distribution network.

First the control problem is formulated, then a control structure is presented and finally a power
optimal controller is designed.

4.1 Control Problem

By introducing additional pumps at key positions in a water distribution network it is possible to
reduce the collective energy consumption required for water distribution.

With the system being over actuated there is more freedom in the choice of control signal for the
pumps in the network, hence the control problem relies in choosing the optimal control signal
which minimizes the total power consumption, while still maintaining a minimum pressure at the
end-users.

Tt is desired to reduce the total power consumption P(Ap,q) of the pumping effort, while still
controlling the system output vector y to a vector of reference values r. The reference values are
the desired pressures the CPs. The CP pressure in each PMA is also the measured output of the
system, y.

The control problem can be formulated as a minimization problem on the form

N
min P(Ap,q) = min Z Pi(Ap;, q;)
e e (4.1)
st. Jq = -BABTq)—-Bu(BTq,O0D)+ Ba(u) - B¢
Ap; < afu) < Ap;

Where N is the number of pumps in the system and P;(Ap;, ¢;) is the power consumption of the
it pump in the distribution network, and Ap, and Ap; are the lower and upper bounds of the
pumps operational range. N

The solution to the minimization problem is the control signal vector u which minimizes the power
consumption without violating any of the conditions, which the minimization problem is subject

to.
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4.2 Pressure Control

First and foremost it is necessary to regulate the CP pressures to the reference values.

The water distribution network depicted in figure 3.2 has two supply pumps, which are connected
to the main distribution line, another three pumps, here called local pumps, are each connected
to a PMA.

It is observed that the pressure regulation an be performed solely by the local pumps, therefor
a controller using only the local pumps are used for pressure regulation. However, the physical
locations of the local pumping stations and the PMAs within the network are distributed over a
large geographical area. Therefore it is desirable to make a distributed control system where the
pump controller only relies on locally available information.

A local controller is proposed for each of the local pumps, regulating the pressure to the specified
reference pressure at the CP in the PMA which the pump is directly connected to. The control
architecture is shown in figure 4.1 for a single local control loop.

.
Y _|Controller

Figure 4.1: A small section of the water distribution network, where a local-loop
local controller is used to control the CP pressure within a PMA.

As shown in figure 4.1, each controller only uses a pressure measurement of the CP in the PMA
that it is directly connected to, hence it is not necessary to communicate pressure measurements
between the local controllers.

The local controller is designed as a standard PI controller.

E=Kr—y (4.2)
ur, :fﬂLKp(r*Y)

Where K is the integral gain matrix and K, is the proportional gain matrix, both being diagonal.
The control signal vector u is divided into two separate vectors, one for the local pumps and one
for the supply pumps.

u=Gru; + Ggug (43)

Where uy, is the control vector for the local pumps and ug is the control vector for the supply
pumps, with uz, € R? and ug € R2. G and Gg are matrices used to map uz and ug into the
control vector u € R332, where non-pump entries are zero.

The Pl-controller is included in the closed loop system by inserting control vectors in equation
4.21 into the system model equation 3.8.
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I = -BAX(BTq) - Bu(BTq, OD) + B(Grur, + Gsug) — B¢ (4.4)

Noting that a(u) = u, « is omitted.

With the PI-controller as an inner-loop controller in a cascaded control loop, as shown in figure
4.2, it is possible to indirectly control the differential pressure of the local pumps, by control of
the supply pumps differential pressure.

Ug
—— Y
System
Uy, -
PI-Controller r
|l ————

Figure 4.2: A diagram of the cascaded control loop, with an inner-loop PI-controller
controlling the CP pressure.

The objective function can be written as P(Ap,q) = Zf\il P(Api,q;) = Zfil Pri(Api,q;) +
Z?il Ps j(Apj,q;), where K is the number of local pumps and M is the number of supply pumps,
with N = M + K. The minimization is obtained by choosing the optimal control vector, ug, for
the supply pumps, with Pr, ; being the power consumption of the i*" local pump and Ps ; being
the pumper consumption of the j** supply pump.

The minimization problem is then reformulated to include the PI-controller.

K M
muisn P(Ap,q) = Y{lllsn ;PL,i(Apia @) + 221 Ps,j(Apj, q5)
= j=
s.t. Ja = -BAXBTq) - Bu(BTq, OD)+B(Grus + Ggsug) — B¢
ur, = £+ Kp(r - Y)
§ = Kir—y
Aps < us < Aps
App < up < App

4.3 Steady-state Optimization Problem

The optimization problem is rewritten into a steady-state optimization problem. This is done in
order to simplify the optimization, and because the daily variation in water consumption changes
slowly and can be assumed piecewise constant.

The steady-state optimization problem is based on the closed-loop optimization problem in equa-

tion 4.5. Since the reference is assumed to be constant, then in steady state ¢ = 0 and & = 0.
The flow q along with the integral action control signal & are denoted q* and £* in steady-state.
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K M
min P(Ap,q) = min (> Pri(Api,a)+ ) Ps;(Ap;,0))

i=1 =1
s.t. 0 = —BA(Bqu) — BM(BT(]Z) +B(Grt" + Gsug) — B¢
D= (4.6)
& = up
r = p(agp)
Aps < us < Apg
Apr < urp < Apg

Where qcp is the end-user flow in the chord to the critical points, thus y = qcp.

Solving the steady-state optimization problem is of cause not optimal for the system during tran-
sients, but because the system approaches steady-state very fast, a solution to the steady-state
optimization problem is viable solution for the majority of the time, as it is only a fraction of the
time that the system is in transition between steady-states.

4.4 Convexity

It is an important factor in the ease of solving the optimization problem, that the problem is
convex. If the problem is convex then any local minima is also the global minimum.

For the optimization problem to be convex, the objective function must be convex in the free
variables and the optimization constraints must form a convex set.

4.4.1 Objective Function

The objective function represents the power consumption of the pumps in the distribution network.
The approximation of the power consumption for a pumping station is given in equation 2.26 in
section 2.1.3, it is restated here convenience.

al 1
Y Poi= Apiai - (4.7)

i=1 v

The free variables in the objective function are Ap and ¢*. Calculating the derivatives of the
objective function with respect to the two free variables shows that P, is convex for ¢* € RN and
Ap € RV as the function is bilinear. A sum of convex functions is itself a convex function, thus
the objective function is indeed convex in ¢* and Ap.

4.4.2 Constraints

The first equality constraint of 4.6 is the steady-state equation of the closed loop system.

If the functions A(BTq}) and p(B7q;}) are constant vectors in steady-state, then this constraint
becomes affine in ug.

The functions A(B”q}) and u(B”qj) are constant if the chord flows g} are equal for all ug, thus
the functions are independent of ug.

The chord flow vector q, can be divided into two vectors qop and q.

T T
qcp; 9u € e, qcp = [023, €30, 037] y  Qu = [09, €13, C21, C26, C28, €33, C35, 037] (4'8)
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The flows qfp are the steady-state flows in the chords which are incident on the CP-nodes. Since
the chord is in a series connection with an end-user valve, the flow of the chord is equal to the flow
of the valve, which gives that, at steady-state when the CP pressure y; is equal to the reference
pressure 7;, and the flow through the end-user valve incident out of the CP-node is given by
a; = w; t(ry), thus AQp; = ; t(r;) at steady state.

A Pl-controller is employed to regulate the CP pressure to the reference pressure using only the
forward pumps. These pumps are assumed to be able to maintain y; = r; regardless of the pump-
ing effort of the supply pumps.

This concludes that the flow qf,p is constant for all ug.

The flows of the remaining chords of q;; are unknown as there is no direct relation from the critical
point pressures to the flow of these chords.

In order to determine whether the flows q; are equal for all supply pump control signals ug a
numerical analysis is performed of simulation results from the system model with the PI-controller
regulating the pressure.

The numerical analysis in Appendix D shows that the chord flow vector q; converges to the same
constant value for ug; — ugs = ¢, where ¢ is some appropriate constant ¢ € RV, Thus the numer-
ical analysis concludes that under the constraint that ug; — ug2 = ¢, q; is equal and in turn also
A(BTq}) and u(BTq}) are constant vectors.

Furthermore it is necessary to also confirm that each row of the term —B(A(BTq})+u(BTq})+¢)
remains negative for all flows of q;. Because of the non-linear nature of the pipe friction, the flow
within each pipe may change drastically from small changes in pump differential pressure, even
the flow direction may change.

Instead of analyzing —B(A(BTq})+ n(BTq;)+¢) for all flows of q} € R, it is observed that each
row in —B(A(BTq}) + u(Bq}) + ¢) is the pressure across a fundamental cycle of the system.
For the pressure across the fundamental cycle to be a positive value, without the use of a pressure
boosting pump, the water source must be at a higher elevation than the end-users.

In such cases, the proposed controller is not applicable, as valves are needed for pressure reduc-
tion. Therefor it is not analyzed further whether —B(A(B”q}) + u(B”q}) + ¢) remains negative
for all flows of qj.

The remaining equality constraints are all independent of ug, thus it can be concluded that the
equality constraints form a convex set, when ug; —ugs = ¢ is imposed as an additional constraint
on the optimization problem. With this in mind it can be concluded that all of the inequality
constraints are affine, and therefore they also form a convex set.

To ensure that the optimization problem is feasible, the two convex sets, one from the equality
constraints and one from the inequality constraints, must have a non-empty intersection. However
this is not investigated here, as the water distribution system is designed by default to have a
non-empty intersection.

If the two convex sets were to have an empty intersection it would be the cause of wrongly designed
water distribution network, with for example poorly dimensioned pumps, which would be unable
to deliver the required pressure boost, or in cases where the water reservoir is located at a higher
elevation than the consumers, and pressure reduction valves should be used instead of pumps.

4.5 Power Optimization

The power optimization functions as an outer-loop controller as previously shown in figure 4.2.

The optimization algorithm adjusts the control signal ug to the supply pumps, with the objec-
tive to minimize the power consumption of the pumping effort of the water distribution network.
When the difference pressure of the supply pumps are changed, the local pumps have to follow
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suit accordingly, by either reducing or increasing their differential pressures. In this way the local
pumps power consumption is indirectly controlled by controlling the supply pumps power con-
sumption.

In this section the optimization method will be explained and the optimization problem will be
transformed from a constrained optimization problem to an unconstrained problem, by use of
penalty functions.

4.5.1 Gradient Descent

The method chosen to minimize the power consumption is a gradient descent method, similar to
the optimization in [Kallesge 14b).

The gradient descent method takes advantage of the fact that a differentiable function f(z)
decreases towards its minimum fastest in the opposite direction its gradient, —V f(x). The gradient
descent method approaches the minimum by taking a step in the opposite direction of the gradient
at each iteration, as shown in equation 4.9. The gradient descent method will continue to go
towards the point where V f(xz) = 0, which if the function is convex is the global minimum
[Antoniou 07].

Try1 =z — YV f(zK) (4.9)

where xj is the current iteration of the minimizer function within the search-space and .y is
the next iteration. v is a gain factor, with v > 0, which controls the length of the step taken
in the direction of —V f(z). The algorithm is visualized in figure 4.3, where a gradient descent
is used to find the minimum at z*. The gradient descent algorithm here has a constant gain, ~,
resulting in only the value of the gradient impacts the step size.

@

)

Figure 4.3: Gradient descent minimization with a constant gain ~.

The step size gain, 7, can also be included as a variable, ;. This can help with faster convergence
of the optimization, by using a large step size when it is far away from the optimum, 4 is then
decreased as the optimization converges towards the minimum in order to avoid overshooting the
true optimum.

4.5.2 Soft Constraints

It is not possible to directly include the constrained optimization problem in the gradient descent
algorithm. One method for using gradient based optimization on a constrained problem, is by
softening the constraints to form and unconstrained problem.
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Penalty functions are used to transform the constrained optimization problem

ir’leig flx) (4.10)

into an unconstrained optimization problem

min f(x) (4.11)

By using penalty functions to transform f(z) into f(x), the optimizations problem is expanded
from the region, C, which is the intersection of the feasible sets created by the constraints, to all
of RN. The penalty functions are then created such that f (x) is continuous, differentiable and
convex on all of RV, thus methods such as gradient descent can be used to solve the optimization
problem [Smith 97].

An example of this transformation is shown in figure 4.4, where a constrained problem is trans-
formed into an unconstrained problem.

Z T
S S

X

(a) (ﬁ)

Figure 4.4: (a) Constrained optimization problem, where z and Z form the con-
straints, the feasibility region C' is the interval between the two con-
straints. (b) Unconstrained optimization problem, where the hard con-
straints shown in (a) has been included in the objective function by use
of penalty functions, thus making the feasibility region all of R .

As shown in figure 4.4, the penalty function will encourage the optimization algorithm to stay
within the constraints, without enforcing the optimization algorithm to stay within the feasibility
region C' as it is done with hard constraints. Also f(z) is identical to f(x) when the optimization
variable is within the bounds z < z < T, but the penalty function included in f (z) makes the
cost increase very rapidly when x is outside the allowable region.

However, using penalty functions can change the optimum of the function, such that the optimum
of the newly defined function is not necessarily the optimum of the original function. This problem
can be observed in figure 4.4, where the minimum of the original function is the intersection of
f(z) and u, for the newly defined function f(x) the minimum further out the x-axis, as the penalty
function makes the cost increase slightly before crossing u. Thus it is necessary to be careful when
designing penalty functions, as not to alter the minimum too far from the original function.

63



CHAPTER 4. STEADY-STATE POWER MINIMIZATION

4.5.3 Unconstrained Optimization Problem

The steady-state constrained optimization problem is given in equation 4.6 which is restated here
for convenience.

K M
min P(Ap,q) = min (> Pri(Api,ai) + ) Ps;(Apjq5)

i=1 =1
s.t. 0 = -BA(B7q;)—-BuB%q;)+B(GL¢" + Gsug) — B¢
& = u
r = p(aip)

Aps < ug < Apg
Apr < up < App
usy —use2 = ¢C
(4.12)

To obtain the unconstrained optimization problem denoted min,, (15), the inequality constraint
Aps < ugrp < Apgr, must be included in the objective function, which can be done using
penalty functions.

Recognizing that the constraints that the pumps are subject to can be formulated as constraints
on the control signal, the constraints are reformulated as

ur, < up < Ur (4.13)

A penalty function for the inequality constraint for the control signals is constructed as proposed
by [Fletcher 75].

u
Sij(u) = 0 , u<u<u (4.14)
u

klu—w)? |

IV 2 IA
SEVANIS

Where « is a constant, x > 0, which controls how rapidly the penalty cost grows when w is
crossing its boundaries, with @ being the maximum value for v and u being the minimum value.
The subscript ¢ of S is ¢ = L,.S, which denotes the penalty functions S for either the supply
pumps (Sg ;) or the local pumps (57, ;), with j denoting the j* pump of the respective set.

The choice of k value influences how fast the cost rises, this is shown in figure 4.5 for a quadratic
penalty function.

The equality constraint ug; —use = cis handled by only using either ugq or ugs as the optimization
variable, with the constraint as ug; = ugs + ¢ for uge as the optimization variable.

The unconstrained optimization problem is then given by including the penalty functions into the
objective function.

K M
mlIlP(Ap,q) = min ZPL’L Ur,i +SL1(UL2 +ZPSJ USJ)+SS](USJ))
us2 us 1=1 1=j
st. 0 = —-BABTq))-Bu(BTq)) +B(Gr¢" + Gsug) — B¢
& = ug
r = p(acp)
usy = ugz2+c

(4.15)
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Figure 4.5: A quadratic penalty function with three different x values, with x = 10,
r = 100, k = 1000.

The unconstrained optimization problem is then minimized using gradient descent.
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4.6 Power Optimization Controller

In this section the derivation of an optimization algorithm which reduces the combined power
consumption of all the pumps will be described. The optimization algorithm makes use of the
gradient descent method presented in section 4.5.1, to search for a solution to the unconstrained
optimization problem in equation 4.15.

The optimization algorithm uses gradient descent to search for the optimal distribution of pres-
sures delivered by the local pumps and supply pumps. Where the optimal distribution of pressure
boosts is the one with the least combined power consumption. It is necessary to run the opti-
mization on-line, as the water flow is varying throughout the day, thus the optimal distribution
of pressures between the pumps may also change with varying flow.

The gradient descent uses the gradient of the objective function to calculate the control signal for
the supply pumps

dP(uska)) (4.16)

us k+1 = Usk — 7 ( du
S,k

The derivative of the objective function with respect to the control signal is given in equation
4.17.

dﬁ(us,uL) _ i (dPLﬂ’(uLﬂ‘) + dSL,i(uL}i)> + i (dps)j(usd‘) + dSs)j<’uS,j)> (417)

dus im1 dus dus dus dus

j=1
Where the control signal for the local pumps, uy, is given by rearranging the steady-state equation
for the model.

BGpu;, = BIAB'q)) + u(B'q}) +¢) — BGsug (4.18)

u, = (BGL) (B(A(B"q;) + u(B"q;) +¢) — BGsus) (4.19)

From equation 4.16 and 4.17 it is seen that the gradient is calculated based on the power con-
sumption and penalty of both the supply pumps and the local pumps. This dictates that some
form of communication between the pumps is necessary.

The pressure controllers previously designed in section 4.2, are designed to operate individually
without any communication between each of the local pumps. Similarly it is also desired to keep
the communication between the supply pumps and local pumps at a minimum. The desire is
therefore to design a power optimization controller with minimum communication between the
pumps in the water distribution system.

First the supply pumps communication structure is investigated. The derivative of the supply
pumps is given by

dPs;(us;) dPs;(usy) | dSs;(us;)
— +
d ug d ug d ug

(4.20)

Equation 4.20 describes the change of power consumption and penalty for the j* supply pump
with respect to the pressures delivered by the supply pumps.
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Note that the pressure delivered by the supply pumps are given by

=[] e

where c is some constant that can be adjusted to give a constant off-set between the supply pumps.

Recalling the assumption that the local pumps alone are able to maintain the output pressure,
such that y; = r; regardless of the water consumption of the end users, the supply pump pressures
ug can be chosen freely.

The derivate for each of the supply pumps only depends on locally available information, thus it is
possible to calculate the derivative locally. Because ug; = ugo+c the derivative d 15571 (us1)/dug =
d]5572 (ug,2)/dug, hence it is only necessary to calculate the derivative of ugy or uge, which can
be done at either one of the supply pumps.

The supply pump which then calculates the derivative and updates the control signal, must send
the new control signal to the other supply pump. Thus communication between the supply pumps
can not be avoided, but it is limited to one-way communication.

Secondly the communication structure of the local pumps regarding the power optimization is
investigated. The derivative for the local pumps with respect to the control signal is given by

dPp(ug) _ i (dPL,i(UL,i> n dSLﬂ‘(UL,i))

4.22
dug dug dug ( )

i=1

Equation 4.22 describes the change of power consumption and penalty for the i*” local pump with
respect to the pressures delivered by the supply pumps.

The local pumps can be controlled indirectly using the supply pumps, as shown in figure 4.2,
which is also described by equation 4.19. Because the steady-state flow q; is equal for all ug
fulfilling uge = ug1 — ¢, a relation from the change in supply pressure the local pump pressure
can be found as

duL 7dllL dlls

= —(BGL)'BGg - m =-R (4.23)
The relation R describes how the pressure is related between the supply pumps and the local
pumps. Using the relation in equation 4.23 the derivative of the objective function for the local
pumps can be rewritten to only include locally available information.

duSg a dug . duSg

P (ur P (s . Pro(ur
d L,z(uL,z) _ d L7'L(UL,1) . duL,z _ _d L,z(uL,z>Ri (424)
duSQ d’LLL_’i d’u,gg duLﬂ'

Where PL,Z- is the objective function for the i*” local pump and R, is the i*" row of R. The
relation R is also used for designing the communication structure which is described in section
4.6.1.

With the gradient of the local pumps being calculated locally, only one-way communication is
needed, from the local pumps to the supply pumps.

Finally the gradient of the control signal ugs can be computed using the following equation.

dp(us,uL) _ f: (dpg7j(u5,j) + dSsvj(uSJ)) _ i (dPL,i(uL,i) T dSLJ‘(uL,,’)) R.

dllsg dUSQ d’LLSQ duL’i duL,i

j=1 i=1

(4.25)
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Using equation 4.25 in equation 4.16, the change of the control signal is obtained.

dP(wwW) (4.26)

us2 k+1 Zuszk—’Y<
’ ’ duga

The penalty functions for the local and supply pumps are constructed as done in equation 4.14,
where the derivatives with respect to uge becomes

2k(u —u) u<u

dsSi,; > ’ -

7Sd“ (W) _ 0 , u<u<u (4.27)
U 26(u—w) u>u

Because the control signals ug; = wuge + ¢ with ¢ € R, the penalty functions for the supply
pumps needs to be changed to include the off-set, ¢, between the pumps. Furthermore the penalty
function must penalize ugy if ugy; — ¢ is outside the boundaries, as well as if ugs is outside the
boundaries.

e 26(u — min{(us2 +¢), (us2)}) ,  min{(us2 +¢), (us2)} <u
185 sy) _ 0 i< (w0 <T (428)
us2 2k(maz{(ugz +¢), (us2)} — @) , max{(use +¢), (us2)} >

In this way the penalty functions penalizes the optimization when the inner most boundaries have
been crossed.

4.6.1 Controller Communication Structure

The power optimal controller requires information about the local pumps in order to minimize
the power consumption of the water distribution network.

It is found in equation 4.24, that it is only necessary to calculate the derivatives of the local pumps
power consumption with respect to its own control signal ur, ;. Which can be done locally at each
local pump.

The derivatives are then transmitted to one of the supply pumps, which by multiplying the local
pumps derivatives by R, obtains the derivatives of the local pumps power consumption with
respect to the supply pumps control signals ug. It is then possible to calculate the derivative
of the combined power consumption with respect to the control signal of the supply pumps, as
shown in equation 4.25.

This results in a communication structure as shown in figure 4.6, where the local pumps transmit
their derivatives to the Power Minimizer, which then calculates the control signal for the supply
pumps.

The relation matrix R, decides which supply pumps each local pump must transmit its own
derivative to. R also contains the gain coefficients applied to each of derivatives to the supply
pumps.

Thus the design of the power optimal controller only requires the knowledge of R, which is given
by

d
~(BG.)'BGs+ us

=R 4.29
o (4.29)

Equation 4.29 only depends on the graph topology for the system, B, and the location of the
pumps within the graph G and G. Hence the parameters of the pipes, pumps or valves are not
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Main Distribution Line

Pressure Y | Pressure
Controller { " | Controller

 d Pluy,)
L d o,

Pressure }1
Controller

Power
Minimizer

_________________ d Plug

d ugy

Figure 4.6: The communication structure of the Water Wall for the power optimal
controller. The dotted lines represent one-way transmissions of measure-
ments or the local pump derivatives, with fully drawn lines representing
control signals.

necessary for designing the controller.

In the case of the Water Wall system, the optimization problem has been reduced to a one-
dimensional problem, because of the constraint on the control supply pumps control signals given
in equation 4.21. As a consequence the relation matrix R is a one-dimensional vector instead of
a matrix.

Furthermore, the control design using two controllers, a pressure controller for maintaining CP
pressure for the local pumps and the power optimization controller for minimizing the power
consumption using the supply pumps, offers some robustness to the system with regards to com-
munication failure.

In a situation where the communication between the local pumps and the power optimization
controller fails, the pressure controller using the local pumps will still continue to maintain the
CP pressure at the set-point, as the pressure controller is independent of the power optimization
and the supply pumps. Thus the consumers experience no loss of service or water pressure in the
event of communication breakdown, only the power optimality is lost.
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Chapter 5

Implementation of the Control System

In this chapter the implementation of the control system in both MATLAB Simulink and on the
Water Wall setup is described.

First the implementation of the pressure controller for the local pumps is explained, then the
implementation of the power optimization controller is described.
5.1 Pressure Controller

The pressure controller used for maintaining the Critical Point (CP) pressure is implemented on
top of the pump speed controller as shown in figure 5.1.

Simulink interface to DAQ

CP,s Y OB pressure
— > Pressure L Pump Speed Pum SV
Controller Controller P

Pump Ap

Figure 5.1: Block diagram of the pressure controller for the Water Wall test system,
with communication via DAQ boards.

The PI-controller is implemented as shown in figure 5.2 with anti-windup and a saturation block
which limits the control signal u to the interval between u = 0 and w = 0.6, which is the minimum
and maximum pressure boost the local pumps can produce.

The pressure controller is tuned in a similar manner as for the speed controller in section 3.3.2.
The tuning parameters of the PI-controller are shown in table 5.1, these are the values for all local
pressure controllers.

Local Pumps | K, | Kip | Ka
Cis,Ce5,C3 | 1 | 1.5 | 15

Table 5.1: Tuning parameters for the PI-pressure controllers.
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Kp,L

Proportional Gain

/D

Saturate

Sum

CP-pressure

Figure 5.2: A block diagram of the PI-controller used for the pressure controller.

A step-response is made of the pressure controller with a step in reference pressure from 0.08 bar
to 0.13bar. The step-response is shown for the simulation model in 5.3 and for the Water Wall
system in figure 5.4

CP-Reference Step-Response for the Simulation Model

T T T T T
- 0.14 cP, _—
£ 012 F cp, |
E CP3
a Ol B CPref T
0N
=
A 0.08 -
0.06 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

time][s]

Figure 5.3: A step-response for the simulation model for a change in CP pressure
from 0.08bar to 0.13bar.

Comparing the two step-responses it clear to see that the simulation model has a faster rise-time
than the Water Wall, this is primarily due to model differences as discussed in section 3.5. It is
also noted that there is a delay in the Water Wall system, which also has been discussed previously
in section 3.3.2.

However, the rise-time and settling of the pressure is sufficiently fast for the water distribution
network, and an increase of the controller gain is not possible due to the delay causing the controller
to become unstable.
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CP-Reference Step-Response for the Water Wall
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Figure 5.4: A step-response for the Water Wall for a change in CP pressure from
0.08bar to 0.13bar.

5.2 Power Optimization Controller

This section covers the implementation of the power minimization controller on the simulation
model in Simulink and on the Water Wall test-system.

5.2.1 Simulation Environment

In the Simulink simulation environment it is first of all necessary to include the sample time T's
in the minimization function, such that the tuning of v is independent of the simulations discrete
step size.
dP(ugy,u

(us k L,k)) (5.1)

us2 k+1 :uSZk_TS"Y<
' ’ dusa i

The efficiency used in the simulation for the supply pumps and locals pumps are ng = 0.80 and
nr = 0.65 respectively. Although these efficiency values do not agree with the actual efficiency
of the pumps in the Water Wall system, which are much lower, these values are chosen based on
the expected efficiency of the booster sets used in water distribution networks, this is explained
in further details in Appendix C.

5.2.2 Flow Estimation

In order to implement the power optimization controller on the Water Wall system, it is necessary
to design and implement a flow estimator, which estimates the flow through each pump. This is
necessary because the derivative of each pump is a function of the differential pressure across and
the flow through the pump.

The method used for flow estimation is patented by Grundfos [Kallesge 12, Kallesge 14a]. It uses
measurements of the pump pressure drop, Ap, pump speed, w, and electrical power consumption,
P., to estimate the flow ¢, given that the pump parameters are known.

First, recall the two equations which describe a centrifugal pump.
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Equation 5.2 from section 2.1.3 describes the pump differential pressure, Ap, where Ap = p;, —
Pout-

Ap = aps ¢* — an1 qw — apow? (5.2)

Where apg, ap1, ane are constants describing the pump which are considered known and w is the
rotational speed of the pump.

Equation 5.3 from section 2.1.3 describes the pump electrical power consumption P,.
Pe:—ap2q2w+ap1qw2+ap0w3+Bow2+Po (53)
where By and Py along with the constants apg, api, and aps are also considered known.

Equations 5.2 and 5.3 are combined to estimate the value of ¢ where the first step is to make the
terms which are multiplied by ¢ in both equations equal. By doing so, it becomes possible to
eliminate these terms, that is aps ¢? and aps ¢ w , when the two equations are combined later on.
Equation 5.2 is multiplied by aps.

2 2
Ap=apzq” — ap1 QW — Gpow
2 2
ap2 Ap = apaap2 ¢© — ap2 ap1 qw — ap Gpow (5.4)

Equation 5.3 is multiplied by ap2/w.

P. = —ap2¢®w+ap1qw’ + apow® + Byw® + Py
ap2 ap2 2 ap2 2 ap2 ap2 9 ap2
——=P.=——"ap°w+ ——ap1qw’ + — apw’ + — Bow? + — Py
w w w w w
ap2 2 2 h2
o P, = —ap2ap2q” + an2ap1 qw + ap2 apow” + ap2 Bow + " P (5.5)

The next step is to sum equation 5.4 and equation 5.5. Note that ¢? terms are cancelled out.
ap ap,
7213@ +ap2 Ap = apz ap1 qw + ap2 apow’ + ap2 Bow + fpo
— apy any qw — apy apo w?

P, , 1
ans — +ap2 Ap = (ap2 ap1 — apa ap1) qw + (ap2 apo — ap2 ano) W + anz2 By w+ aps Py —
w —— —— W

kq ko k3 k4
P, ) 1
ahQU-FapzAp:quw-f—ka +/€3w+k4; (5.6)
The last step is to isolate q.
P, 1
kiqw = aps —= +aps Ap — ko w® — kzw — ky —
w w
_apz P apa Ap = —ko —ks  —ks 1
= ]{11 w2+k1 w+k1 W k1+k1 w2
~— ~— ~—— —~— =
71 Y2 3 Y4 5
P Ap 1
g=m—5+r—"+tpwtnu -+ (5.7)
w w w
where
ap2 ap2
M= =
ki apcapi —apaan
ap2 ap2
’72 = —_—=
ky ap2 Gp1 — GpP2 ARl
_ —ky  —(an2apo — apzano)
V3= =
k1 Ghr2 ApP1 — GP2 Gh1
_ —ks —ap2 By
Yo = —— =
k1 ap2 Gp1 — ap2 Gpl
—ky —an2 B
V5= =
k1 A2 Ap1 — Ap2 Gp1
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Note, equation 5.7 is only valid when a pump is operating below its maximum electrical power
consumption, P,_,,4; and if the true rational speed is unknown. When the pump exceeds its
maximum power consumption the pump automatically reduces its speed. Consequently, the pump
speed input signal is no longer equal to the actual pump speed. Hence, equation 5.2 and equation
5.3 become invalid.

Figure 5.5 illustrates how the pump curves given by equation 5.2 and equation 5.3 are effected
when the pump exceeds its maximum power consumption.

UPM2 25-60 180, 1 x 230 V, 50/60 Hz

H
[m]
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Figure 5.5: A plot showing the pump curve for the Grundfos UPM2 25-60 180 cen-
trifugal pump. The curves are for different pump speeds (w) where the
colour red is used to illustrate how the pump operates at its maximum
power consumption. When the pump exceeds its maximum power the
pump automatically reduces its speed. Consequently, the pump speed
control signal is no longer equal to the actual pump speed. The plot is
originally from the pump data sheet [Grundfos 10].

The above demonstration shows that if one does not have access to the true rotational speed of the
pump, it is necessary to observe the pump power usage when equation 5.7 is applied. If the pump
power usage exceeds P._ 4z, the flow estimation is no longer valid. Nevertheless, if a pump is
regularly operating at P._ 4., one should consider to replace the pump with e.g. a bigger pump.

5.2.3 Penalty Functions

The control signal ug for the supply pumps is calculated based on the derivatives of all the pumps
in the system.
The calculation is done using MATLAB both for the simulation and for the Water Wall. For the
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Water Wall, MATLAB receives measurements and sends control signals through the DAQ I/0
board as shown in figure 5.6.

DAQ MATLAB

e
Water Wall 1/0 Simulink

Figure 5.6: The communication between the Water Wall and MATLAB is done
through a DAQ I/O board, which sends measurements from the Wa-
ter Wall to MATLAB and control signals from MATLAB to the Water
Wall.

The penalty functions are implemented with quadratic penalties as described in section 4.5.3.
However the quadratic penalties does not guarantee that the constraints of v < u < = being
fulfilled. The penalties merely encourage that the control signal is within the bounds by imposing
an additional cost if u < w or u > w.

One way to make sure the minimum stays within the boundaries of the control signal, is to move
the penalty functions inwards, away from the control signal boundaries, as shown in figure 5.7.
Where a small interval = has been added and subtracted to the lower penalty and upper penalty
boundary respectively.

By properly choosing the interval x and the penalty gain k, the minimum of the function lies
between the control signal boundaries.

AU U u-r u

S(u)

Y

Figure 5.7: The penalty functions shown in red are used to increase the likelihood of
u being within the bounds, shown as dotted lines, by increasing the cost
when u approaches the bounds, instead of when u crosses the boundaries
as it is done with the penalty functions shown in blue.

Secondly, in order for MATLAB being able to always compute the penalty without the problem
becoming ill conditioned, an upper bound of the penalty value S(u) is set at 10°.

All implementation subjects are hereby covered and it is possible to test the controller, both in
simulation and on the Water Wall.
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Chapter 6

Test Results

This chapter covers the test and verification of the complete control system, being the pressure
control of the Critical Points and power optimal control of the supply pumps.

First the results for the Water Wall is presented, next the results obtained from the simulation
environment is shown.

6.1 Water Wall

Before it is possible to test the power optimization controller on the Water Wall, the pump
flow estimator introduced in 5.2.2 is tested. The flow is calculated from equation 5.7 where
measurements of the pump pressure drop, Ap, pump speed, w, and electrical power consumption,
P, are applied to the calculation.

The flow estimator is implanted into Simulink as shown in figure 6.1.

Simulink interface to DAQ

u > pump speed Pump o ILP filter| 2o flo
controller P P, f P ‘p W 5
ump LP filter estimator q
Pump Ap LP fllter

Figure 6.1: The

In figure 6.1, one can see that the signals are fed through a low-pass filter before the flow, g, is
calculated. The signals are filtered because the great amount of noise in the pump power signal.
The signal is assumed white-noise and the designed low-pass filter is shown in figure 6.2. The
filter is designed from the Digital Filter Design block in Simulink where the focus was on a filter
design with zero DC gain.
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Figure 6.2: The low-pass filter used to filter the pump power consumption signal.

A power consumption measurement from one of the pumps is shown in figure 6.3. It is plotted
both with and without a filter.

Pump Power Measurement
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— C, Filtered
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Figure 6.3: Pump Power consumption before and after a low-pass filter.

From figure 6.3, it can be observed that the filter introduces some extra dynamics in the signal
transient. Therefore, a low pass filter is also introduced to the two other measurements, Ap and
w, even though they are not as noisy as the pump power signal.

The power optimization controller is only designed to be optimal in steady-state, meaning that
the extra dynamics are not of concern. Also, the controller does not depend on the component
model, only the systems graphical description. This means that the extra dynamics introduced
by the low-pass filters does not have to be included in the power optimization controller.

The next phase is to test the flow estimator with real measurement from the Water Wall. This is
done by actuating the pumps with the set-point signals shown in figure 6.4.

Pump input singal u

T T T T T
03 Cy & Cis N
= Cig, Cos & O3y
S
% 02 -
q
0.1 _
1 1 1 1 1
0 50 100 150 200 250

time [s]

Figure 6.4: The pumps set-point signal which is used to test the flow estimator.
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The resulting differential pressure over the pumps is shown in figure 6.5.

Pump Ap
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e , Cie
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Figure 6.5: Pump differential pressure during the flow estimation test.

The pumps rotational speed signal are plotted in figure 6.6.

Pump rotational speed

3 -1 e Cis
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Figure 6.6: Pump speed signal during the flow estimation test.

The pumps power usage are plotted in figure 6.7.

Pump power usage

20 - | I a1
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Figure 6.7: Pump power consumption during the flow estimation test.

In figure 6.7 on can observe some variations in the power measurement. However, there pumps
Ap and w are relatively stable. Consequently, those variations are assumed to be sensor noise.
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At this point, all of the flow estimations input signals, Ap, w and P, are increasing in sync with
the increasing pump set-points shown in figure 6.4. Consequently, it is expected to see the same
trend in the flow estimation. The resulting flow estimation is shown in figure 6.8.

Pump flow
1'5 L T T T T ]
Gy
Clﬁ
. CIS
= 1 Cos |
oé 032
&
B 0.5 PRespRIBEIAMCTSTON .
O | w | | |
0 50 100 150 200
time [s]

Figure 6.8: The resulting flow in the flow estimation test.

Nonetheless, the flow estimation in figure 6.8 shows not the result which was expected.

Before going into details concerning incorrect flow estimation, it is clear to see that the noisy
power measurement has a great impact on the flow estimation, as the flow estimation shows the
same variation. It is also seen that in transients the estimated flow drops down to very low values
before coming back up again. This diving behavior is due the polynomials used in describing the
pump models are only valid as statics models.

By analyzing the pump models at the specific speed observed in figure 6.6, one can see why the
flow is estimated incorrectly. By taking a sample at time = 170 s in figure 6.6 and figure 6.5, one
is interested to see if the:

e The pump Cig (UPM2 pump) can deliver a Ap = 0.3 bar at w = 0.6.

e The pump Cy (UPMXL pump) can deliver a Ap = 0.28 bar at w = 0.44.

The pump model is plotted for both pump types. It is considered only necessary to show the
pressure model which is given by equation 5.2.
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X UPM2 25-60 180
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Figure 6.9: Pump model at a given rotational speed w.
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Figure 6.10: Pump model at a given rotational speed w.

From figure 6.9 and 6.10, one can see that the pump models applied in the flow estimations can
not be used to represent the pumps fund on the Water Wall. This statement is drawn from the
fact that the pump models can not deliver the expected pressures at the given speeds. Since the
flow estimation is not working correctly, the power optimization controller is not implemented
onto the Water Wall.

However, it is expected that by obtaining the correct polynomial coefficients for the pump models,
it will be possible to solve the problems that occur with the flow estimator.

6.2 Simulation

In this section the results, obtained using the simulation environment with the power optimizing
controller, are presented.

The simulation environment is made based on the Water Wall test system. It is developed to
simulate the hydraulic dynamics of the Water Wall, with the purpose of being able to easily test
and verify control strategies for the water distribution network.

The simulation environment is developed using a graph of the Water Wall connections and com-
ponent parameters of the pipes, valves and pumps. The diagram of the Water Wall distribution
network is presented in Appendix A.2, which form the basis of the graph description, the param-
eters are presented in Appendix A.1.

The controllers designed in Part II of the report are all implemented in the simulation environ-
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ment.

The pressure controllers designed in section 4.2 are controlling the local pump denoted {Cg, Cos,
C32}, with a pressure feedback from the Critical Points (CPs), which are the pressure measure-
ments at nodes denoted {n14, n1g, 124}, of the system diagram.

The power optimization controller described in section 4.6, controls the two supply pump denoted
{C3, C16}, using information from the three pressure controllers.

A time-series of the power consumption for a test with the power optimization controller using
the simulation environment is shown in figure 6.11. The test is conducted using a step in CP
pressure reference from 0.08 bar to 0.13 bar and then from 0.13 bar to 0.08 bar. The CP pressure
outputs are shown in figure 6.12, and the control signals for the pumps is shown in figure 6.13.

In figure 6.11, the power consumption can be seen to peak at the transients following a step in
reference pressure. When the pressure controllers reach steady-state after approximately 20 s, the
power consumption slowly decreases before it converges to a steady-state at approximately 80 s
after the step is performed.
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The control signals shown in figure 6.13, shows that the power optimization controller slowly
increases the supply pumps control signals until one of the local pump control signals meets its
minimum boundary of 0. Any further increase of the supply pumps control signals will lead to an
excessive pressure at the CP pertaining to the local pump which has reached its minimum control
signal.
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Figure 6.11: Power optimization for a step in CP-reference, where a step from
0.08 bar to 0.13 bar is performed at time 200 s, and a step from 0.13 bar
to 0.08 bar is performed at time 400 s.

In figure 6.12 it is seen that the pressure first converges to one pressure, before after some time
converging to the correct reference pressure. This behavior seen in the plot is attributed to the
control action of the power optimization controller, which increases the differential pressure across
the supply pumps in order to minimize the power consumption.

As a consequence of the increased pressure from the supply pumps, the local pump controllers
must take action to decrease the pressure delivered by the local pumps, which can be observed
in figure 6.13. While this takes place the pressure is constantly slightly above the reference, and
finally settles when the power optimization controller has found the minimum.
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Figure 6.12: CP pressure for a step in CP-reference, where a step from 0.08 bar to
0.13 bar is performed at time 200 s, and a step from 0.13 bar to 0.08 bar
is performed at time 400 s.
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Figure 6.13: Control signals for a step in CP-reference, where a step from 0.08 bar to
0.13 bar is performed at time 200 s, and a step from 0.13 bar to 0.08 bar
is performed at time 400 s.

From the control signals shown in figure 6.13, it is possible to see that the power optimization
controller indeed finds the optimal distribution of pressure delivered by the pumps in the water
distribution network. The two supply pumps are more energy efficient that the three local pumps,
thus the controller is more inclined to use the supply pumps. By examining the control signals,
it is clear to see that the power optimization controller increases the supply pumps control signal
until the control signal uy; reaches zero. This is the optimal distribution of pressures boost
delivered by the pumps, as an increase of the supply pumps control signal will result in a too high
pressure at C'P;.

The power optimizing controller design and test is hereby finished. Any further discussion on the
subject is brought up in the following chapter.
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Chapter 7

Project Closure

In this chapter the finalization of the report is performed, by summing up the findings of this
project and concluding on the results obtained.
Lastly a list of possible improvements is discussed and recommendations for further work is given.

7.1 Conclusion and Discussion

This section sums up the sub-conclusions made throughout the report. A discussion of the results
obtained is performed, ending with a final conclusion of whether the goal of this project has been
fulfilled.

Project Aim

The aim of this report is to develop a distributed control strategy which minimizes the power con-
sumption of a water distribution network. With the control strategy also focusing on minimizing
the use of communication between the pumps within the water distribution network.

Power Optimal Control

It is first and foremost proposed in section 1.2 to replace the pressure reducing valves (PRVs) in
the water distribution network with pumps. This replacement of the PRVs with pumps creates
an over actuated system which has more freedom for control. It also removes the pressure loss of
the PRVs, thus avoids an unnecessary waste of energy.

A power optimal controller is designed in section 4.6. It uses gradient descent to obtain the optimal
distribution of pressures to be delivered by the pumps in the distribution network, which results
in the lowest power consumption, without compromising the end-user pressure requirements.

A time-series plot of power consumption, from a simulation of the power optimization controller
using a hydraulic model of a water distribution network, is shown in figure 6.11. The figure shows
the power consumption being slowly reduced once the hydraulic system has reached steady-state
after a step in reference pressure.

Distributed Controllers

The local pressure controllers designed in section 4.2, are used for controlling the CP pressures
within each Pressure Management Area (PMA). The pressure controller is designed to only use a
pressure measurement from the CP it pertains to, thus the controller is truly distributed.

In figure 5.3 and 5.4, a step response for a change in reference pressure is shown for the simulation
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model and Water Wall, respectively. The step response shows fast convergence for both systems,
and convergence for all CP, which concludes that the distributed controllers are able maintain
CP pressure in all PMAs regardless of the fact that they are distributed and only rely on local
information.

Furthermore the the plot shown in figure 6.12, shows that the local controllers are able to suffi-
ciently regulate the CP pressure, even when the power optimization controller affects the pressure
distribution in the water distribution system.

A limitation of the local controllers is that they are only able to regulate and maintain CP pressure
if the reference for each CP is equal, or confined to a small interval. This limitation arise from
the cross-connections between the PMAs giving that a high pressure in one PMA will affect the
pressure in other PMAs connected to it. This is especially a problem if there is great hight differ-
ence between the PMAs or very low pressure loss in the pipe connections, which is the situation
with the Water Wall test system. In real world applications this problem is less likely to occur,
as the PMAs will have a larger distance between them, and because the CP pressures in a water
distribution network is almost always equal.

Finally the distributed nature of the pressure controller design results in unaffected change of
service for the end-users in case of a communication failure or if the power optimization controller
experiences an error.

Communication Structure

It is desired to use the minimal amount of communication between the pumps in the distribution
network.

A reduced communication structure is obtained by the ingenuity of the power optimization con-
troller, which is designed in section 4.6. The communication structure within the water dis-
tribution network is described in section 4.6.1, and depicted in figure 4.6. It shows that the
communication necessary is reduced to only requiring a one-way communication from the local
pump controllers to the power optimization controller.

Generalized Controller

Throughout the report the formulation has been sought to apply to a general class of water distri-
bution network, namely networks on the form of a main supply ring, with multiple interconnected
PMAs and multiple water sources, connected to the main supply ring.

The power optimization controller developed in section 4.6 is designed for this general type of
water distribution network.

The main feature of this controller, besides its ability to reduce the power consumption, is that it
is designed completely without knowledge of the water distribution network component parame-
ters. As described in section 4.6.1, the controller only requires the knowledge of the distribution
networks topology and information of the pump locations within the network.

This is a very important asset of the controller, as most water utility companies have accurate
and up-to-date maps or graph representations of their distribution networks topology. Where this
is not always the case for the component parameters, as some pipes can be as old as 100 years or
more, and the fact that the parameters are time varying, e.g. due to mineral build up in pipes.

One exception to the use of a general formulation is the investigation of convexity of the optimiza-
tion problem in section 4.4. It was not possible to prove convexity for a general system, however
a numerical analysis of the simulation model in Appendix D, shows that for the Water Wall test
system the optimization problem is convex.
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Parameter Estimation

The subject of parameter estimation is visited in section 3.4. The section also covers what param-
eters are considered known and which are unknown. The goal is to tune the model parameters
until the model gives the same dynamical performance as the Water Wall.

Practical issues prevent the estimation method to obtain the correct parameters. However, the
method itself is consider to work. It is also discussed that minor modelling errors can have
big impact on the model performance. The section proposes a method to obtain the correct
parameters by eliminating the uncertainties in the valve model.

The section ends by defining the initial parameters to be used trough out the project and at the
same time, it is shown that those parameters, which are found by analysing the physical system,
are not far away from correct and unknown parameters.

System Model

A model of the Water Wall test system is developed in section 3.2. The main purpose of this
model is for simulating the water distribution networks hydraulic dynamics, using Simulink and
MATLAB.

A model verification of the simulation model is performed in section 3.5 where the initial model
parameters are used. Even though the model is not correct enough at this point to give the same
dynamical performance as the Water Wall, the model represents a similar system which has the
same structure as the Water Wall and is of the same size.

The simulation model sufficiently captures the dynamics of the Water Wall test system, for it to
be useful as a tool for development and test of control strategies for the distribution network.
The simulation model does not seem to be of such a precision that it can be used for leakage
detection for small flows, or in general to be utilized for fault detection and isolation.

Final Conclusion

The prime focus was to develop and test a distributed control strategy which minimizes the power
consumption of a water distribution network. And at the same time, try to keep the complexity
of the communication structure at minim. The power optimization problem is solved by the
developed controllers, and verified by a simulation test.
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7.2 Perspective

This project proposes an alternative pressure control method for water distribution networks. The
method does not only ensures that the users have a sufficient pressure at their end, the power
consumptions of the pumps in the system is kept as low as possible. As the power consumption is
kept at minimum, the pressure is also kept relatively low in the system. The lower water pressure
results in less water lost trough leakages in the pipes, and reduces the stress on the pipe wall,
meaning less leakages are formed. It is therefore clear that this project has a huge relevance since
water distribution networks utilized in all urban environments.

Improvements

Before any further development on this project is performed, the following points ought to be
considered.

e The parameter estimation needs to be performed again as the sensors are hereby imple-
mented correctly. It is though advised to leave the valves fully open while one estimates the
pipe parameters. And afterwards, evaluate how correct the valve model is.

e The power optimization controller is designed and tested, however it is not implemented
on the Water Wall. For that to be possible, the flow estimation has to be working. It was
shown that the pump models are not correct enough for that purpose. Model tuning or new
models are therefore required.

Future Work

This project has opened a clear path for this type of an alternative pressure control method
for water distribution networks. As for today, pressure in a water distribution networks is not
controlled with focus on energy saving.

This project is hereby finished.
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Appendix A

Test System

A.1 Test System Components

The components found in figure A.2 are listed in the following tables.

Datum | Component Length Diameter Material € Az fittings > ky
Cy 5m+0.3 m 20 mm 25mm PEM | 0.01 mm Om b,c,c,a,a 4.42

Cy 10m 20 mm 25mm PEM | 0.01 mm Om c,b,a,c,b 3.92

Cy 10m 20 mm 25mm PEM | 0.01 mm Om c 0.51

Datum 5 Cho 10m 20 mm 25mm PEM | 0.01 mm Om c,a,a 3.11
i1 10m 20 mm 25mm PEM | 0.01 mm Om c,a 1.81

Cis 10m 20 mm 25mm PEM | 0.01 mm Om c,c,a,c,b 3.63

Ci3 10m 20 mm 25mm PEM | 0.01 mm Om c 0.51

Cia S5m-+4m 20 mm 25mm PEM | 0.01 mm Om a,c 1.81

Cho 2m 10 mm 15mm PEX | 0.007mm | Om | b,¢,d,c,e,a | 3.57

Datum 1 Co1 1m 10 mm 15mm PEX | 0.007 mm Om c,d,b 1.46
Cos 1m 10 mm 15mm PEX | 0.007mm | Om c,d,b,e, b 7.68

Cos 2m 10 mm 15mm PEX | 0.007mm | Om a,b,d,e 2.55

Cog 3m 10 mm 15mm PEX | 0.007mm | 0.5m | d,c,a,c,e 2.77

Datum 2 Cas 1m 10 mm 15mm PEX | 0.007mm | Om c,e 0.81
Cog 1m 10 mm 15mm PEX | 0.007mm | Om b,d,c,b 2.26

Cs3o 2m 10 mm 15mm PEX | 0.007Tmm | Om b,a 2.10

Css 4m 10 mm 15mm PEX | 0.007mm | 1m b,c,c,d,e 2.27

Datum 3 Css 1m 10 mm 15mm PEX | 0.007mm | Om | b,c,e,d,b,e | 3.07
Csg 1m 10 mm 15mm PEX | 0.007mm | Om a,d,c,e 2.26

Cs7 2m 10 mm 15mm PEX | 0.007mm | Om a,c,d, b, c 3.27

- Csg 2m 10 mm 15mm PEX | 0.007mm | 0.5m b,c,c,d, e 2.27

- Cyo 2m 10 mm 15mm PEX | 0.007mm | 0.5m | ¢, c,a,d,e 2.77

Table A.1: List of pipe components in figure A.2 and their parameters. More details

on the fittings are listed in table A.2, the pipe friction factor f is shown
in table A.3 and the average hight of roughness inside a pipe wall, &,
is from [Wavin 15] (PEX) and [Wavin 12] (PEM). Note, the Y ky is an
initial guess which is used in the parameter estimation method in section
3.4.3. Also, the length of pipe C4 and C14 contain their own length and
also the length of the pipe connecting the respecting pumps, C and Cig,
to the water supply.
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Fitting symbol | k;
Tee - Over all loss kfa 1.3
Tee - Straight through kro 0.8
90 ° bend - Diameter /radius ratio 1:1 kfe 0.51
Sudden enlarger - Diameter ratio 1:2 kta 0.15
Sudden contractor - Diameter ratio 1:2 kfe 0.3

Table A.2: List of the fittings found in the system depicted in figure A.2 along with
their form-loss coefficient k. The ky values are found in [Polypipe 08]
and [Fischer 11]. Note, the fittings are not depicted in A.2 and are there-
fore found by studying the physical system.

Pipe material ‘ Diameter ‘ € ‘ f
25 mm PEM 20 mm 0.0lmm | 0.0167
15mm PEX 10 mm 0.007mm | 0.0180

Table A.3: List of the pipe form-loss coefficient k; which is dependent on the pipe
diameter, mean water flow, water temperature and material, hence the
pipe arrearage hight of roughness €. The form-loss coefficient is calculated
by equation 2.8 where equation 2.7 and equation 2.6 are also applied. The
expected water flow is described in 2.1.1 where its mean flow is 1m/s
and the water flowing in the Water Wall described in 3.1 is measured as
T, =20°C

Datum ‘ Component ‘ Valve fitting ‘ kys ‘ Mgl ‘ Otz ‘ Omax ‘ valve motor

Datum 1 Cog, Cay Belimo R2015-1-S1 1 |32 15° | 90° | Belimo LRQ24A-SR
Datum 2 Co7, C31 Belimo R2015-1-S1 1 3.2 | 15° | 90° | Belimo LRQ24A-SR
Datum 3 Cs4, C3g Belimo R2015-1-S1 1 3.2 | 15° | 90° | Belimo LRQ24A-SR

Table A.4: List of the valves found in the system depicted in figure A.2 along with
their conductivity value ks, characteristic curve factor ng;, angle of ro-
tation when the valve starts to open, 6.1, and the angle of rotation when
the valve is fully open Omax. The kys, ngi, fox and Omax values are found
in [Belimo 11, Belimo 14].

Datum Component Pump Type Constants
apo = 1.2024  apo = 65.9475
Grundfos UPMXL GEO ap1 = 0.0098 ap1 = 46.9126
25-125 180 apz = 0.0147  apy = —3.1342
By =9.8924 Py =1.3788
apo = 0.6921  app = 35.7518
apy = —0.0177  ap; = 44.6567
apz = 0.0179  apy = —3.3768
By = 0.0698 Py =1.0575

Datum 1 02, 016

- 018, 025, 032 Grundfos UPM?2 25-60 180

Table A.5: List of the pumps found in the system depicted in figure A.2 along with
the constants which describe the pumps. The constants where provided
by Grundfos. Note that the constants are scaled so the pump model in
equation 2.20 has the units [bar], the rotational speed, w, is in [1/s] that
is valid in the interval [0,1] and lastly, the flow has the unit [m?/h].
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A.6. TEST SYSTEM INCIDENCE MATRIX H¢

A.6 Test System Incidence Matrix H¢
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APPENDIX A. TEST SYSTEM
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Appendix B

Unit Transformation

The Sl-units for flow [m3/s] and pressure [Pa] in equation 2.11 are converted to [m?/h] and [bar]
which are the units used throughout this project. The unit transformation procedure is described
in the following equations where the symbols for flow and pressure belonging to the SI-units are

denoted as ¢5; and pg;. The transformation results in equation B.2 which is then applied in
equation 2.12.

First, equation 2.11 is recalled as:

Lp dgs 8Lp 8p

— = Apg; — k il @si — A B.1

1 di P (fW2D5+ tapi ) lasila zgp (B.1)
The first step is transform the pressure unit where 1 - p [bar] = f(;; [Pa]

Lp dgs; o Apsi 8Lp 3 8p . 4 Ang
- f 2D"-10‘)+ f 72 D4 105 |QSz|q$z_7

A-105 dt  10° 105
A-105 dt = f 72 D5 105 + kf 2 D4 105 |qSi| qsi — 105

The second step is to transform the flow unit where 1 - ¢ [m?3/h] = 3600 - gs; [m?/s]

Lp d q 8Lp 8p Azgp
d Ay . JUNE .
A-10°% dit (3600) P <f7r2 D5 -10° + 772 D105 ) 136001 3600 10°

Resulting in

Lp @—A— f 8Lp Tk 8p 1 _Azgp
A-105-3600 dt 7 72 D5 10536002 Y72 DT.105-36002 ) 11T 105

(B.2)
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Appendix C

Water Wall Pump Efficiency

As discussed in section 2.1.3, the pumping units in a water distribution network are assumed to
be booster sets which are operated via differential pressure reference signal u. Section 2.1.3 also
covers how to find the total energy efficiency, 7 for a single pump via equation 2.25 by applying the
pump differential pressure, Ap, given in equation 2.20, the pump electrical power consumption,
P., given in equation 2.24 and the flow through the pump, ¢q. Equation 2.25 recalled in the
following equation:

Piyarautic  Ap-10° - ¢ - 360071
= = - 100
P, P,

Ui

The pumps located on the Water Wall described in 3.1 are assumed to be booster sets even though
they are only consist of a single pump. This means that the pumping units on the Water Wall
do not have a constant efficiency over i wide range of flow as illustrated in 2.8. Even so, equation
2.26 which calculates the pump electrical power consumption, P., requires a constants efficiency
value. A efficiency plot for the two pump types found on the Water wall are shown in figure C.1
and C.2 where the pump speed is set to w = [0.1,0.2...,0.8]. Note that the pump constants are
given in table A.5.

By analysing the efficiency plots one can see that it is hard to find a constant efficiency that can
represent each pump type. Consequently, the pumps efficiency is defined from typical booster set
efficiency value. The UPMXL pump represent a booster set which maintains a pressure in the
water network main distribution lines. Meaning that a UPMXL pump represent a booster set con-
taining relatively big pumps which usually have a combined efficiency around 80% [Kallesge 15].
The UPM2 pump represent a booster set containing relatively small pumps where the purpose
is to maintain a desired pressure in a small part of the whole distribution network. A typical
efficiency for such a booster set is between 60 % and 70 % where the efficiency of 65 % is defined
for the UPM2 pump [Kallesge 15]. The resulting efficiency for each pump type is listed in table
C.1.

Pump type ‘ 7
Grundfos UPMXL GEO 25-125 180 | nuypmxr = 0.8
Grundfos UPM2 25-60 180 nupme2 = 0.65

Table C.1: The defined efficiency for the two pump types located in the system.
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APPENDIX C. WATER WALL PUMP EFFICIENCY

UPM2 25-60 180

T T T T
20 - w=0.3]| 7
w=0.4}_|
—— w=05
——— w = 0.6 [
S 15 —w=07| ]
> — w=0.8
Q
.§ —w=0.9
Q - -
g= 10
o
5 - -
0 | | | | |
0 0.5 1 1.5 2 2.5 3
flow [m?/h]
Figure C.1: An efficiency plot of UPM2 25-60 180 Grundfos pump showing its the
efficiency for different rotational speeds w. More information on the
pump is found in table A.5.
UPMXL GEO 25-125 180
T T T T T T T
35 ' R
w=0.2
w =03
30 w=04] |
—— w=0.5
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Figure C.2: An efficiency plot of UPMXL GEO 25-125 180 Grundfos pump showing
its the efficiency for different rotational speeds w. More information on
the pump is found in table A.5.
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Appendix D

Numerical Analysis of Chord Flows

There is a desire to determine whether BA(BTq}) and Bu(BTq}) are constant for all control
signal ug given to the supply pumps for Ap < ug < Ap, in order to investigate convexity of the
optimization problem. -

The functions A(BTq}) and p(B7q;}) are constant if the chord flows q; are constant for all ug.
From simulation results of the system a numerical analysis of the flow convergence has been
conducted. The simulation results are presented here.

D.1 Equal End-user OD Simulation Results

The simulation is performed with a 75 % OD for all end-user valves. The supply pumps differential
pressures have been varied between each test to see whether the chord flows converge to the same
steady state values.

D.1.1 Simulation-1 Results
us1 = uge = 0.15 = Apeo = Ap.ig = —0.15bar

T T T T T
Qu1 |
Gu2 [
Qu3
Qua | A
Qus ||
g Qu6
- 21 4
é Qu7
5 =
&3 4
1 1 1
15 20 25 30

Time(s)

Figure D.1: Simulation results for q, flows with Ap.2 = Apc16 = —0.15 bar and all
end-user OD at 75 %.
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APPENDIX D. NUMERICAL ANALYSIS OF CHORD FLOWS

D.1.2 Simulation-2 Results
ug1 = ug2 = 0.3 = Apes = Apeig = —0.3 bar

T T T T T
Qu1 |
— e[
Qu3
Qua | A
Qus ||
= Qué
~
&S Qur | A
F =
<
F 4
1 1 1
15 20 25 30

Time(s)

Figure D.2: Simulation results for q, flows with Ap.o = Ap.ig = —0.3bar and all
end-user OD at 75 %.

D.1.3 Simulation-3 Results
us1 = ugg = 0.5 = APCQ = Apclﬁ = —0.5bar

T T T T T
Qui |
Gu2 [
Qu3
Qua |
Qus ||
= Qué
~
s Qur | 4
<
g =
e .
1 1 1
0 5 10 15 20 25 30

Time(s)

Figure D.3: Simulation results for q, flows with Ap.o = Apc.ig = —0.5bar and all
end-user OD at 75 %.
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D.1.

EQUAL END-USER OD SIMULATION RESULTS

D.1.4 Convergence Error

A sum of square root error for the simulations are calculated as

e =/(q —q;)* (D.1)
n k
! +
€total = €;; €; 5
ota n+k 1,7 : 1,7
i=1 j=1
0.15 T T T T T
Qu1
Qu2
Qu3
Qua
0.1 Gus | ]|
= Qué
~
= Qur
ES
2
R 0.05 1
0
1 1 1 1 1
0 5 10 15 20 25 30
Time(s)

Figure D.4: Sum of square root error of the flow
simulation results.

vectors from the previous three
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APPENDIX D. NUMERICAL ANALYSIS OF CHORD FLOWS

D.2 Unequal End-user OD Simulation Results

The simulation is performed with different OD for all end-user valves with cog = 25 %, coq4 = 50 %,
cor = 75%, c31 = 25%, c3a = 50%, c3s = 75% open. The supply pumps differential pressures
have been varied between each test to see whether the chord flows converge to the same steady

state values.
D.2.1 Simulation-1 Results
ug1 = ugs = 0.15 = Apcz = Apclﬁ = —0.15bar

Qui |
Qu2 [
Qu3
Qua | 1
Qus
Qué
Qur | 4

Flow(m?/h)

0.1

-0.1 L L
0 5 10 15 20 2

Time(s)

W

30

Figure D.5: Simulation results for q, flows with Ap.e = Apce = —0.15bar and
different end-user valve open degrees.

D.2.2 Simulation-2 Results
ug1 = g2 = 0.3 = Apes = Ap.ig = —0.3bar

Qui |
Qu2 [|
Qu3
Qua |
Qus
Qué
Qur | H

0.9
0.8

Flow(m?®/h)

0 5 10 15 20 2
Time(s)

W

30

Figure D.6: Simulation results for q, flows with Ap.s = Apcs = —0.3bar and
different end-user valve open degrees.
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D.2. UNEQUAL END-USER OD SIMULATION RESULTS

D.2.3 Simulation-3 Results

us1 = ug2 = 0.5 = Apeo = Apeag = —0.5bar

Qui |
Qu2 [|
Qu3
Qua | 1
Qus
Qué
Qur | A

Flow(m?/h)

Time(s)

Figure D.7: Simulation results for q, flows with Ap.o = Apcs = —0.5bar and
different end-user valve open degrees.

D.2.4 Convergence Error

A sum of square root error for the simulations are calculated as

Qu1
Qu2
Qu3
Qua
Qus
Qu6
Qur

S
o)
S
O
&)
S
(3]
W

30
Time(s)

Figure D.8: Sum of square root error of the flow vectors from the previous three
simulation results.
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APPENDIX D. NUMERICAL ANALYSIS OF CHORD FLOWS

D.3 Constant Difference Between Supply Pumps Simulation Results

It has been observed that instead of limiting the pumps control signal to be equal, instead it
may be possible to have a constant difference and still converge to the same steady state flows.
Thus instead of maintaining the relation ug; = ugs, the relation ug; — uge = ¢, where c is some
constant.

The simulation is performed with different OD for all end-user valves with cog = 25 %, coq4 = 50 %,
cor = 5%, c31 = 25%, cs4 = 50%, c3s = 75% open. The supply pumps differential pressures
have been varied between each test to see whether the chord flows converge to the same steady
state values.

D.3.1 Simulation-1 Results

c=-0.15, wug1 =0.1, wugo=0.25
ug1 — uge = —0.15 = Ap. = —0.1bar, Ap.6 = —0.25bar

08 —qQui| ]
Qu2
0.6 Qus | |
Qua
Qus
Qus |
Qutr

04

Flow(m?/h)

Figure D.9: Simulation results for q, flows with ugi — usa = —0.15 = Apes =
—0.1bar, Apci6 = —0.15 bar.
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D.3. CONSTANT DIFFERENCE BETWEEN SUPPLY PUMPS SIMULATION RESULTS

D.3.2 Simulation-2 Results

c=-0.15, wug1 =0.3, ugo=0.45
ug1 — use = —0.15 = Apeo = —0.3bar, Ap.g = —0.45 bar

T T T T T
08 —qui| ]
Qu2
0.6 Qus |
Qua
Qus
g 04H Qué | 7
nE (\ Qur
T oo T |
2 '
[
0 :\/ g
0.2 _x n
_0.4 1 1 1 1 1
0 5 10 15 20 25 30
Time(s)
Figure D.10: Simulation results for q, flows with us1 — ug2 = —0.15 = Apes =

—0.3bar, Apce = —0.45bar.

D.3.3 Simulation-3 Results

c=—0.15, wug1 =0.0, wugex=0.15
us1 — uge = —0.15 = Ap.o = 0.0bar, Ap.g = —0.15bar

T T T T T
08 —qu |
Qu2
0.6 Qus |
Qud
Qus
g 04 Qué | 7
”E Qut
E 02§ .
=]
R
0k i
02 i\< 1
_0.4 1 1 1 1 1
0 5 10 15 20 25 30
Time(s)
Figure D.11: Simulation results for q, flows with us1 — ug2 = —0.15 = Apes =

0.0bar, Apce = —0.15bar.
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APPENDIX D. NUMERICAL ANALYSIS OF CHORD FLOWS

D.3.4 Convergence Error

A sum of square root error for the simulations are calculated as

0.15 T T T T T

qu1
]
Qu3
Qua
0.1 qus | ]
Qué
Qut

Flow(m?/h)

Time(s)

Figure D.12: Sum of square root error of the flow vectors from the previous three
simulation results.

D.3.5 Conclusion

The conclusion is that the flow q; is not constant for all us. But the flow vector qj is constant for
ug1 — uge = ¢ where is some constant. Thus imposing ug; — uge = ¢ as an additional constraint
on the optimization problem makes q; constant.
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Appendix E

Water Wall Setup Guide

This is a short guide to setup the AAU Water Wall with a Linux PC.

All drivers needed which are not included in MATLAB, Simulink or Linux can be found on the
project CD.

e Connect a PC to the USB interface
e Turn on the Water Wall with the switch on the left side of the Water Wall

¢ Follow the guide on the next page
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How to get the wA AUter wall to work with simulink realtime (AKA simulink Coder)

1. Install MATLAB R2012a and make sure that the Simulink Coder is a part of the installation
2. via software center : install libcomediO and libcomedi-dev
3. Make sure that folders 'bits' and 'sys' are inside the /usr/include. IF NOT make symbolic links.
In our case, they exist in '/usr/include/x86_64-linux-gnu'.
4. Make a copy of the comedi folder to 'your_path/MATLAB/R2012a/toolbox/'
5. Make a copy of the Inxxx folder to 'your_path/MATLAB/R2012a/rtw/c/src/'
6. Make a copy of the tcpip folder to 'your_path/MATLAB/R2012a/rtw/c/src/ext_mode' and
'your_path/MATLAB/R2012a/rtw/ext_mode'
7. In MATLAB 'addpath your_path/MATLAB/R2012a/toolbox/comedi’
8. open the simulink file 'wss_system.mdl' in MATLAB
GoTo Tools-->Code Genartion-->options and make sure that the setting in the following figures
are the same
b Configuration Parameters: wss_system/Configuration (Active)
| Select: Target selection
é----SOIver System target file:  Inxxx.tlc Browse...
-~ Data Import/Export
+-Optimization Language: c -
-Diagnostics Description: Linux Near Real-Time Target

§----Hardware Implementation
-Model Referencing
- Simulation Target

Build process

&l Code Generation TLC options:
""" Report Makefile configuration
- Comments
..Symbols % Generate makefile
- Custom Code Make command: make_rtw USER_SRCS="comedi_lib.c"
- Debug
L-LNXXX code generati... Template makefile: Inxxx_unix.tmf

Code Generation Advisor
Select objective: Unspecified -

Check model before generating code: Off Check model ...

4

Generate code only Build



-

LonTiguration Farameters: Wss_systemsLonriguration (ACtive)

Select:
- Solver
--Data Import/Export

--Model Referencing
+-Simulation Target
5. Code Generation
- Report

- Comments
--Symbols

--Debug

Select:

i-Solver

~Data Import/Export

+ Optimization

+ -Diagnostics

E----Hardware Implementation
-~Model Referencing
+ Simulation Target
%..Code Generation

ymbols
ustom Code
ebug

Use the same custom code settings as Simulation Target

Include custom C code in generated:

+-Optimization Source file:
+-Diagnostics Header file
-Hardware Implementation Initialize function

Terminate function

® Custom Code

- LNXXX code generati...

Include list of additional:

Include directories | Libraries:
Source files

Jusrflibflibcomedi.a fusr/lib/x86_64-linux-gnu/libm.a

LONTIGUration FarameLers: Wss_systenywoniigurauon (Acuve) -

MAT-file variable name modifier rt_ -

® Comedi support
MySQL support
® External mode

External mode Mex File Arguments  '127.0.0.1'
Static memory allocation

Static memory buffer size 1000000

9. click OK :) and press Ctrl+b for build.
10. Now a folder called 'wss_system_Inxxx_rtw' and 'slprj' are created along with a 'wss_system'

file

11. Open a terminal and go to the folder including the simulink file and 'wss_system'
12. sudo ./wss_system -tf inf -w

13. In simulink GoTo simulation--> Connect to target

14. Lastly, GoTo simulation--> Start Real-Time Code

15. Now, what happens in simulink happens on the WALL!

T
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