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ABSTRACT

Flood control and water supply are important aspects that can improve the life quality

of many people. Saint Venant equations are one of the most popular models used by

hydraulic engineers to express the behavior of open channel flows. The problem with the

models based on Saint Venant equations are that they are difficult to analyze and simulate.

The micro-channel is an experimental plant that can represent open channel flow hy-

draulic phenomena at scale.

We propose in this thesis the model of a micro-channel using a port-Hamiltonian sys-

tem approach. The model is represented by a series of tanks and pipes interconnected

in series. These hydraulic elements can be interpreted as basic elements equivalent to

electric components such as capacitors, inductance and resistors.With the basic element

structure established tank+pipe an identification experiment was done to identify the Port-

Hamiltonian System (PHS) model parameters. We use Ordinary Least Square (OLS) to

adjust the model to the experimental setup.

Based on the interconnected model a controller was designed using the total hydraulic-

mechanical energy as a local Lyapunov function. The objective is to control the water

height level inside the micro-channel.

Due to the micro-channel model and the model gate errors an Integral Action Con-

troller (IAC) was designed. The controller based on the total hydraulic-mechanical energy

as a local Lyapunov function shows good simulation results but presents steady state error

in the experimental results. The IAC shows good simulated and experimental results even

with an input flow perturbation.
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û :Adjusted fluid resistance (Ns/m5)

Rf :Uncontrolled fluid resistance (Ns/m5)

Cf :Fluid capacitance (m5/N )

I :Fluid inertance (Ns2/m5)

A :Area (m2)

B :Channel width (m)

h :Water level height (m)

αg :Gate flow coefficient

γ,K1 :Model parameters

η :Adjusted resistance parameter

ρ :Fluid density (Kg/m3)

k :Sample-indexing variable

Ts :Sample period (s)

m,n :Dimensions

The none italic letters represent constants.



1. INTRODUCTION

1.1 General problematic and context

In the practice of engineering, energy is a fundamental concept where it is common to

manage dynamic systems by energy transforming elements. This perspective is very useful

to study complex non linear systems, since they can be decomposed in simpler subsystems

that can be interconnected between them, where the sum of its components determine the

behaviour of the entire system. [1].

Port -based modelling provides an unified framework for the modelling of systems

belonging to different physical domains such as mechanical, electrical, hydraulic, thermal,

among others [2]. The language that these physical domains share is energy. When two

physical systems interacts, there is a flow of energy from a system to another one. The

flow of energy determines the dynamic of the system and to control it in a desired way

it is necessary to manipulate the interchange of energy [3]. It is appropriate to represent

the interactions between two systems by a bilateral relationship, thus the concept of port,

defined as an interface in which a system is related with other systems [3].

Port-Hamiltonian (PH) models are widely accepted in the control community due to

the principle of modularity and emphasis on physical structure and interconnections. The

PH formulation can be used to model complex multi domain physical systems. There

are several advantages using a PH approach such as the Hamiltonian can be used directly

as the basis to construct a candidate Lyapunov function with the properties of passivity,

stability, finite L2 gain, etc.[4]. The theory related with Port-Hamiltonian Systems (PHS)

is developed in [5].

1



Chapter 1. INTRODUCTION 2

In [6] the equations related with the fluid system elements are presented, where a level

control of high performance is implemented using the technique of interconnection damp-

ing assignment passivity based control (IDA -PBC) for interconnected tanks circuits. The

method proposed in [7] can manage several tanks with non linear dynamics, while mass

balance physics principles are used. In [8] a control algorithm for a reduced PHS model of

the shallow water equations (also called equations of Saint Venant) [9] is presented. In [8]

infinitesimal volume and momentum densities are used like state variables, and the sum

of kinetic and potential energies as the total Hamiltonian of the system.

Traditionally control design problems have been treated from a signal processing view.

The plant to be controlled and the controller are seen as elements that process input signals

into output signals. The control objectives are designed to maintain the error signals as

small as possible, while the effect of the disturbances is reduced despite the presence of

unmodelled dynamics [1]. On the other hand in [10] a framework is presented based on

the interpretation of the control as a mathematical model from physics principles.

The action of a controller can be considered like another dynamic system, commonly

implemented in a computer, interconnected with the process to modify their performance.

The control problem can be proposed as finding a dynamic system able to change the total

energy function to a desired form. This technique is known as energy shaping, it is the

essence of the passivity based control, and it is very useful in mechanical systems [1].

In [11] the beginnings of the idea of energy shaping is applied to design the control of

a manipulator robot, while in [12] these ideas are used to solve classes of Euler-Lagrange

systems. In [13] a tutorial of some adaptive control algorithm for manipulators robots is

shown where the term PBC is used to define the methodology of controller design, where

the objective is to get a passive system with a desired energy stored function.

Two approaches to the selection of the controller can be distinguished. The first is
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similar to the classic design based on Lyapunov, where the stored function is selected first,

then the controller is chosen to satisfy the objective. In [14] an adaptive controller to

minimize the torque ripple in permanent magnet synchronous motors (PMSM) is based

on the same principles of “Energy shaping and damping injection". In [15, 16, 17, 18]

more applications of controllers based on these same principles can be found. The second

approach is related to energy balance of mechanical systems. The energy stored function

in closed loop is obtained as the result of the selection of the interconnection of subsys-

tems and the damping. In [19] is the first time that the idea of the analysis of stability

is shown. The extension to the design of a controller was presented in [20] and [21].

From these works some applications were obtained: mass balance systems [22],electrical

machines [23], power systems [24], magnetic levitation and power converters [25]. The

examples described denote the diversity of applications where IDA-PBC control can be

implemented.

In [26] new results on rejection of unmatched external disturbances on PHS using

Control by interconnection (CBI) is presented. The disturbance rejection problem was

addressed adding integral action and there was no need of change of coordinates, keeping

the original state vector and being a simpler formulation. The methods presented were

applied in two examples: an LC network and a speed control PMSM.

A PBC design for stabilization of a DC-DC buck converter subject to non linear load

and matched or unmatched disturbances is presented in [27]. To ensure stability and ro-

bustness in closed loop the controller was designed within the PHS framework, also inte-

gral action was added to reject constant disturbances. The matching equation was solved

by construction i.e. there was no need for solving partial differential equations(PDEs).

In [28] an heterogeneous bidirectional string of vehicles can be modelled as PHS, a

non lineal local distributed control with integral actions was used, the proposed control
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actions consist into modelling the distance between the vehicles as virtual springs and

dampers where the control forces consists of spring forces.

Open channel flows are surfaces directly exposed to the atmosphere pressure. Ex-

amples of open channel flows are rivers, estuaries, and artificial structures: irrigation,

drainage channels and sewers. Researchers and engineers have being studying rivers for

many years. Rivers phenomena e.g. floods can cause a great effect in the human activities.

Civil engineering is interested in the study of hydraulic structures to control the natural

river behaviour. Flood control and water supply are important aspects that can improve

the life quality of many people. Hydroelectric power plants that are located in regulated

rivers require an accurate level control. Regulated rivers used to carry water to consumers

that need to ensure enough water quantity upstream. A desired water level is reached by

the utilization of gates combined with sewer systems [29].

The design of an automatic control to regulate river levels needs accurate models.

Saint Venant equations are one of the most popular models used by hydraulic engineers

to express the behavior of open channel flows. Saint Venant equations are nonlinear par-

tial differential equations that represent the mass and momentum conservation for one-

dimensional open channel flow. Saint Venant equations are difficult to analyze and simu-

late.

Normally three relevant assumptions are made to study the water phenomena in hy-

draulic structures: the fluid is homogeneous and incompressible, the flow is steady and the

pressure distribution is hydrostatic.

Some recent works managed the problem of controlling the water level from different

approaches. From classical control techniques such as [30], where a proportional integra-

tive derivative (PID) controller is applied to get a high precision water tank level using a

programmable logic controller (PLC) in a cascade control scheme. In [31] a mathematical
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model of a water tank is developed and probed in a real tank. The system is controlled

by an adaptive control with recursive identification, to reach a desired tank level manip-

ulating the flow rate entry through a solenoid valve. In [32] a parametric reduced-order

approximation is obtained from an infinite dimensional model and applied in an open-

channel flow for hydroelectricity. The open-channel hydraulic system is represented using

input delay linear parameter- varying (LPV) models. The model is based in Saint Venant

equations. They obtain an accurate approximated model conformed by a rational transfer

function plus input time delays. Stochastic Model Predictive Control (MPC) for a regu-

lated irrigation channels is analyzed in [33]. In [34] a distributed model predictive control

(DMPC) strategy based on linearized Saint Venant equations is applied in a multi reach

open- channel system. A Saint Venant reduced order model to control water level used for

hydroelectric production in open channels is developed in [35].

The contribution of this thesis is to find a model based on basic hydraulic elements

that represents the dynamics of the micro-channel. The assumptions for modelling the

micro-channel as a group of tanks + pipes are that the tanks represent the potential energy

accumulation, whilst the pipes represent the kinetic energy component, and the channel

can be represented by the sum of potential and kinetic energy. The advantage of the

model proposed here is to have a similar model to [8] (where the authors reduced an

infinite dimensional model to get a port controlled Hamiltonian finite dimensional system

equivalent to the Saint Venant equations) with a simplified approach, using ideas shown

in [7] (circuit of tanks interconnected), but adding a pipe that stores kinetic energy, being

a combination of N tanks and pipes models. The total energy equation in [8] considers

the slope, while in this work the slope is part of the input vector related with a pressure

difference, giving us the possibility to manage the slope like an input, separating it from

the total energy equation.

The control law is based on energy shaping principles within a PHS framework. A pool
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is defined as the space divided by two consecutive sluice gates. This space is modelled as

a group of interconnected tanks and pipes. The control is based on this interconnection,

where the control variable is the level in a specific tank in a pool, with the manipulation of

the resistance (equivalent to the gate position) at the final pipe.

Figure 1.1: Micro-channel.

The model found here and the control algorithm designed will be implemented in an

experimental micro channel located at the systems control laboratory in Universidad de

Concepción, see Figure 1.1. The micro channel has a flow sensor, ultrasonic level sensors,

a water pump, and actuators (sluice gates) that allow water pass between pools. The

simulations take into account the parameters of the micro channel to compare the results

of the simulations with the experimental plant.
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1.2 Objectives

1.2.1 General Objective

To establish the model of the micro channel within the PHS framework together with a

control law that allows to obtain a desired level, and implement the designed control on

the real plant.

1.2.2 Specific Objectives

• To formulate an hydraulic inspired interconnected PHS model for the micro-channel

setup.

• To experimentally identify the basic elements of the interconnected PHS model.

• To propose and test a controller design based on the total hydraulic-mechanical en-

ergy as a local Lyapunov function.

• To propose and test a controller design that includes integral action to reject constant

disturbances and possible modelling errors.

1.3 Thesis scope and limitations

The scope of this thesis is to implement a control law based on the total hydraulic-

mechanical energy as a local Lyapunov function and an integral action controller (IAC) to

get a desired level in a determined micro-channel section using MATLAB R© - Simulink R© .
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To connect the MATLAB R© - Simulink R© model with the micro-channel PLC. To observe

the performance of the simulated and the implemented controllers.

The limitation of this thesis is the number of instruments that can be used to determine

the number of the subsystems that can be interconnected.

1.4 Organization of the thesis and Methodology

• In Chapter 2 Preliminaries and PHS micro-channel model development. The ex-

isting bibliography related to PHS, modelling and design techniques of controllers

based in energy shaping is reviewed. The equations of potential and kinetic energy,

finding the state variables in a PHS framework are presented. The micro-channel

PHS model is shown.

• In Chapter 3 The model identification method is shown using ordinary least squares

(OLS) based on a basic element identification.

• In Chapter 4 A controller was designed using the total hydraulic-mechanical energy

as a local Lyapunov function. The controller is simulated and implemented in the

micro-channel experimental plant.

• In Chapter 5 An integral action controller is deduced from a CbI interpretation. The

IAC is simulated and implemented in the micro-channel experimental plant.

• In Chapter 6 General conclusions are presented.
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2. MODEL FORMULATION AND EXPERIMENTAL

SETUP

2.1 Introduction

Cyclo passive systems are defined by the existence of a storage function (nonnegative

in case of passivity) satisfying the dissipation inequality with respect to the supply rate

s(u, y) = u>y. Port-Hamiltonian systems (PHS) are endowed with the property of cyclo-

passivity as a consequence of their system formulation [5]. In fact, PHS arise from

first principles physical modelling. They are defined in terms of a Hamiltonian func-

tion together with two geometric structures (corresponding, respectively, to the power-

conserving interconnection and energy dissipation), which are such that the Hamiltonian

function automatically satisfies the dissipation inequality.

2.1.1 PHS formulation

An input-state-output PHS with input and output spaces U = Y = Rm, is given as[5].

ẋ = [J(x)−R(x)]∂H
∂x

(x) + g(x)u

y = g>(x)∂H
∂x

(x)
(2.1)

10
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Where the n x n matrices J(x), R(x) satisfy J(x) = −J>(x) and R(x) = R>(x) ≥ 0.

According to the properties of J(x), R(x), it immediately follows that [5].

dH

dt
(x(t)) = ∂>H

∂x
(x(t))ẋ(t) (2.2)

In this work a model of a micro-channel represented by a series of tanks and pipes

connected in cascade using physical variables like pressure and flow is obtained. The

reason to use a physical model based on the interchange of energy is to maintain a precise

and simple model of the micro-channel.

2.2 Fluid Equations

Figure 2.1: Tank + pipe schema

In this section the equations related with the dynamics of the fluid in a tank and pipe are

shown.
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2.2.1 Basic definitions

The next equations are obtained according to [6]. The volume (m3) contained in a tank is

described by V = Ah, where A is the cross sectional area (m2) and h is the water level

height (m). The equation for the pressure p (N/m2) is p ≈ ρgh, where ρ is the water

density (Kg/m3) and g is the gravity (m/s2), it is approximately equal to the product of

density, the gravity and the height of the fluid. The variation of the volume in the tank is

equal to the difference between the inlet flow and the outlet flow:

dV

dt
= qin − q1 (2.3)

The momentum Π (Ns/m2) is equal to the product of the fluid inertance I (Ns2/m5)

with the flow q (m3/s), the expression is: Π = Iq. The fluid capacitance of a tank Cf

(m5/N) is: Cf = A
ρg

. The integral of the pressure difference (N/m2) is defined to be the

momentum, this is equivalent to

dΠ
dt

= Id(q)
dt

= p1 − pext (2.4)

The presence of the gate can be represented by a fluid resistance u (Ns/m5) that is equal

to the relation between the difference of pressure and the flow u = ∆p
q

.



Chapter 2. MODEL FORMULATION AND EXPERIMENTAL SETUP 13

2.3 The total energy equation

An expression of the volume as function of the pressure and the capacitance of the fluid is

obtained as: V = A
ρgp = Cfp. According to the definition of the stored energy in an ideal

fluid capacitor the potential energy (J) is: Cf
2 p

2 = 1
2
V 2

Cf

The stored energy (J) in an ideal fluid inertance is: 1
2Iq2 = 1

2
Π2

I The partial derivative

of the kinetic energy regarding the momentum is Π
I = q. Finally, the total energy (J) is

1
2
V 2

Cf
+ 1

2
Π2

I

2.4 One subsystem PHS model

In this section the PHS model of one subsystem is shown. Each subsystem is the intercon-

nection of one tank and one pipe between them. The pressure fluid momentum is equal to

the difference between the pressure inside the tank and the downstream pressure.

Π̇1 = p1 − pext (2.5)

The volume variation is equal to the input and output flow difference.

V̇ = qin − q1 (2.6)

The PHS is formulated considering (2.5) and (2.6).

V̇
Π̇

 =

0 −1

1 0


︸ ︷︷ ︸
J(x)−R(x)

 p1

qext


︸ ︷︷ ︸

∂H
∂x

+

1 0

0 −1


︸ ︷︷ ︸

g(x)

 qin
pext


︸ ︷︷ ︸
d(x)

(2.7)
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g>(x) =

1 0

0 −1

 (2.8)

∂H

∂x
=

p1

q1

 (2.9)

y =

1 0

0 −1


︸ ︷︷ ︸

g>(x)

p1

q1


︸ ︷︷ ︸
d(x)

=

 p1

−q1

 (2.10)

The equations above are the PHS model of a tank and a pipe. The intensive variables are

the pressure inside the tank and the output flow. The extensive variables are the volume

and the pressure momentum derivatives. The input flow and the external pressure compose

the system disturbance map. The pressure inside the tank and the output flow with negative

sign are part of the output vector.

2.5 PHS model of a finite number of interconnected sub-

systems

We present the PHS model of the interconnection of two subsystems and the general form

for a finite number of subsystems.
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2.5.1 Interconnection of two subsystems

The model of two subsystems interconnected between them is presented. The next condi-

tions show the interconnections between two subsystems.

u2 = y1

u1 = −y2

Figure 2.2: Interconnection of two tanks and pipes

The next equations represent the model of the interconnection of two subsystems.

V̇1 = qin − q1 (2.11)

Π̇1 = p1 − p2 (2.12)

V̇2 = q1 − q2 (2.13)

Π̇2 = p2 − pext (2.14)
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The PHS model is:



V̇1

Π̇1

V̇2

Π̇2


=



0 −1 0 0

1 0 −1 0

0 1 0 −1

0 0 1 0


︸ ︷︷ ︸

J(x)−R(x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

+



1 0

0 0

0 0

0 −1


︸ ︷︷ ︸

g(x)

 qin
pext


︸ ︷︷ ︸
d(x)

(2.15)

y =

1 0 0 0

0 0 0 −1


︸ ︷︷ ︸

g>(x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

=

 p1

−q2

 (2.16)

The pressure and momentum variables of two subsystems are shown in (2.15) while equa-

tion (2.16) represents the system output. The output flow and the downstream pressure of

the first subsystem interconnects both subsystems. The first subsystem pressure and the

last output flow with negative sign are part of the output vector.

2.5.2 General model representation

The next equations generalize the model for N number subsystems.
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

V̇1

Π̇1
...

V̇N

Π̇N


=



0 −1 · · · 0 0

1 0 · · · 0 0
...

... . . . ...
...

0 0 · · · 0 −1

0 0 · · · 1 0





p1

q1
...

pN

qN


+



1 0

0 0
...

...

0 0

0 −1




qin
...

pext

 (2.17)

y =

1 0 · · · 0 0

0 0 · · · 0 −1





p1

q1
...

pN

qN


=

 p1

−qN

 (2.18)

N ∈ N in (2.17) and (2.18) represents the finite number of subsystems interconnected

in series between them. The output vector is still composed of the first subsystem pressure

and the last output flow with negative sign being independent of the subsystems intercon-

nection number.

2.6 PHS model with slope

In this section the micro-channel slope is considered as a model disturbance. The PHS

model of two subsystems with slope is shown to observe its effect, then the general model

with slope is presented.
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2.6.1 Two subsytems PHS model with slope

Figure 2.3: Interconnection of two subsystems considering the micro-channel slope.

The micro-channel slope is considered like a pressure drop. In the next equations the pres-

sure drop caused by the micro-channel slope is included in the model of two subsystems,

see (2.15).

The equation (2.4) is modified due to the slope.

V̇1 = qin − q1 (2.19)

Π̇1 = p1 − (p2 − p∆1) (2.20)

V̇2 = q1 − q2 (2.21)

Π̇2 = p2 − pext (2.22)
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The PHS model is:



V̇1

Π̇1

V̇2

Π̇2


=



0 −1 0 0

1 0 −1 0

0 1 0 −1

0 0 1 0


︸ ︷︷ ︸

J(x)−R(x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

+



1 0 0

0 1 0

0 0 0

0 0 −1


︸ ︷︷ ︸

g(x)


q1

p∆1

pext


︸ ︷︷ ︸
d(x)

(2.23)

Thus the system output is:

y =


1 0 0 0

0 1 0 0

0 0 0 −1


︸ ︷︷ ︸

g>(x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

=


p1

q1

−q2

 (2.24)

The cost of the inclusion of the pressure drop representing the slope of the micro-channel

in the input map is the appearance of an intermediate flow q1 in the port conjugated vari-

ables (outputs).

2.6.2 PHS model general form with slope

The next equations show the model of N ∈ N number of subsystems with slope.
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

V̇1

Π̇1
...

V̇N

Π̇N


=



0 −1 · · · 0 0

1 0 · · · 0 0
...

... . . . ...
...

0 0 · · · 0 −1

0 0 · · · 1 0





p1

q1
...

pN

qN


+



1 0 · · · 0 0

0 1 · · · 0 0
...

... . . . ...
...

0 0 · · · 0 0

0 0 · · · 0 −1





qin

p∆1
...

0

pext


(2.25)

y =



1 0 · · · 0 0

0 1 · · · 0 0
...

... . . . ...
...

0 0 · · · 0 0

0 0 · · · 0 −1





p1

q1
...

pN

qN


=



p1

q1
...

0

−qN


(2.26)

The output vector is composed of the pressure in the first subsystem, the output flow of the

last subsystem and the intermediate flows caused by the slope inclusion in the disturbance

vector.

2.7 The actuator as a controllable fluid resistance

The actuator is included as a controllable fluid resistance. Firstly the actuator is included

in one subsystem. Then, two subsystems with an uncontrollable fluid resistance and a

controllable fluid resistance are presented. Finally the general model is shown.

2.7.1 Analysis of one subsystem

To introduce the actuator the case of one subsystem and one actuator is analyzed.
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Figure 2.4: One tank and pipe with a gate

The actuator is represented by a controllable fluid resistance being the input control

signal u. u is in series with an inertance I1. (2.20) is modified to introduce the presence

of the controllable fluid resistance. The next equations describe the behavior of the micro-

channel with the controllable fluid resistance inclusion.

I1
d(q1)
dt

+ uq1 = p1 − p2 (2.27)

Π̇1 = I1
d(q1)
dt

Π̇1 = p1 − p2 − uq1 (2.28)

The model (2.7) changes to:

V̇1

Π̇1

 =

0 −1

1 −u


︸ ︷︷ ︸
J(x)−R(x)

p1

q1


︸ ︷︷ ︸

∂H
∂x

+

1 0

0 −1


︸ ︷︷ ︸

g(x)

 qin
pext


︸ ︷︷ ︸
d(x)

(2.29)
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y =

1 0

0 −1


︸ ︷︷ ︸

gT (x)

p1

q1


︸ ︷︷ ︸

∂H
∂x

=

 p1

−q1

 (2.30)

2.7.2 Analysis of two subsystems

The PHS micro-channel model includes the fluid resistances. An uncontrollable fluid

resistance Rf1 and a controllable fluid resistance u are considered, being u the input control

signal.

Figure 2.5: Interconnection of two tanks and pipes considering a slope and gates in the
output

The new equations are:

V̇1 = qin − q1 (2.31)

Π̇1 = p1 − (p2 − p∆1)− Rf1q1 (2.32)

V̇2 = q1 − q2 (2.33)

Π̇2 = p2 − pext − uq2 (2.34)
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The PHS model is:



V̇1

Π̇1

V̇2

Π̇2


=



0 −1 0 0

1 −Rf1 −1 0

0 1 0 −1

0 0 1 −u


︸ ︷︷ ︸

J(x)−R(x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

+



1 0 0

0 1 0

0 0 0

0 0 −1


︸ ︷︷ ︸

g(x)


qin

p∆1

pext


︸ ︷︷ ︸
d(x)

(2.35)

Thus the output of the system is:

y =


1 0 0 0

0 1 0 0

0 0 0 −1


︸ ︷︷ ︸

gT (x)



p1

q1

p2

q2


︸ ︷︷ ︸

∂H
∂x

=


p1

q1

−q2

 (2.36)

2.7.3 General model considering a slope and a controllable fluid re-

sistance to represent the actuator

This section shows the general micro-channel model that includes its dynamics such as

the volume and the fluid pressure momentum variations, the micro-channel slope and the

actuator represented by a controllable fluid resistance of N number of subsystems.
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Figure 2.6: Interconnection of N tanks and pipes considering a slope and a gate in the
output.

The next model considers N ∈ N number of tanks and pipes with slope, see Figure

2.6. All the subsystems have uncontrollable fluid resistances except in the last subsystem

where a controllable fluid resistance u is placed on the interconnection matrix diagonal.



V̇1

Π̇1
...

V̇N

Π̇N


=



0 −1 · · · 0 0

1 −Rf1 · · · 0 0
...

... . . . ...
...

0 0 · · · 0 −1

0 0 · · · 1 −u





p1

q1
...

pN

qN


+



1 0 · · · 0

0 1 · · · 0
...

... . . . ...

0 0 · · · 0

0 0 · · · −1





qin

p∆1
...

pext


(2.37)

y =



1 0 · · · 0

0 1 · · · 0
...

... . . . ...

0 0 · · · 0

0 0 · · · −1





p1

q1
...

pN

qN


=



p1

q1
...

−qN


(2.38)
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The generalized micro-channel model shows N tanks and pipes interconnected in se-

ries to represent the behavior of the micro-channel. The model presented by [8] starts

with the port-based modelling of shallow water flows. Applying a discretization method,

a PCH finite-dimensional system is obtained. On the other hand in this thesis we start

with a concentrated-parameter model, interconnecting basic elements equivalent to capac-

itors and inductance to obtain the total energy equation. Comparing the resultant model

with the model obtained from the Saint Venant equations reduction in [8], we can high-

light the convergence of both models with light differences. The model presented here

considers the micro-channel slope as part of the disturbance vector whilst in [8] the slope

is included in the total energy equation. We consider two types of resistance, being the

controllable resistance the sluice gate representation. The model presented in [8] includes

the Manning-Strickler formula as the dissipative term.

2.8 Micro-channel experimental plant

Figure 2.7: Experimental setup micro-channel.

The micro-channel is an experimental plant that can represent open channel flow hydraulic

phenomena at scale, Figure 2.7. The micro-channel has installed the instruments detailed

in Table 2.1. The software used is RSlogix R© , MATLAB R© and Simulink R© .
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Table 2.1: Micro-channel instrumentation and control

Number Instrument Brand

2 Ultrasonic level sensors Endress+Hauser R© Prosonic M

1 Ultrasonic level sensors Maxbotix R©

1 Ultrasonic level transmitter Rosemount R©

1 Electromagnetic flow meter Endress+Houser R© Promag 10

1 micro sensor of velocity (MSV) developed in [36]

1 Linear actuator Exlar R© GSX series

1 Variable frequency drive (VFD) Rockwell PowerFlex R©

1 Pneumatic gate Fisher R© Fieldvue R© Instruments

1 PLC Rockwell Contrologix R©

The micro-channel piping and instrumentation diagram is shown in Figure 2.8.
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Figure 2.8: Piping and instrumentation diagram

Where M-01 is the centrifugal pump that boost the water into the micro-channel. The

level sensors are LIT-01, LIT-02, LT-03 and LT-04. The flow sensor FIT-01 is located in

the centrifugal pump output. The speed velocimeter MSV-01 is located in the middle of

the micro-channel section between the subsystems. All the signals are connected to the

PLC-01. Table 2.2 shows the micro-channel dimensions and its slope.

Table 2.2: Micro-channel characteristics

Characteristic Measure

Length 7[m]

Width 0.145[m]

Height 0.345[m]

Slope 0.328◦
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2.9 Summary

In this chapter the micro-channel PHS model was presented based on the interconnection

of basic elements divided in subsystems. The total energy equation is represented by the

sum of the potential and the kinetic energy. The potential energy is related with the stored

volume in a tank. The kinetic energy describes the water flow through a pipe connected

with a tank.

Each subsystem has electrical equivalent elements such as fluid capacitors (capaci-

tors), inertances (inductance) and fluid resistance (resistors). The fluid resistances can be

uncontrollable caused by the wall friction and the controllable fluid resistance that is the

representation of the actuator (sluice gate). The fluid resistances are located over the pipes

and cause pressure drops. The PHS model interconnects several subsystems and consid-

ers the slope presented in the micro-channel. The slope can be considered as a pressure

drop. The slope can be the same for all the micro-channel or vary in an specific segment

depending of the experimental plant. In this thesis the slope was considered as constant in

the model.

The micro-channel is an experimental plant used to simulate hydraulic phenomena at

scale. The micro-channel experimental plant has level, flow and speed sensors. All the

signals are connected to a PLC.



3. MODEL IDENTIFICATION

3.1 Introduction

The authors of [37] deduced a vocal folds model based on a vocal fluid-structure interac-

tion compared with a mechanical structure equivalent to a mass-spring-damper system. In

[38] a micro-channel model is developed based on the interconnection of basic elements

also modeled as capacitors, inductance and resistors that represents tanks, pipes and gates

respectively. The interconnection of several subsystems (tank-pipe-fluid resistance) gen-

erate a good approximation to the behavior of a micro-channel. In [38] the micro-channel

fluid capacitance Cf (equivalent to the electrical capacitance) was found from the geo-

metric structure of the micro-channel. The inertance I (equivalent to the inductance in an

electrical circuit) is more difficult to find because physically there is no pipe . The uncon-

trollable resistance Rf related with the friction of the the walls is also difficult to obtain.

Finally, the controllable resistance u can be deduced from the sluice gate model. In order

to get an accurate model that represents the dynamics of a micro-channel experimental

plant, a process of identification has to be done to obtain the model parameters that are

difficult to measure.

Recent works apply identification methodologies to different applications such as, [39]

where a modified recursive least squares algorithm is used on sparse systems (most coeffi-

cients of the impulse responses are zero or non-zero). In [40] various linear methods such

as state space (SS) model, autoregressive with exogenous terms (ARX) model and nonlin-

ear methods like nonlinear autoregressive exogenous (NARX) model and Hammerstein-

Wiener models are applied to a MIMO process. The validation techniques used are Mean

29
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Squared Error (MSE) and Final Prediction Error (FPE). In [41] ARX and autoregressive

moving average exogenous (ARMAX) are used to represent a four wheel mobile robot

(FWMR). In [42] a state space model identification methodology is presented. A Chirp

signal is used to identify a Hammerstein model for a nonlinear process in [43]. Fixed

wing lateral dynamics of an Unmanned Aerial Vehicle (UAV) model are identified using

least square error estimation technique in [44]. The model of a coupled tank nonlinear

Multiple-Input Multiple-Output (MIMO) system is identified in [44].

3.2 Basic Element Identification

Figure 3.1: Schematic representation of two subsystems

To adjust the theoretical PHS structure to the experimental setup, a parameter identification

experiment has to be done.

First, we identify two types of interconnected subsystems. The first subsystem consid-

ers an uncontrollable resistance. The second subsystem considers a controllable resistance.

Secondly, we validate the model of the subsystems previously identified with the inter-
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connection of three subsystems. We interconnect two subsystems with an uncontrollable

resistance to one subsystem with a controllable resistance, see 3.3.1. Finally, we design

two types of controllers for a model composed of four subsystems, see 3.3.2.

To find the best fitting curve a mathematical procedure called Ordinary Least Squares

(OLS) is used, given a set of points.

The experimental setup has four level sensors (LIT-01, LIT-02, LT-03 and LT-04),

one flow sensor (FIT-01) and one micro speed velocimeter (MSV-01)[36] that is used to

estimate the flow. The flow sensor (FIT-01) registers the input flow directly from the pump

output. The micro speed velocimeter (MSV-01) and the level sensor (LIT-02) are located

in the middle of the micro-channel section to be identified. The micro-channel section

is divided in two subsystems. The first subsystem considers an estimated flow calculated

from the speed and level measures as the output flow and it is the input flow for he second

subsystem. The identification procedure considers gate position as the control variable.

Figure 3.1 indicates the sensors used in the identification experiment. The capacitance

is a geometric parameter easy to verify and it is related with the longitudinal section of

the micro-channel. The schematic representation of the identified subsystems is shown in

Figure 2.5.

3.2.1 Subsystem one

The first subsystem considers one tank and one pipe. The output flow is estimated using

the speed and the level measures.

I1

Ts
(q1(kTs + Ts)− q1(kTs)) = A1

Cf1
h1(kTs)−

A2

Cf2
h2(kTs)− Rf1q1(kTs) (3.1)
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Reordering:

h1(kTs) = Cf1I1

A1Ts
(q1(kTs + Ts)− q1(kTs)) + Cf1A2

A1Cf2
h2(kTs) + Cf1Rf1

A1
q1(kTs) (3.2)

From which we have the following parameters:

h1(kTs) = γ1(q1(kTs + Ts)− q1(kTs)) + γ2h2(kTs) + γ3q1(kTs) (3.3)

where k ∈ N is the observation number. Ts is the sample time. γ1 and γ2 are the model

parameters. h1 is the water height level in the first subsystem and h2 is the water height

level in the second subsystem. q1 is the output flow of the first subsystem.

3.2.2 Subsystem two

In the second subsystem the output flow is estimated from the level measurements before

and after the gate. To determine the fluid resistance value we consider the term αg = 0.66

(that is an empirical term), [45]:

q2 = Bh3
√

2√(
h2

3
α2

gh
2
g
− 1

)√g(h2 − h3) (3.4)

where B is the width of the micro-channel (m), h2 is the water level height (m) of the

second subsystem, h3 is the water height level after the sluice gate, g is the gravity (m2/s)

and hg is the sluice gate opening.

Considering the stationary state
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u = ∆P
q2

(3.5)

I2

Ts
(q2(kTs + Ts)− q2(kTs)) = A2

Cf2
h2(kTs)−K1h3(kTs)− u(kTs)q2(kTs) (3.6)

The final expression is:

h2(kTs) = Cf2I2
A2Ts

(q2(kTs + Ts)− q2(kTs)) + Cf2K1
A2

h3(kTs)

+Cf2(kTs)
A2

ρg(h2(kTs)− h3(kTs)))
(3.7)

Replacing with the unknown parameters:

h2(kTs) = γ4(q2(kTs + Ts)− q2(kTs)) + γ5h3(kTs)

+γ6ρg(h2(kTs)− h3(kTs))
(3.8)

where again k ∈ N is the time index and ρ is the water density (Kg/m3). γ4, γ5 and γ6

are the model parameters.

Table 3.1 resumes the unknown parameters and their definition:
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Table 3.1: Model parameters to identify.

Parameter Definition Parameter Definition

γ1
Cf1 I1
A1Ts

γ4
Cf2 I2
A2Ts

γ2
Cf1A2
A1Cf2

γ5
Cf2K1

A2

γ3
Cf1Rf1

A1
γ6

Cf2
A2

The parameters are estimated using OLS see [46].

3.2.3 Two subsystems identification

In this experiment we use (3.3) and (3.8) to identify a subsystem with an uncontrollable

resistance interconnected with a subsystem with a controllable resistance. The input flow

is 1.5l/s. A seventh order Pseudo Random Binary Sequence (PRBS) with a period of ten

minutes was applied to the gate position, varying between 0.6[cm] and 2.6[cm] from the

channel floor, because these values cause a change in the micro-channel level. The PRBS

design parameters such as the period and the order were taken from [47] where an identi-

fication process was made to identify the parameters of a similar process. The first half of

the experimental data was used to calculate the parameters, whilst the second half of data

was used to validate the model. The sample period was Ts = 0.04s. Table 3.2 indicates

the parameters obtained from the identification method. The area and the capacitance are

found directly from the micro-channel geometry (Cf = A
ρg ). The identification method

gives the inertances, and the uncontrollable fluid resistance caused by the friction of the

walls.
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Table 3.2: Parameters obtained

Parameter Value Parameter Value

γ1 11.66 A1 0.1914

γ2 0.78 A2 0.1914

γ3 22.52 K1 9.8

γ4 0.003 Cf1 0.0195

γ5 1.0814 Cf2 0.0195

γ6 0.9921 Rf1 22.52

I1 4.6

I2 0.0294

We show the comparison between the experimental data, the identification results and

the continuous time data in Figure 3.2 for the height water level of the first subsystem.

The figure show a good approximation between the three compared signals.

Figure 3.2: Model validation first subsystem.
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Figure 3.3 shows the results of the simulated , experimental and continuous time sim-

ulation height water level for the second subsystem. The compared signals show a similar

behavior with the same input signal.

Figure 3.3: Model validation second subsystem.

3.3 Experimental estimation

3.3.1 Three subsystems experiment

An estimation experiment was done using the parameters found previously. Two sub-

systems (tank, pipe, uncontrollable fluid resistance) and one subsystem (tank, pipe, con-

trollable fluid resistance) interconnected in series were modelled. Each subsystem has a

length of 1.32m. Figure 3.4 shows the model response to changes of different gate posi-

tions. The error between the model and the experimental data increases with the level but

is acceptable in the operating zone (less than twenty centimeters).
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Figure 3.4: Model estimation, h1

3.3.2 Fluid resistance adjustment

In order to improve the estimation results of the model and the experimental plant the

fluid resistance was adjusted. The desired fluid resistance was compared with the fluid

resistance calculated from the gate position. The method used to adjust the fluid resistance

values was OLS, the structure of the equation is a seventh order polynomial.

û = η8(u)7 + η7(u)6 + η6(u)5 + η5(u)4 + η4(u)3 + η3(u)2 + η2(u) + η1 (3.9)

where u is equal to the difference between the pressure before and after the gate divided

by the output flow calculated with (3.4). û is the necessary fluid resistance to fit the

experimental level with the simulated level. û is obtained from simulation. ηn are the

parameters that adjust u with û.
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Table 3.3: Adjusted resistance parameters.

Parameter Value

η1 -2.6e02

η2 6.44

η3 -0.04

η4 1.4e-04

η5 -2.1e-07

η6 1.6e-10

η7 -5.3e-14

η8 5.7e-18

The level comparison MSE with and without the adjusted fluid resistance can be seen

in Table 3.4. There is a MSE reduction with the adjusted fluid resistance.

Table 3.4: Mean squared error (MSE).

MSE Value

Without adjustment 1.3646

With adjustment 1.0692

Figure 3.5 shows the comparison between u and û. The experimental resistance cal-

culated from the gate position is is pretty close to the adjusted resistence.
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Figure 3.5: Fluid resistance comparison between û and u.

Figure 3.6 shows the water height level experimental validation. Due to the similarities

between the experimental and the adjusted resistance the comparison between the model

tank and the experimental water height level are very closer between them.

Figure 3.6: Experimental and model water height level validation.
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With the identified micro-channel model parameters a control law can be designed to

control the water height level inside the micro-channel.
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3.4 Summary

In order to get an accurate model that represents the dynamics of a micro-channel experi-

mental plant, an identification process has to be done to obtain the model parameters that

are difficult to measure. Two types of interconnected subsystems were identified. The

first subsystem considers an uncontrollable resistance. The second subsystem considers a

controllable resistance that represents the sluice gate position.The interconnection of two

subsystems with uncontrollable resistances and one subsystem with a controllable resis-

tance is used to validate the subsystems identified.

The capacitance was calculated based on the geometric micro-channel characteristics,

being constant for all the subsystems. The inertance and the uncontrollable resistance were

identified. The theoretical PHS structure is adjusted with the experimental setup through a

parameter identification experiment using OLS. A PRBS signal is used to manipulate the

sluice gate position. The estimation using three basic elements shows some error between

the estimated water height level and the experimental data. To improve the estimation the

fluid resistance was further adjusted. In this chapter three subsystems were interconnected.

In the next chapters four subsystems are interconnected to better approximate the process

and its control and to cover all the micro-channel length.



4. CONTROLLER DESIGN BASED ON THE TOTAL

HYDRAULIC-MECHANICAL ENERGY AS A

LOCAL LYAPUNOV FUNCTION

4.1 Introduction

In irrigation channels the objective is to maintain a constant level in a pool. This level

decreases until the last pool has the best use of the water. A proportional controller to

maintain a desired level was designed, bounding the total energy through the potential en-

ergy. To have a better approximation of the pool, the controller has to control the volume

of an upstream tank, modifying the value of the resistance corresponding to a downstream

pipe’s gate. According to the basic element interconnection model approach in [38] a pro-

portional control law based on the total hydraulic-mechanical energy as a local Lyapunov

function was presented. The proportional control has some advantages such as to be easy

to design, to present a quick response and to be stable. This proportional controller is

simulated and implemented in the experimental setup. The following proposition presents

the controller.

42
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4.2 Controller design

Proposition 4.2.1. Consider the subindex N to denote the tank subsystem just before the

controllable fluid resistance. Then the control law

u =βIN(ΠN − Π∗N)
qN

− δ(VN − V ∗N)
αCfNqN

+ (pN − pext)
qN

(4.1)

with V ∗N the volume reference, Π∗N = INq
∗
N the corresponding steady state momentum and

with δ, α, β positive tuning constants.

Proof. Consider the following local energy function for the N-th section

HdN = δ

2
(VN − V ∗N)2

CfN
+ α

2
(ΠN − Π∗N)2

IN
(4.2)

Considering a constant input flow, its time derivative is

ḢdN = δ(VN − V ∗N)
CfN

(qN−1 − qN) + α(ΠN − Π∗N)
IN

(pN − pext − uqN) (4.3)

Considering the equilibrium point, we have Π∗N
IN

= qN−1 and that ΠN
IN

= qN, then we have

ḢdN = −δ(VN − V ∗N)
CfNIN

(ΠN − Π∗N) + α(ΠN − Π∗N)
IN

(pN − pext − uqN) (4.4)

Replacing (4.1) in (4.4) we get

ḢdN = −αβ(ΠN − Π∗N)2 ≤ 0 (4.5)

from where we get asymptotic stability applying LaSalle’s invariance principle. �
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Observe that that the controller defined by (4.1) is proportional to the first two terms,

which are related to the pressure momentum error ΠN−Π∗N and the volume error VN−V ∗N .

4.3 Simulations

To probe the controller performance twenty tanks are considered for this simulation, the

model parameters are obtained from the geometric characteristics from the micro-channel,

in the next section the identified parameters are used in the controller implementation. The

water height level of the first tank is controlled manipulating the resistance (sluice gate)

of the tenth pipe, and the level of the eleventh tank is set by the last resistance. The set

point level is twenty five centimeters for the first tank and eighteen centimeters for the

eleventh tank. The control is activated at t = 200s. A change in the input from 5l/s to

6l/s at the time t = 300s allows us to observe the response of the controller with a per-

turbation. Two cases are explored, when the resistance between tanks is Rfn = 10Ns/m5

and Rfn = 0.01Ns/m5. And the tuning constants αn = 0.5, βn = 190 and δn = 0.17.

The simulations have the next parameters: Cfn = 0.0015m5/N , In = 0.3401Ns2/m5,

qin = 5l/s, After a perturbation the level stabilizes to the set point in both tanks. To get

this, the resistances increase their values to raise the volumes of all the tanks. The first and

eleventh tank get to the set point also with a change of the input flow.
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Figure 4.1: Level of two pools of the micro-channel considering two groups of ten tanks
and pipes interconnected with a set point of twenty five centimeters in the first tank, and
eighteen centimeters in the eleventh tank. Considering a Rfn = 10Ns/m5 between the
tanks.

Figure 4.2: Resistance of two pools of the micro-channel considering two groups of ten
tanks and pipes interconnected with a set point of twenty five centimeters in the first tank,
and eighteen centimeters in the eleventh tank. Considering a Rfn = 10Ns/m5 between
the tanks.
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Figure 4.3: Level of two pools interconnected of the micro-channel considering two
groups of ten tanks and pipes with a set point of twenty five centimeters in the first tank
and eighteen centimeters in the eleventh tank. Considering a Rfn = 0.01Ns/m5 between
the tanks.

Figure 4.4: Resistance of two pools interconnected of the micro-channel considering two
groups of ten tanks and pipes with a set point of twenty five centimeters in the first tank
and eighteen centimeters in the eleventh tank. Considering a Rfn = 0.01Ns/m5 between
the tanks.
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In the second case the changes in the input flow cause smaller changes than the first

case, but the control effort is greater than the first case. The control resistance in the

second case presents oscillations due the flow when the resistance between the tanks is

small. See Figures 4.1, 4.2, 4.3, 4.4. The steady state error is zero due the selection of the

desired pressure momentum equal the pressure momentum of the previous tanks. Without

this selection the simulations will present steady state error. To correct for any selection

of desired pressure momentum, an integrator should be added.

4.3.1 Experimental control validation

In this experimental validation four subsystems were considered to represent the micro-

channel. The plant dynamics are extremely slow for this reason the sampling time used

by the controller does not affect its performance. The controller was implemented in

MATLAB R© - Simulink R© . The solver type is : variable step. The controller is connected

with the PLC by an interface developed in Spyder-Python R© (https://www.spyder-ide.org/)

with a sample time of 0.1s. The parameters used were obtained from the identification

experiment in Chapter 3: Rfn = 22.5Ns/m5, the fluid capacitance for each tank is Cfn =

0.0195m5/N , the fluid inertance for all the pipes is In = 4.6Ns2/m5 and the inertance

for the last pipe is I4 = 0.0294Ns2/m5. The level set-point is 16cm at 35s. The sub-

index of the pipes are related with the number of system, being N the last subsystem,

n = 1, 2, 3, ...,N

The Table 4.1 shows the control tuning constants used in this control validation exper-

iment.



Chapter 4. CONTROLLER DESIGN BASED ON THE TOTAL
HYDRAULIC-MECHANICAL ENERGY AS A LOCAL LYAPUNOV FUNCTION 48

Table 4.1: Tuning control constants.

Tuning constant Value Tuning constant Value Tuning constant Value

α 0.00025 β 11 δ 0.005

Figure 4.5 shows the simulated water level height in the first tank. The set-point is

16cm. The controller gets the desired level after 800s. The first subsystem water level

height does not present steady state error.

Figure 4.5: Simulated water level height.

The experimental results are shown in Figure 4.6. The first tank water level height

presents steady state error caused by the model, the gate errors and other perturbations.



Chapter 4. CONTROLLER DESIGN BASED ON THE TOTAL
HYDRAULIC-MECHANICAL ENERGY AS A LOCAL LYAPUNOV FUNCTION 49

Figure 4.6: Experimental water level height.

The error between the experimental and the set-point water level height is approxi-

mately of 1cm. To correct the steady state error an integral action should be added.
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4.4 Summary

The level of a determined tank can be controlled manipulating the value of resistance

(position of the gate) of the last pipe. The controller designed using the total hydraulic-

mechanical energy as a local Lyapunov function can be interpreted as a proportional con-

trol.

The developed controller requires an accurate model due the model is used to estimate

heights and flows that are not measured to determine the appropriate gate position. A

MATLAB R© - Simulink R© program was used to link the developed controller with the

experimental setup.

The experimental results show steady state error caused by the uncertainties of the

micro-channel and the gate models and other perturbations. The steady state error could

be rejected by the addition of an integral action.



5. Level controlller design adding integral action

5.1 Introduction

The integral action (IA) is applied to mitigate different phenomena such as constant distur-

bance inputs or model uncertainties. The work proposed by [48] reviews the fundamental

theory, main results and practical applications of passive based control (PBC), where an

integrator can be added around the passive output preserving stability. Based on the work

aforementioned, [49] presents a technique to get an IA on system variables having relative

degree higher than one, preserving the Hamiltonian form and the closed loop stability, the

design procedure was proved in a permanent magnet synchronous motor (PMSM) loaded

with unknown constant torque to reject constant disturbances and improve control sys-

tem robustness. A set of algebraic equations must be solved to find a change of variables

that allows to build an extended PCHD preserving the form of the Hamiltonian function

and the characteristic matrices of the original port controlled Hamiltonian systems with

dissipation (PCHD).

The design of robust integral control of PHS with non-passive outputs with unmatched

disturbances (the disturbances may not be matched with the input) is shown in [50], clas-

sical examples are mechanical systems and electrical motors where the passive outputs

are velocities and currents, respectively, but the output of interest is often position. In [26]

the same problem is attacked, but the control is made by interconnection of PHS, the pro-

cedure proposed avoids a change of coordinates keeping the original state vector, which

contains variables with physical interpretation. The application chosen for this procedure

is an electrical circuit and a PMSM.

51
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In [51] a method to design a set-point regulation controller with integral action is

proposed and applied to under actuated robotic system, the control design is based on

a coordinate transformation and a dynamic extension, where the robot is described as a

PHS. Some works deals with the problem to design robust proportional integral PI (RPI),

focuses in nonlinear systems [52] oriented to temperature regulation. Integral interconnec-

tion and damping assignment passivity based control (IDA-PBC) and proportional integral

derivative (PID) for PHS is addressed in [53], that allows the implementation of integral

action control to under-actuated PCH systems that are quite commonly found in practice.

The results are applied to control a Quanser inertia wheel pendulum.

The work developed by [54] presents a method for the addition of IA to non passive

outputs of a class of PHS, where the controller is able to reject the effects of matched

and unmatched disturbances, preserving the regulation of the non-passive outputs. The

methodology proposed is illustrated on an electrical circuit and on a PMSM. The control

law proposed is given explicitly, without the need of coordinate transformation. A PID

controller is designed to stabilize a PHS, the design is based on passivity theory [55]. The

design of an integral control in the current loop of a PMSM based on passivity is explained

in [56]. Experimental simulation results show that the proposed control strategy can ef-

fectively suppress the constant and time-varying disturbances, eliminate the steady-state

error, and improve the robustness of the system. Other applications in a Y- connected mod-

ular multilevel converter for fractional frequency transmission using IDA-PB control with

integral action is explored in [57]. Three typical IDA-PBC strategies are then proposed,

featuring the asymptotical stability of the desired equilibrium. To eliminate steady-state

error, integrators are further added to the IDA-PB controller and a robust IDA-PBC based

load voltage controller for power quality enhancement of standalone microgrids as pro-

posed in [58].
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5.2 Integral Action Controller (IAC)

To correct any steady state error an integral action controller is implemented to determine

the dynamic fluid resistance. Our system has a nonpassive output i.e. the integral action

can not be applied via a dynamic extension because is no a control input acting on the

variable of primary interest V1.

We are motivated by the CBI developed in [54]. The authors of [54] apply an IAC on

a RLC circuit model to reject the unmatched disturbances. The control objective variable

is the volume V1 because we want to get a desired height in the micro-channel.

For the design of the IAC we assume that the system is operating at some constant

equilibrium, determined by a constant input flow and outside pressure. The controller is

designed to assure that the volume VN of of subsystem N is kept at some desired value

V ∗N in the presence of parameter uncertainties or slow changes in the input flow of the

system or exterior pressure of the system. Rewriting the model of the micro-channel as an

input affine control system, considering constant disturbances and with respect to a shifted

Hamiltonian function with its minimum a the desired dynamic equilibrium we have



V̇1

Π̇1

V̇2

Π̇2
...

V̇N

Π̇N



=



0 −1 0 · · · 0 0

1 −Rf1 −1 · · · 0 0

0 1 0 · · · 0 0

0 0 1 · · · 0 0
...

...
... . . . ...

...

0 0 0 · · · 0 −1

0 0 0 · · · 1 −RfN





∇V1Hd

∇Π1Hd

∇V2Hd

∇Π2Hd

...

∇VNHd

∇ΠNHd


+
[
0 0 0 0 · · · 0 1

]>
u (5.1)
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with conjugated output y = qN. It is assumed that the controlled gate, at the exit of tank

system N, is newer completely closed.This is accounted for by the constant fluid resistance

RfN . The shifted Hamiltonian function is

Hd = 1
2Cf1

(V1 − V ∗1 )2 + 1
2I1

(Π1 − Π∗1)2 + · · ·

+ 1
2CfN

(VN − V ∗N)2 + 1
2IN

(ΠN − Π∗N)2
(5.2)

where the equilibrium point (V ∗,Π∗) is function of the constant input flow q∗in, constant

exterior pressure p∗ext and the slope drop pressures p∗∆. Just as in the previous section, a

local controller, i.e. a controller for the N-th tank system section, is synthesized in order to

control the level around the section at some reference value. Considering the N-th section

we have

V̇N

Π̇N

 =

0 −1

1 −RfN


∇VNHdN

∇ΠNHdN

+

0

1

u−
0

1

 d1 −

1

0

 d2

y =qN

(5.3)

where HdN is the Hamiltonian of section N and d1 and d2 are constant disturbances which

take into account any constant or very slow variation in the inlet flow and parameter mod-

elling errors which are propagated through the model. The considered integral PHS con-

troller is

ζ̇ =(VN − V ∗N)
CfN

u =− RfN
Ia

(ΠN − ζ)
(5.4)

where ζ ∈ R is the state of the controller, Hc(ΠN, ζ) = 1
2Ia

(ΠN − ζ)2 is the controller

Hamiltonian function and Ia is a positive tuning constant to be selected. The closed loop
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dynamic is then given by


V̇N

Π̇N

ζ̇

 =


0 −1 −1

1 −RfN 0

1 0 0




∇VNHcl

∇ΠNHcl

∇ζHcl

−


0

1

0

 d1 −


1

0

0

 d2 (5.5)

where the closed-loop Hamiltonian is given by

Hcl = HdN +Hc (5.6)

The control system (5.4) allows regulate the volume reference VN by adjusting the refer-

ence value of the momentum coordinate. The reader is refereed to [54] for further details.

The following assumption is necessary to guarantee closed-loop asymptotic stability.

Assumption 5.2.1. RfN is constant, HdN is strongly convex and have no cross terms be-

tween ΠN and VN, and there is an equilibrium point of ΠN such that∇ΠNHd = −d2.

Under Assumption 5.2.1 the closed-gradient at equilibrium becomes


∇VNH

∗
cl

∇ΠNH
∗
cl

∇ζH
∗
cl

 =


0

−R−1
fN d1

R−1
fN d1 − d2

 (5.7)

implying that the desired reference V ∗N is assured by shifting the closed-equilibrium for

the ΠN coordinate.

Proposition 5.2.1. If Assumption 5.2.1 is satisfied then the closed-loop system (5.7) is

asymptotically stable.

Proof. The proof follows by direct application of Proposition 3 in [54] considering as
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Lyapunov function

W = Hcl(w)− [w − w∗]>∇Hcl(w∗)−Hcl(w∗) (5.8)

where w = [ΠN, VN, ζ]>.

�

The dynamic controller can be interpreted as the interconnection of a fluid Resistance-

Inertance parallel circuit in series with a pressure source as shown in Figure 5.1. Since

the controllable fluid resistance RfN is part of the control action it appears as part of the

controller in the figure. The fluid inertance Ia is connected in parallel with RfN and the

desired pressure reference is obtained by a pressure source of value V∗N/CfN .

Figure 5.1: Micro-channel model with integral action.

Figure 5.1 shows that the control action can be interpreted as the interconnection of

the last section of the tank system with the dynamic controller. Indeed, it is not difficult to

show that (5.4) can be written as the equivalent system

ż =− RfN∇zHc − RfNuc − pext

u =− RfN
Ia
z − RfNuc

(5.9)

using coordinate transformation z = ΠN − ζ , and where uc is the input of the controller.
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The closed-loop system is then obtained by a power preserving interconnection between

(5.9) and (5.3). See [54] for more details on the interpretation of this class of control

system.

5.3 Simulations and experiment

Four tanks were considered for this simulation. The level of the first tank is controlled

manipulating the resistance (gate) of the fourth pipe. The control is activated at t = 100s.

The resistance between tanks is Rfn = 22.5Ns/m5. The fluid capacitance for each tank

is Cfn = 0.0195m5/N , the fluid inertance for all the pipes is In = 4.6Ns2/m5. The

inertance for the last pipe is IN = 0.0294Ns2/m5. The selected controller constants are

Ia = 750Ns2/m5 and Ra = 4.9Ns/m5. The sub-index of the pipes are related with the

number of system, being N the last subsystem, n = 1, 2, 3, ...,N

Figure 5.2 shows the integral controller simulations. The controller is activated at

100s. The set-point is 16cm. The water height level gets the set-point after 500s. The

water height level is disturbed by a 2% increment in the input flow at 1000s. The water

height level is regulated by the integral controller getting the set-point approximately at

1500s.
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Figure 5.2: Simulated level with IA

Figure 5.3 shows the experimental results. The controller is activated at 100s. The

desired water height level is 16cm. The micro-channel height level gets the set-point after

500s. The controller can maintain the desired level even with an input flow increment of

2% at 1000s.

Figure 5.3: Experimental level with IA
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Comparing Figures 5.2 and 5.3 we can observe that the simulation response is simi-

lar to the experimental results. The opening sluice gate is slightly different between the

simulation and the experimental results.

5.4 Summary

The IAC is a direct application of a of the integral action scheme as control of intercon-

nection (CbI). The simulations results show that the IA implemented avoided the steady

state error caused by the model and the gate position. The IA controller can correct input

flow changes. The product between the control output and the input map allows to access

only to the first variable. We consider the fluid resistance Ra as part of the controller. The

controller (5.4) can be interpreted as a proportional-integral (PI) controller with a output

flow proportional term and an integral term. The pressure drop that represents the slope

can be seen as an unmatched disturbance.



6. CONCLUSIONS

6.1 Contributions

The main contribution of this thesis is the representation of a micro-channel by a fluid-

structure interconnected system. This fluid-structure interconnected system is formed by

several subsystems. Each subsystem has a fluid capacitance, a fluid inertance and a fluid

resistance. There are two types of subsystems differentiated by the presence of an un-

controllable or a controllable fluid resistance. The controllable fluid resistance represents

the actuator (in this case a sluice gate). The entire structure has several subsystems with

uncontrollable fluid resistances but the subsystem with the controllable fluid resistance is

located at the sluice gates.

6.2 Conclusions

The proposed interconnected model is based on basic elements (subsystems) that can

represent the micro-channel behavior within the PHS framework. The total energy equa-

tion is divided in two parts, being the sum of the potential energy related with the energy

stored in a tank and the kinetic energy caused by the fluid movement through a pipe.

The micro-channel model parameters obtained from the PHS formulation was identi-

60
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fied to be used to estimate variables and to deduce a control law. The fluid capacitance

can be obtained from the channel dimensions, but the parameters related with the fluid

inertance and the uncontrollable resistance are more difficult to identify. To identify the

micro-channel parameters an experiment based on OLS was performed. We choose a

micro-channel section divided in two parts. Each part represented a different subsystem

type.

We identified the fluid inertances and the uncontrollable fluid resistances whilst the

fluid capacitance was identified from the geometric characteristics of the micro-channel.

The validation was done with the interconnection of three subsystems. We interconnect

two subsystems with uncontrollable resistance and one subsystem with controllable resis-

tance. After the identification process a resistance adjustment was done to improve the

micro-channel model approximation. We use four subsystems to deduce the control law.

The idea is to interconnect several identified subsystems to model a channel.

A controller based on four subsystems interconnection model was designed. This

controller is based on a local Lyapunov equation. The simulations shown good results,

whilst the experimental results presented steady state error. The steady state error is caused

by slight micro-channel and gate modelling errors. The control developed here can be

interpreted as a proportional control. The control based on a local Lyapunov equation has

some advantages such as to be easy to design, to present a quick response and to be stable.

The disadvantages are: the controller can not reject disturbances and the controller needs

an accurate model.

To correct the steady state error an IAC was implemented. The controller could then

correct the steady state error even with an input flow disturbance. The IAC controller is

inspired by the CBI robust controller. The PHS micro-channel model presents nonpassive

outputs i.e. we do not have access to the primary interest variable. The IAC shown in this
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thesis allow us to control the volume V1 to have a desired water level height manipulating

the opening sluice gate that we interpreted as a dynamic resistance value that modifies the

output flow.

From the experiments we conclude that the plant delays associated with the actuators

are negligible compared with the plant dynamics.
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6.3 Future research

Future research could be focused in the analysis of other identification methods to improve

the identification results.

In future experiments new subsystems with reduced dimensions could be identified to

demonstrate a better approximation to the dynamics of the micro-channel with the inter-

connection of a large number of them.

Multiple controllers based on the hydraulic-mechanical equations could be imple-

mented to observe their performance dividing the micro-channel in several pools. The

same implementation could be done for the IAC controller. Depending of the required

precision, a combination of controllers could be implemented in different pools of the

same micro-channel.
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