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Resumen en Castellano

(Abstract in Spanish)

Introduccion

Los laboratorios virtuales son herramientas utiles para la ensenanza del control
automatico de procesos. Pueden emplearse para explicar $oconceptos kasicos
del control, para mostrar los problemas desde nuevas persgtévas, y para ilustrar
cuestiones relativas al aralisis y diseno (Johansson etl.al998, Wittenmark et al.
1998, Dormido 2004).

El laboratorio virtual se compone de unmodeloy de unavista. El modeloes la
representacon matenatica de aquellos aspectos del commtamiento del sistema
gque son relevantes para el propsito del estudio. Lavista es la interfaz ga ca
entre el usuario del laboratorio virtual y el modelo matematico. Su proposito
es doble: proporcionar una representacon visual del comprtamiento del modelo
simulado y facilitar la interaccon del usuario con el moddo (interactividad).

Atendiendo a la forma en que el usuario puede actuar sobre el adelo, cabe

distinguir entre los dos tipos siguientes de interactividal:

{ Interactividad continua. El usuario puede modi car el valor de las entradas,
los pammetros y las variables de estado del modelo en cualigr instante
durante la ejecucon de la simulacon. De este modo, el usario percibe

instananeamente ®mo esos cambios afectan a la diramia del modelo.
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{ Interactividad discontinua. El usuario puede jar el valor de los paametros
y el estado inicial del modelo, inicandose entonces autoaticamente una e-
plica de la simulacon. Durante la ejecucon de la simuladn, no se permite
al usuario interactuar con el modelo. Una vez nalizada la sinulacon, sus
resultados son mostrados y analizados, permitendose ennces al usuario
interaccionar de nuevo con el modelo a n de jar un nuevo coninto de

valores para los paametros y las condiciones iniciales.

Existen varias herramientas software cuyo proposito es failitar la creacbn
de laboratorios virtuales. Dos de ellas sorSysquakee Easy Java Simulations
(Ejs). Sysquake(Sysquake 2004, Piguet et al. 1999) es un entorno similar a
Matlab, especialmente concebido para el desarrollo de lalbatorios virtuales con
interactividad discontinua. Ejs (EJS 2007, Esquembre 2004) es una herramienta,
de odigo abierto, para el desarrollo de laboratorios viruales con interactividad
continua.

Estas herramientas software permiten crear de un modo serld la interfaz
ga ca interactiva de usuario (la vista del laboratorio virtual). Sin embargo, las
capacidades para la de nicon del modelo y los solucionadaes nurericos que
proporcionan estas herramientas no se corresponden al edtadel arte.

Modelica (Modelica 2005,Modelica2007) es un lenguaje de modelado gratuito,
orientado a objetos, que facilita el paradigma del modeladdsico ( Astrem et al.
1998). Los modelos se describen matenaticamente mediantecuaciones difer-
enciales, algebraicas y discretas (modeldSAE hbridos ). El lenguaje Modelica
facilita una descripcon declarativa (no causal) del moddo, lo cual facilita una
mejor reutilizacon de los modelos. A consecuencia de todello, el uso de Modelica
reduce considerablemente el esfuerzo de modelado.

El lenguaje Modelica est concebido para su aplicacon almodelado de sis-
temas multi-dominio (por ejemplo, con una parte ekctrica, otra mea@nica, otra
hidaulica, otra termo- uida, etc), resultando icbneo p ara describir el tipo de
modelo multi-dominio usado en el control automatico.

El desarrollo de libreras de modelos en Modelica es unariea de investigacon

muy activa, encontandose disponibles en la actualidad Ibreras de componentes,
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tanto comerciales como gratuitas, para el modelado en los dainios ekctrico,
mea@nico, termo- uido, hidaulico, fsico-qumico, etc., as como libreras que
soportan el modelado mediante formalismos tales como las des de Petri, los
grafos de ligadura (bond graphs), etc.

Sin embargo, ni el lenguaje Modelica, ni los entornos de sinfacon que
soportan Modelica (OpenModelica OpenModelica 2007, Fritzson et al. 2002,
2006), Dymola (Dynasim 2006), etc.), ofrecen capacidadesapa la simulacon
interactiva. Por tanto, la aplicacon de Modelica al desarrollo de laboratorios
virtuales es un campo de investigacon abierto, en el cual & ha centrado la

presente tesis.

Objetivos

Se han planteado kasicamente cuatro objetivos en el trabaj de investigacon
descrito en esta tesis, que son descritos a continuacon.

El primer objetivo  de esta tesis es explorar la viabilidad de usar el lenguaje
Modelica en el desarrollo de laboratorios virtuales adecuwdos para la ensenanza
del control autonmatico de procesos. La motivacon es congguir, mediante el
empleo del lenguaje Modelica, reducir el esfuerzo requendpara el desarrollo de
los laboratorios virtuales.

Se plantea como objetivo soportar el desarrollo de laboratios virtuales con

interactividad continua y con interactividad discontinua , proponéendose para ello:

1. La implementacon de laboratorios virtuales con interactividad discontinua
combinando el uso de Sysquake y Modelica/Dymola. El modelo &l labo-
ratorio virtual se describe usando el lenguaje Modelica y staduce usando

Dymola. La vista del laboratorio virtual se desarrolla usardo Sysquake.

Para poner en pactica esta aproximacon, se propone el dseno y progra-
macon de una interfaz entre Sysquake y Dymosim. Dymosim e®l chero

ejecutable generado por Dymola para el modelo en Modelica. | prosito
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de esta interfaz es sincronizar la ejecucon de la aplicam de Sysquake y

Dymosim.

2. La implementacon de laboratorios virtuales con interactividad continua,

primero combinando el uso de Ejs y Modelica/Dymola, y nalmente usando

9lo Modelica/Dymola. Esto implica:

(@)

(b)

()

(d)

Proponer una clasi cacon de las magnitudes interactivas y analizar
las restricciones que la formulacon del modelo matematco impone en

la seleccon de las magnitudes interactivas.

Proponer una metodologa sistenatica para adaptar cualquier modelo
escrito en Modelica a una formulacon que permita su simulaon con

interactividad continua.

Demostrar la viabilidad de combinar el uso de Ejs y Modelta/Dymola,
lo cual se lleva acabo usando las interfaces entre Ejs y MattdSimulink
y entre Matlab/Simulink y Dymola que han sido desarrolladas por

otros autores.

Disenar y programar una librera en lenguaje Modelica que facilite la
descripcon de la vista del laboratorio virtual y que, a partir de dicha
descripcon, genere autormaticamente el @digo ejecutdle de la vista y
la comunicacon entre el modelo y la vista. El uso de esta lilbera, que
se denominail VirtualLabBuilder , permitia describir el laboratorio

virtual usando lo el lenguaje Modelica.

El segundo objetivo de este trabajo de tesis es traducir al lenguaje Modelica,

y adaptar para la simulacon interactiva, la librera JAR A (Urquia 2000). Esta

librera contiene modelos de algunos de los principios §ico-qumicos que encuen-

tran aplicacon en el modelado de procesos de transporte,grmo- uidos, cambios

de fase y qumicos, etc., en el contexto del control autorrdico. La motivacon

detas de este objetivo es obtener una librera en lenguag Modelica que pueda

ser usada en el desarrollo de laboratorios virtuales para lansenanza del control

automatico de procesos qumicos.
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El tercer objetivo de este trabajo de tesis es desarrollar un conjunto de
laboratorios virtuales para la ensenanza del control autwatico. Algunos de estos
laboratorios virtuales sern construidos usando modelogle plantas incluidas en la
librera JARA: un reactor qumico, un evaporador industr ial y un intercambiador
de calor.

Finalmente, el cuarto objetivo es demostrar que la metodologa propuesta
y el software programado para el desarrollo de laboratoriosirtuales usando lo

Modelica/Dymola se puede aplicar conexito a:

1. La solucon de un problema industrial real. Se desarrollaa un laboratorio
virtual con aplicacon al diseno y optimizacon de una lavadora indus-
trial, colaborando para ello con ingenieros del Departameto de Ingeniera
Meanica del Centro de Investigacon Tecnobgica IKERL AN (Mondragn,

Espana).

2. La implementacon de un laboratorio virtual basado en un malelo en Mo-
delica complejo, de grandes dimensiones, que ha sido desalado por otros
autores. Para este propsito, se usaa el modelo del comportamieto ter-
modiramico de una casa solar incluido en la librera BondLib (Weiner &

Cellier 1993, Cellier & Nebot 2005).

Estructura de la tesis

La tesis se ha estructurado en nueve captulos y tres agenites, cuyo contenido

se describe brevemente a continuacon.

Captulo 1. Comienza con una breve introduccon, en la cual se discuted
motivacon del trabajo de investigacon realizado. Se describen los objetivos
y la estructura de la tesis. Finalmente, se enumeran las pulilaciones a las
gue ha dado lugar este trabajo de investigacon, as como & participacon

en proyectos de investigacon subvencionados.

Captulo 2.  Se presenta una breve revison de los conceptos que juegan papel

fundamental en la Inea de investigacon desarrollada enesta tesis. En
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particular, se discute el estado del arte en modelado y simaton, y el
desarrollo de laboratorios virtuales, todo ello en el conteto del control
autorratico. Adenas, se describen algunas caractersticas relevantes de la

librera JARA.

Captulo 3. Se propone una metodologa para la implementacon de laboa-
torios virtuales combinando el uso de Sysquake y Modelica/Pmola, y se
aplica al desarrollo de varios laboratorios virtuales parda docencia del con-
trol automatico. En el Apendice A se proporciona informacon adicional
sobre el software desarrollado: la librera de funciones ME denominada

sysquakeDymosiminterface

Captulo 4.  Se identi can diferentes tipos de magnitudes interactivasy se ana-
lizan las ligaduras que el modelo matematico impone sobrea seleccon de
las magnitudes interactivas. Sobre la base de esta discasi, se propone
una metodologa de modelado para adaptar cualquier modeloescrito en
Modelica a una formulacon \alida para su simulacbn int eractiva continua.
En el Aendice B se muestra el listado de dos modelos empleados para

ilustrar la aplicacon de la metodologa.

Captulo 5.  Se propone un procedimiento para desarrollar laboratoriosirtuales
combinando el uso de Ejs, Matlab/Simulink y Modelica/Dymol a, y se aplica
al desarrollo de varios laboratorios virtuales para la docecia del control

autoratico.

Captulo 6.  Se propone un procedimiento para desarrollar laboratoriogirtuales
usando ®lo Modelica/Dymola, y se discute la estructura y w0 de la her-
ramienta software que ha sido disenada y programada para éparlo: la
librera en lenguaje Modelica denominadaVirtualLabBuilder . Finalmente,
se describe el desarrollo de varios laboratorios virtualeaplicando los pro-

cedimientos propuestos y las herramientas software prograadas.
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El Andice C contiene el manual de referencia de la libreraVirtualLab-
Builder, tal como ha sido generado por la herramienta Dymola a partirde

la estructura y documentacon de la librera.

Captulo 7.  Se discuten los detalles mas relevantes del desarrollo da librera
VirtualLabBuilder , proporcionando las claves para la extenson de la misma

con nuevas clases.

Captulo 8.  Se discute el desarrollo, empleando la libreraVirtualLabBuilder ,
de un laboratorio virtual del comportamiento termodirami co de una casa

solar.

Captulo 9.  Se presentan las conclusiones del trabajo de investigaoby algunas

posibles Ineas futuras de investigacon.

Publicaciones y proyectos de investigacion

El trabajo de investigacon descrito en la presente Tesis @ctoral ha dado lugar

a las publicaciones citadas a continuacon.

1. Carla Martn; Alfonso Urqua; Sebastan Dormido (200 7): \Implementation
of Interactive Virtual Laboratories for Control Education Using Modelica",
In: proceedings ofEuropean Control Conference 2007 Kos (Greece), paper

#WeAO05.1, pp. 2679-2686.

2. Carla Martn-Villalba; Alfonso Urqua; Sebastan Do rmido (2007): \Desar-
rollo de Laboratorios Virtuales con Aplicacon a la Enseranza del Control
usando Modelica", In: proceedings oV Jornadas de Ensenanza va Inter-
net/Web de la Ingeniera de Sistemas y Automatica (EIWISA '07), Segundo

Congreso Espanol de Informatica (CEDI), Zaragoza (Spain).

3. Carla Martn; Alfonso Urqua; Sebastan Dormido (200 7): \Virtual-lab of a
Solar House Implemented using VirtualLabBuilder Modelica Library", In:
proceedings ofConference on Systems and Control (CSC'2007)Marrakech

(Morocco), paper #130.
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Virtual-Lab Implementation using Modelica", In: proceedi ngs of European
Simulation and Modelling Conference (ESM'2006) Toulouse (France), pp.
137-141.

. Carla Martn; Alfonso Urqua; Sebastan Dormido (200 5): \Object-Oriented
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Trabajos en proceso de revision

Los siguientes trabajos se encuentran en proceso de rewisi

1.

Carla Martn; Alfonso Urqua; Sebastan Dormido: \Ob ject-Oriented Mod-
elling of Virtual-Labs for Education in Chemical Process Catrol", submit-

ted for publication in Computer Chemical Engineering Elsevier.

. Carla Martn-Villalba; Alfonso Urqua; Sebastan Do rmido: \An Approach

to Virtual-Lab Implementation using Modelica", submitted for publication
in Mathematical and Computer Modelling of Dynamical SystemsTaylor &

Francis.

. Carla Martn; Alfonso Urqua; Sebastan Dormido: \Ed ucacbn a Distancia
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(RIED) , AIESAD.
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\Implementation in Modelica of a Virtual-Lab for Testing Wa shing Machine
Designs", regular paper submitted for the European Simulation and Mod-

elling Conference 2007
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Proyectos de investigacion

La mayora de los resultados desarrollados en la tesis dootal han sido obtenidos

en el marco de diferentes proyectos de investigacon:

1. \Control de sistemas complejos en la logstica y producon de bienes y

servicios. Aconimo: COSICOLOGI-CM" IV PRICIT 2005-2008. Plan
Regional de Ciencia y Tecnologa de la Comunidad de Madrid. Ref. S-
0505/DPI1/0391 , Enero 2005 - Diciembre 2008, Investigador principal: Praf

Dr. Sebastan Dormido Bencomo.

2. \Herramientas interactivas para el modelado, visualiza&on, simulacon y

control de sistemas diramicos", CICYT, DPI 2004-01804, Enero 2004 -
Diciembre 2006, Investigador principal: Prof. Dr. Sebastin Dormido

Bencomo.

3. \Laboratorios virtuales y remotos de control autonatic o: aralisis, diseno

y desarrollo”, CICYT, DPI 2001-01012, Enero 2002 - Diciembre 2004,

Investigador principal: Prof. Dr. Sebastan Dormido Bencomo.

Conclusiones

Se han propuesto tres enfoques diferentes para el desarmlile laboratorios vir-

tuales usando el lenguaje Modelica:

1. El desarrollo de laboratorios virtuales con interactividad discontinua, com-

binando el uso de Sysquake y Modelica/Dymola. Este trabajoe& encuentra

resumido en (Matrtin et al. 2005b,c).

. El desarrollo de laboratorios virtuales con interactividad continua, combi-
nando el uso de Ejs y Modelica/Dymola. El planteamiento y losresultados

obtenidos se resumen en (Martin et al. 2004a,b, 2005a,b,c).
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3. El desarrollo de laboratorios virtuales con interactividad continua, usando
®lo Modelica/Dymola. Este trabajo se encuentra resumidoen (Martin

et al. 2006, Martin-Villalba et al. 2007, Martin et al. 2007).

Se han propuesto las metodologas y desarrollado las hermaientas software
necesarias para llevar a la pactica las tres netodos anteéormente expuestos para

el desarrollo de laboratorios virtuales. En concreto:

1. Se ha programado una interfaz entre Sysquake y Dymosim. Es interfaz
consiste en un conjunto de funciones en el lenguaje LME, queupden ser
invocadas desde las aplicaciones de Sysquake. Dicha intzfest disponible

en http://www.euclides.dia.uned.es

2. Se ha propuesto una metodologa para adaptar cualquier radelo escrito en
Modelica a una formulacon alida para la simulacon con interactividad

continua. Se han considerado los dos casos siguientes:

(a) Pueden de nirse todas las magnitudes interactivas simlaneamente

como variables de estado.

(b) Lo anterior no es posible, con lo cual es necesario sopartsimulanea-

mente varias selecciones de las variables de estado.

3. Se ha propuesto un procedimiento para desarrollar labotarios virtuales
combinando el uso de Ejs y Modelica/Dymola, valendose paa ello de las

interfaces existentes entre Ejs y Simulink, y entre Dymola ySimulink.

4. Se ha disenado y programado la librera en lenguaje Modiea denominada
VirtualLabBuilder , gracias a la cual puede describirse el laboratorio virtual
empleando unicamente lenguaje Modelica. Su documentaon on-line est

disponible enhttp://www.euclides.dia.uned.es

La metodologa propuesta para adaptar modelos escritos erModelica a la
simulacon interactiva ha sido aplicada conexito a las dos libreras indicadas a

continuacon. Ambas pueden ser descargadas dettp://www.euclides.dia.uned.es
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1. Lalibrera JARA ha sido traducida al lenguaje Modelica y ha sido adaptada
para la simulacon con interactividad continua y disconti nua. Esta nueva
verson de la librera JARA, en lenguaje Modelica y adecuada para la

simulacon interactiva, se ha denominadoJARA 2i.

2. Se ha disenado y programado en Modelica la librerdankProcessLAB, y se

ha adaptado para la simulacon con interactividad continua y discontinua.

Las metodologas propuestas y las herramientas software nogramadas han
sido aplicadas conexito al desarrollo de los siguientes tzoratorios virtuales para

la educacon en control de procesos:

{ Laboratorios virtuales con interactividad discontinua. Laboratorios vir-
tuales de un controlador de hiseresis, un reactor qumico, un intercam-

biador de calor de doble tubo y un evaporador industrial.

{ Laboratorios virtuales con interactividad continua. Laboratorios virtuales
de un sistema de cuatro tanques, un evaporador industrial, o reactor

gumico y un intercambiador de calor de doble tubo.

Finalmente, el trabajo de investigacon realizado para paibilitar la descrip-
con de los laboratorios virtuales usandounicamente el Enguaje Modelica ha sido

aplicado conexito:

1. Al desarrollo de un laboratorio virtual para el diseno y aalisis de lavadoras
con tambor, con aplicacon a un problema de disefo industal real. La
de nicon de las especi caciones del laboratorio virtual y la programacon
del modelo (en lenguaje Modelica) ha sido realizada por lossuarios del
laboratorio virtual: ingenieros del Departamento de Ingeriera Me@nica

del Centro de Investigaciones Tecnobgicas IKERLAN (Mondragon, Spain).

2. Al desarrollo de un laboratorio virtual que ilustra el comportamiento ter-
modiramico de una casa solar. Con ello se demuestra que logsultados
obtenidos son aplicables a modelos de grandes dimensionesgmplejidad,

desarrollados ademas por otros autores.
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Lineas futuras de investigacion

Finalmente, se exponen a continuacbn algunas ideas sobrposibles extensiones

del trabajo de investigacon realizado en esta tesis:

{ Implementar una herramienta software que permita realiza autonatica-
mente las adaptaciones al modelo para la simulacon interetiva que han

sido propuestas en esta tesis.

{ Desarrollar mas elementos ga cos interactivos e incluirlos en la librera
VirtualLabBuilder . Por ejemplo, elementos de dibujo que describan formas

3-D.

{ Adaptar las libreras incluidas en la librera esanda r de Modelica a la
simulacon interactiva y desarrollar los correspondientes elementos ga cos

interactivos.

{ Explorar el uso de VirtualLabBuilder en otros entornos de simulacon que
soportan Modelica, tales como OpenModelica y DrModelica (Engquist

et al. 2003).

{ Extender las capacidades deVirtualLabBuilder de modo que la interfaz

gl ca interactiva de los laboratorios virtuales sea un applet de Java.






Introduction, Objectives

and Structure

1.1 Introduction

Virtual-labs are useful tools for control education. They can be used to explain
basic concepts, to provide new perspectives of a problem, drto illustrate analysis
and design topics (Johansson et al. 1998, Wittenmark et al. 998, Dormido 2004).

Virtual-labs are composed of amodel and a view. The model is the ma-
thematical model representing the relevant behavior of thesystem under study.
The view is the graphical user-to-model interface. It is intended to provide a
visual representation of the simulated model behavior and ¢ facilitate the user's
interactive actions on the model.

Two alternative types of interactivity can be considered:

{ Runtime interactivity . The user is allowed to perform actions on the model
during the simulation run. He can change the value of the modkinputs,
parameters and state variables, perceiving instantly how hese changes
a ect to the model dynamic. An arbitrary number of actions can be made

on the model during a given simulation run.

{ Batch interactivity . The user's action triggers the start of the simulation,

which is run to completion. During the simulation run, the user is not
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allowed to interact with the model. Once the simulation run is nished, the

results are displayed and a new user's action on the model idlawed.

There exist several software tools speci cally intended fo the implementation
of virtual-labs. Two of them are Sysquake and Easy Java Simutions (Ejs).
Sysquake (Sysquake 2004, Piguet et al. 1999) is a Matlab-Ekenvironment for
developing virtual-labs with batch interactivity. Ejs ( EJS 2007, Esquembre 2004)
is a software tool for developing virtual-labs with runtime interactivity. These
software tools allow easy creation of the interactive grapical user interface.
However, the model de nition capabilities and the numericd solvers provided
by these tools are not the state-of-the-art.

Modelica (Modelica 2005,Modelica 2007) is a freely available, object-oriented
modeling language that facilitates the physical modeling mradigm (Astrem et al.
1998). Models are mathematically described by di erential algebraic and discrete
equations. The Modelica language supports a declarative @n-causal) description
of the model, which permits better reuse of the models. As a awsequence, the
use of Modelica reduces considerably the modeling e ort.

Modelica is intended for multi-domain modeling. Currently, a number of free
and commercial component libraries in di erent domains are available (Mode-
lica 2007), including electrical, mechanical, thermo- uid and physical-chemical.
Modelica is well suited for describing the type of multi-domain models used in
automatic control.

However, neither Modelica language nor Modelica simulatin environments
(e.g., OpenModelica OpenModelica 2007, Fritzson et al. 2002, 2006), Dymola
(Dynasim 2006), etc.) support interactive simulation. As a consequence, ex-
tending the Modelica capabilities in order to facilitate the implementation of

virtual-labs is an open research eld.
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1.2 Objectives

The rst objective  of this dissertation is to explore the feasibility of using
Modelica language in the implementation of virtual-labs far control education.
The motivation behind this objective is to reduce the virtual-lab development

e ort. Di erent approaches to this objective are considered:

1. The implementation of virtual-labs with batch interacti vity by combining
the use of Sysquake and Modelica/Dymola. The virtual-lab malel is pro-
grammed using Modelica language and translated using Dymal The

graphical user-to-model interface is implemented using Sgquake.

In order to implement this approach, the design and programning of a
Sysquake-to-Dymosim interface is proposed. Dymosim is thexecutable le
generated by Dymola for the Modelica model. The purpose of tfs interface

is to synchronize the execution of Dymosim and the Sysquakepplication.

2. The implementation of virtual-labs with runtime interac tivity, rstly com-
bining the use of Ejs and Modelica/Dymola, and nally using only Mode-

lica/Dymola. This implies:

(&) To identify di erent types of interactive quantities an d to analyze the
constraints that the mathematical model imposes on the seletion of

the interactive quantities.

(b) To propose a systematic methodology for adapting any Moelica model

to runtime interactive simulation.

(c) To demonstrate the feasibility of combining the use of Ep and Mode-
lica/Dymola, which is accomplished by using the Ejs-to-Matlab/Simulink

and Matlab/Simulink-to-Dymola interfaces.

(d) To design and program a Modelica library to facilitate th e implemen-
tation of the virtual-lab view and the model-to-view communication.
The use of this library will allow to describe the virtual-la b using only

the Modelica language.
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The second objective of this dissertation work is translating into Modelica
language and adapting for interactive simulation the JARA library (Urquia 2000).
This library contains models of some fundamental physicakhemical principles.
Its main application domain is the modeling of transport, thermo- uid, phase-
change and chemical processes in the context of automatic otvol. The motiva-
tion behind this objective is to obtain a Modelica library th at could be used in
the development of virtual-labs for chemical process conwl education.

The third objective  of this dissertation work is to develop a set of virtual-
labs for process control education. Some of these virtuabbs will be built using
models of process plants included in the JARA library: a chenical reactor, an
industrial boiler and a double-pipe heat exchanger. Other ¥wtual-labs will be
composed by using a Modelica library for modeling basic hydaulic processes
that will be developed as a part of this dissertation work.

Finally, the fourth objective is to demonstrate that the proposed approach
to the implementation of virtual-labs using only Modelica/ Dymola can be applied

to:

1. The solution of a real industrial problem. A virtual-lab f or aiding in the
design and optimization of a drum-type washing machine willbe developed
in cooperation with engineers of the Mechanical Engineerig Department

of the IKERLAN Technological Research Center (Mondragn, Spain).

2. The implementation of a virtual-lab based on a complex Mogklica model
that has been developed by other authors. The model of a soldnouse that
is included in the BondLib Modelica library (Weiner & Cellier 1993, Cellier
& Nebot 2005) will be used for this purpose.
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1.3 Structure of the dissertation

This dissertation has been structured as follows:

Chapter 2. A brief review of some concepts that play a fundamental roles this
dissertation is presented. In particular, it is discussed he state-of-the-art
in modeling, simulation, and virtual-lab implementation i n the context of
automatic control. Additionally, some relevant characteristics of the JARA

Modelica library are described.

Chapter 3. A methodology for the implementation of virtual-labs by combining
the use of Sysquake and Modelica/Dymola is proposed. The delopment

of some virtual-labs illustrating this approach is discus®d.

Additional information about the developed software (a library of LME

functions called sysquakeDymosimIinterfacgis provided in Appendix A

Chapter 4. Di erent types of interactive quantities are identi ed and the con-
straints that the mathematical model imposes on the selecthn of the inter-
active quantities are analyzed. On the basis of this discussn, a modeling
methodology to adapt any Modelica model forruntime interactive simula-

tion is proposed.

The code of two models illustrating the application of the proposed method-

ology is provided in Appendix B

Chapter 5. A methodology for implementing virtual-labs by combining t he use
of Ejs, Matlab/Simulink and Modelica/Dymola is proposed. T he develop-

ment of several virtual-labs according to this methodologyis described.

Chapter 6. A novel approach to the virtual-lab implementation using only Mo-
delica/Dymola is proposed. The VirtualLabBuilder Modelica library is
presented and some relevant information about its use is pvded. The
development of virtual-labs using Modelica language is ilistrated by means

of some case studies.
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The Appendix C contains the VirtualLabBuilder user's reference. It has
been generated by the Dymola tool from the library structure and docu-

mentation.

Chapter 7. The most relevant implementation details of the VirtualLabBuilder
Modelica library are discussed. The extension of the libray with additional

classes is addressed in this chapter.

Chapter 8. The implementation of a virtual-lab illustrating the therm odynamic
behavior of a solar house is discussed. This virtual-lab is escribed using

only the Modelica language.

Chapter 9. The conclusions and the future research are presented.
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cisco Esquembre; Jose L. Guzman; Manuel Berenguel (2004)interactive
Simulation of Object-Oriented Hybrid Models, by Combined Use of Ejs,
Matlab/Simulink and Modelica/Dymola”, In: proceedings of 18" European

Simulation Multiconference, Magdeburg (Germany), pp. 210-215.
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1. Carla Martn; Alfonso Urqua; Sebastan Dormido: \Ob ject-Oriented Mod-
elling of Virtual-Labs for Education in Chemical Process Catrol", submit-

ted for publication in Computer Chemical Engineering Elsevier.
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to Virtual-Lab Implementation using Modelica", submitted for publication
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3. Carla Martn; Alfonso Urqua; Sebastan Dormido: \Ed ucacon a Distancia
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Designs", regular paper submitted for the European Simulation and Mod-

elling Conference 2007

1.5 Research projects

Most of the results developed in the doctoral dissertation lave been obtained in

the framework of di erent research projects:
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1. \Control de sistemas complejos en la logstica y producon de bienes y
servicios. Aconimo: COSICOLOGI-CM" IV PRICIT 2005-2008. Plan
Regional de Ciencia y Tecnologa de la Comunidad de Madrid. Ref. S-
0505/DPI/0391 , January 2005 - December 2008, Principal researcher: Prof.

Dr. Sebastan Dormido Bencomo.

2. \Herramientas interactivas para el modelado, visualiza&on, simulacon y
control de sistemas diramicos", CICYT, DPI 2004-01804, January 2004
- December 2006, Principal researcher: Prof. Dr. Sebasta Dormido

Bencomo.

3. \Laboratorios virtuales y remotos de control autonatic o: aralisis, diseno
y desarrollo”, CICYT, DPI 2001-01012, January 2002 - December 2004,

Principal researcher: Prof. Dr. Sebastan Dormido Bencono.






Object-Oriented Modeling and

Interactive Simulation

2.1 Introduction

A brief review of the state-of-the-art in modeling, simulation, and virtual-lab
implementation in the context of automatic control is presented. Firstly, the
historical development of continuous-time modeling paradgms and simulation
tools is discussed. Secondly, some relevant features of tladbject-oriented mo-
deling languages and environments are described. Speciattention is paid to
the Modelica language and the Dymola environment, becausenhey play a funda-
mental role in this work. Thirdly, some of the many bene ts of virtual-labs for
control education and some key characteristics of four softare tools intended for
virtual-lab implementation are discussed. These tools ard.abVIEW, Sysquake,
Easy Java Simulations and OOCSMP. Finally, the previous wok on virtual-
lab implementation using Modelica that has been developed ¥ other authors is

described.
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ANALOG SIMULATION DIGITAL SIMULATION
Physical modeling
!
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(3 4 b L Standard ~
Analog computation
= ( ) General purpose modeling environments:

Special purpose modeling environments

Libraries of numeric subroutines and programming languages

Figure 2.1: Evolution of continuous-time modeling and simulation.

2.2 Evolution of continuous-time modeling and

simulation

Graphical block diagram modeling is widely used in control egineering (Kara-
yanakis 1995). Some examples of languages and environmergspporting this
paradigm are Matlab/Simulink ( Matlab 2007), MATRIX x /SystemBuild (Shah
et al. 1985) and ACSL Graphics Modeller (MGA Software 1996).Block diagram
modeling paradigmmight be considered as a heritage of analog simulationXstrem
et al. 1998).

On the other hand, object-oriented modeling languages and ampilers sup-
porting the physical modeling paradigmhave become available since the 1990's
decade. This is driven by demands from users to be able to sinfate complex
multi-domain models.

In order to put into their historical context these modellin g paradigms, some
aspects of the evolution of continuous-time modeling and snulation are outlined

next.
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2.2.1 Analog simulation

Analog techniques were predominant from 1920 to 1950 (see gfire 2.1). The
idea is to model a system in terms of ordinary di erential equations (ODE) and
then make a physical device that obeys the equations. The ptsical system is
initialized with proper initial values and its development over time then mimics
the di erential equation ( Astrem et al. 1998).

First analog simulators were mechanical systems. The meclmical di erential
analyzer developed by Vanevar Bush at MIT was the rst generd purpose tool to
simulate dynamical systems (Bush 1931). A major shift in te@inology occurred
in 1947, when it was demonstrated that simulation could be dae electronically
(Ragazzini et al. 1947).

Variables were represented as voltages in the electronic mulators. The
di erential equations were represented in terms of the fundamental operations:
addition, multiplication, integration and function gener ation. Since the analog
computer has limited range and resolution, the variables mgt be scaled (Jackson
1960). Several manual steps could be required to transformhie model equations
into the ODE formulation (i.e., ‘é—f = f (t;x)). These formula manipulations,
which are tedious and error prone, include breaking the algeraic loops, for

instance by including small capacitors @strem et al. 1998).

2.2.2 The CSSL standard

The use of digital computers in simulation was explored sine the advent of
computes in the early 1950's. This development was triggeitby Selfridge, which
showed how a digital computer can emulate a di erential analyzer (Selfridge
1955). By 1967, there were more than 23 programs for model simation.

The simulation paradigm adopted by these programs was the sae used
in analog simulators, i.e., to describe the model in terms ofordinary di eren-
tial equations (ODE), which were solved using numerical integration techniques.
ODE solvers are based on the idea of replacing the di erentih equations by

di erence equations. Methods well known in the 1960's inclade Euler method,
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Runge-Kutta methods and explicit multi-step methods. Important contributions
were given to stability of di erence approximations (Dahlquist 1959, Henrichi
1962). The automatic step length adjustment was another immrtant contribution
(Fehlberg 1964). However, ODE solvers well suited for sti gstems were not
available at that time.

The CSSL standard appeared at 1967 (Augustin et al. 1967). Aystem can
be described in CSSL language in three di erent ways: (1) as @interconnection
of blocks; (2) by mathematical expressions; and (3) by conuvational programming
constructs as in FORTRAN.

CSSL de nes a set of operators. For instance, INTEG emulateshe integrator
of the analog computer, and IMPL allows breaking the algebré loops. The user
can de ne new block types by means of a MACRO de nition. Additionally, CSSL
contains sentences to select integration routines and theiparameters, control the
simulation and document the results.

Software products based on the CSSL de nition appeared. Onexample is
ACSL (Mitchell & Gauthier 1976), which was for a long time a\d e facto" stan-
dard for simulation. Constructors for combining continuous/discrete modeling
were later added to ACSL. ACSL Graphics Modeller was introdwed in 1993,

supporting the graphical block diagram modeling.

2.2.3 Graphical block diagram modeling

This modeling paradigm facilitates a hierarchical and moduar description of the
model. The model is built from graphical blocks, which have nput and output
ports. The connection among the blocks is performed by conrating these ports.

The analog computing paradigm with its requirement of explicit state models
(ODE) is a fundamental limitation of the block diagram modeling (Astrem et al.
1998). The blocks have a unidirectional data ow, from input to output. As a
consequence, it is cumbersome to build physics-based modidraries in the block
diagram languages.

Some tools supporting graphical block diagram modeling are&imulink (orig-

inally called Simulab) (Grace 1991), Scicos (Bunks et al. 199, Chancelier et al.
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2002) and SystemBuild (Shah et al. 1985). These tools are iegrated in the
matrix environments Matlab ( Matlab 2007), Scilab Scilab2007) and MATRIX x
(MATRIX x 2007), respectively.

Two models of electric circuits are used to illustrate how malels are described
according to di erent modeling paradigms. The RC circuit shown in Figure 2.2a
has been implemented using Matlab/Simulink. In order to build this model, the

following steps were taken:

1. The equations for each element of the circuit were derived

V = pulse(t) (2.1)
VR =1 R (2.2)
ch _ .
C il (2.3)
V = Vg + V¢ (24)

2. The computational causality of the model was calculated,and the model

equations were manipulated. The variable on the left side igach equation is
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the variable to be calculated from the equation. The manipubkted equations

are the following:

V = pulse(t) (2.5)
dVC _ i
i= Y RVC @2.7)

3. These equations were transformed into the block descridn shown in Fig-

ure 2.2a.

Connecting in series an inductor, the circuit shown in Figure 2.3 is obtained.
The computational causality of the model needs to be re-calglated. The manip-

ulated model is the following:

V = pulse(t) (2.8)
dVC _ i
FIe @9
d _V i R v
i (2.10)

The model described using Matlab/Simulink is shown in Figure 2.3a.

2.2.4 Modeling in speci c domains

There are modeling environments that allow the user to compee models in spe-
ci c domains. A model is assembled simply by connecting compnents from pre-

de ned libraries. Some examples of speci c domain simulatos are the following:

{ PSpice (Nagel & Pederson 1973, Nagel 1975, Kielkowski 1998rCAD Inc.
1999) and VHDL-AMS (IEEE 1997) for electronic systems.

{ ADAMS ( Adams 2007) and SIMPACK (SIMPACK 2007) for mechanical

systems.

{ gPROMS (Barton & Pantelides 1994) for energy and process sstems.
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The models of the RC and RCL circuits composed using PSpice arshown
in Figures 2.2b and 2.3b. The model description is very simdr to the schematic

diagram of the circuit.

2.2.5 Physical modeling

The physical modeling paradigm is based on the modular modaig methodology.

Typically, the basic stages of the physical modeling are Astrem et al. 1998):

1. De nition of the system structure and partition of the sys tem into subsys-

tems.
2. De nition of the interaction among the subsystems.

3. Description of the internal behavior of each subsystem,ridependently of
each other, in terms of mass, energy and momentum balances drof ma-

terial equations.

The modeling knowledge is represented as di erential, algeraic and discrete
equations that may change by being triggered by events (i.e. hybrid models).
A model is considered as a constraint between system variag$ (Astrem et al.
1998).

In order to perform the design of a dynamic system, we have to éne the
structure of the system, identify its di erent parts and the interactions between
them. Then, the internal behavior of each part is de ned indepently. A language
that supports object oriented modeling of hybrid dynamic systems require a
syntax suitable for the de nition, parametrization, reuse, connection and instan-
tiation of classes. The syntax has to facilitate the informéion encapsulation.

The rst languages supporting physical modeling appeared i the mid 1980's
(Astrem et al. 1998). Among the rst languages supporting the physcal modeling
paradigm were Dymola (EImqgvist 1978) and Omola (Andersson 28%.,b, 1990,
1994). Other object-oriented modeling languages are ABAC@SS Il (ABACUSS
II 2007), ASCEND (Piela 1989), Smile (Kloas et al. 1995), gPRON (Barton
& Pantelides 1994), MODE.LA (MODE.LA 2007, Stephanopoulos et al. 1990),
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ObjectMath (Fritzson et al. 1995), EcosimPro Language (Empesarios Agrupa-
dos 200%3,b,c) and Modelica (Modelica 2005, Modelica 2007). Among the rst
publications concerning interactive simulation is (Korn 1989).

The common characteristics of these modeling languages atiee object-oriented,
non-causal modeling methodology and the need for automatisymbolic formula
manipulation. Object-oriented modeling is based, among diers, on three prin-
ciples: abstraction, encapsulation and modularity. Objed-oriented modeling
languages support a declarative description of the model, &sed on equations (i.e.,
equation-oriented modeling) instead of assignment statemnts. The information
of what variable to solve for in each equation is not includedin the model (i.e.,
non-causal modeling). This permits better reuse of modelsisce equations do not
specify a certain data ow direction. Thus a model can adapt to more than one
data ow context. The software tools supporting these modeing languages im-
plement algorithms to automatically decide which equationto use for calculating
each unknown variable.

The symbolic manipulations that these software tools carryout on the model

can be classi ed into two types according to their purpose.

1. Manipulations intended to translate the object-oriented description of the
model into the so-called at model (Fritzson et al. 2002, Fritzson 2004).
The at model contains the complete set of model equations ad functions,

with all the object-oriented structure removed.

2. Manipulations intended to transform the at model into an e ciently solv-
able from. This second type of manipulations includes (Celer 1991, Cellier

& Kofman 2006, Fritzson 2004):

{ The e cient formulation of the complete-model equations, eliminating
the redundant variables and the trivial equations resulting from the
submodels connections (Elmqvist 1978, Bunus & Fritzson 208).

{ The sorting of the equations (Elmqvist 1978, Cellier & Kofman 2006).

{ The symbolic manipulation of those equations in which the unknown

variable appears linearly.
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{ The reduction of the system index to zero or one (Brenan et al 1996,

Mattsson & Soderlind 1992, Pantelides 1988).

The modeling environments need, for simulating hybrid modés (i.e., a set of

synchronous di erential, algebraic and discrete equatiors), the following:

1. A simulation algorithm appropriate for hybrid systems (for instance, the

Omola simulation algorithm is described in (Andersson 199)).

2. An adequate treatment of the discrete events (EImqvist etal. 1993): the
detection, the accurate determination of the trigger time (Cellier 1979,
Cellier et al. 1993, Elmgvist et al. 1993, 1994) and the re-gtrt problem

solution.

3. Algorithms to carry out the symbolic manipulation of the | inear systems of
simultaneous equations and to tear the nonlinear ones (Elmgst & Otter

1994).

In addition, the modeling environment needs to include at least one DAE-
solver algorithm (Gear 1971, Brenan et al. 1996, Hairer et al1989), for instance,
DASSL (Brenan et al. 1996). The simulation e ciency is notably increased with

the use of inline integration algorithms (EImqvist et al. 1995).

2.3 Modelica language

Modelica is an object-oriented modeling language based onhé physical mo-
deling paradigm (Modelica 2005,Modelica 2007). Modelica language has been
designed by the developers of the object oriented languagéd LAN (Jeandel et al.
1997), Dymola (Dynasim 2006), NMF (Sahlin et al. 1996), ObjetMath (Fritzson
et al. 1995), Omola (Andersson 1988b, 1990, 1994), SIDOPS+ (Breuneuse &
Broenink 1997), Smile (Kloas et al. 1995) and a number of moding practitioners
in di erent domains. Modelica is intended to serve as a stan@rd format so that

models arising in di erent domains can be exchanged betweetools and users.
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Modelica supports multi-domain modeling and several forméisms, such as
ODE, DAE, bond graphs (Karnopp & Rosenberg 1968, Karnopp et & 1990,
Thoma 1990, Cellier 1991), nite state automata, and Petri nets. In addition,
PDE support in Modelica is an open research eld (Saldamli 202, 2005, 2006).

A number of free and commercial component libraries in di erent domains
are available (Modelica 2007), including electrical (Clauss et al. 2000, Cellier &
Nebot 2005, Urquia et al. 2005, Martin et al. 2003) mechanick(Otter et al. 2003),
thermo- uid (Eborn 1998, 2001, Tummescheit 2002, EImqvistet al. 2003, Casella
& Leva 2003, 2006, Mattsson 1997), physical-chemical (Urga & Dormido 2003),
bond graph (Cellier & Nebot 2005, Zimmer & Cellier 2006) and $ate machines
(Otter et al. 2005).

Some features of the Modelica language version 2.2 are detard below (Mo-
delica 2007, Modelica 2005, Fritzson 2004, Fritzson & Engelson 189. The
basic structuring element in Modelica is a class. There areeven restricted class
categories with speci ¢ keywords:type, connector, model, package block function

and record.

Partial classes. The class pre x partial is used to indicate that a class is incom-
plete and cannot be instantiated. Models are classes of typmodelor partial
model Classes of typemodel describe a complete model, whereas those of
type partial model describe only certain model properties and cannot be

instantiated.

Package. Classes can be grouped in special classes, hamgatkage Packages
contain only constant and classes declarations. The classe&ontained in the

packagecan be accessed using the dot notation.
Reuse. Modelica allows class reuse in the two following ways:

Reusing the classes througltomposition. New values can be set to its
parameters. There is a type of class, namedecord, whose purpose is

to group a set of parameters.

Reusing the classes throughinheritance. When a class composed by

other classes is inherited it is possible, unless it is forbiden on purpose,
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to modify the class and the value of the parameters of each subodel
composing the inherited class fedeclare sentence). The new class of
the submodel must be a subtype of the older one (class A is a stiipe
of class B if class A includes all the public components of cks B).

Modelica support multiple inheritance.

Replaceable classes. Additionally, the class of some submodels replaceable
mode) and/or connectors (replaceable connectorthat compose a class can

be declared as parameters that can be rede ned when the class reused.

Information encapsulation. Modelica hides the information contained in the
section protected of a class when it is reused as a submodel. The rest of the
variables can be accessed using the dot notation. The varidés contained
in the protected section of a class can be accessed from any other class that

extends this class.

Class interface. Interface variables can be ow (its sum is O at the connection
point) or non- ow (are equal at the connection point). These variables are
gathered in special classes namembnnector. Connector classes can't contain
equations. Classes that describe models inherit their intdace description.
The connection between two submodels is de ned by applying e connect
function to a couple of classes of type&onnector. The computation causality
of the terminal variables can be set by using the pre xesinput and output.
Modelica checks that the computational causality is the oneset by using

these two pre xes.

Types. The basic prede ned built-in types of Modelica areReal, Integer, Boolean,
String and the basic enumeration type. New types can be de ned and
extended, with the restriction that type classes cannot indude variables

and equations.

Blocks. A specic type of class namedblock is de ned to describe block dia-
grams. The terminal variables of the block diagrams have a »>d compu-

tational causality.
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Regular structures.  Set of equations, submodels and connections can be de-

ned using for loops.

Algorithms.  Modelica allows to de ne in a class a sorted sequence of asemy
tions by including them in a special section @lgorithm). The algorithm
section can contain assignations of the typdvariablei := hexpressioni, for

and while structures.

Functions. There are special classes namefdnction, that can include local and
global variables and analgorithm section. Local variables are de ned inside
a protected section. Global variables can only be de ned as computatioal
input or output (these are marked in the code by keywords inpu and
output). Class of type function can encapsulate calls to functions de ned

in other languages.

Built- in operators. Built-in operators of Modelica have the same syntax as a
function call. However, the result of a built-in operator depends not only
on the input arguments but also on the status of the simulation. Some

Modelica built-in operators are the following:

{ der(expr): performs the time derivative of the expressionexpr. The
expressionexpr need to be a subtype ofReal and the expression and
all its sub-expressions must be di erentiable. If expr is an array, the

operator is applied to all elements of the array.

{ assert(condition; message): allows to show an error message when the

value of the boolean expressiorrondition is false
{ pre(y): returns the\left limit" of variable y(t) at a time instant t.

{ reinit (x;expr): reinitializes the value of the state variable x with expr

at an eventinstant. It can only be applied in the body of a whenclause.

{ initial (): returns true during the initialization phase and false other-

wise.
{ terminal (): returns true at the end of a successful analysis.

{ terminate (message: successfully terminates the current analysis.
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{ sample(start;interval ): returns true and triggers time events at time
instants start + i interval , wherei = 0;1;:::. During continuous

integration the operator returns always false

Variable structure and discrete events. Modelica provides theif{then{else

structure to describe variable structure models.

The instantaneous equations are modeled using thevhen structure. The
expression of awhenclause shall be a discrete-timéBoolean scalar or vector
expression. The equations and algorithm statements withina when clause
are activated when the scalar or any one of the elements of theector

expression becomesrue.

Inner and outer pre xes. An element declared with the pre x outer refer-
ences an element instance with the same name and the pre iner. There
shall exist at least one correspondingnner element declaration for anouter

element reference.

Initialization.  The model initialization takes place just before the simuldion
starts. The initial algorithm and initial equation sections are executed
during the initialization phase. The initial algorithm section can include
any kind of equation exceptwhenstatements. The initial equation section
can include any kind of equation exceptwhenequations. The equations
inside awhenare included in the initialization equation system only if t hey
are explicitly enable with the initial() operator. Additionally, it is possible

to specify the initial value of a variable through its start attribute.

Selection of the state variables. Modelica supports the user's control on the
state variables selection, via thestateSelectattribute of Real variables (Otter
& Olsson 2002). This attribute values include \never" (the variable will
never be selected as state variable) and \always" (the variale will always

be used as a state).

Annotations.  Annotations are intended for storing extra information about a

model, such as the model icon representation, the structuref composed
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models and connection between submodels, documentation afersioning,

etc.

2.4 Modelica simulation environments

OpenModelica (OpenModelica2007, Fritzson et al. 2002, 2006), Dymola (Dynasim
2006) and MathModelica System Designer iathModelica 2007) are three mode-
ling and simulation environments that support the Modelica language. Open-
Modelica environment is free, and it can be used (from versio 1.4.2) together
with the graphical editor MathModelica Lite. On the other ha nd, Dymola and

MathModelica System Designer are commercial environments

The simulation environment used in this dissertation is Dymola. Dymola
translates the Modelica description of the model into an exeutable, Dymosim,
which performs the simulation (Dynasim 2006). Dymosim is a sand-alone pro-
gram without any graphical user interface which reads the eperiment description
from an input le, performs one simulation run, stores the results in Matlab binary
format on le, and terminates. Dymosim can be called either fom the Dymola's
graphic user interface or directly by the user.

Dymola provides, since version 5.0, an interface to MatlabSimulink for ver-
sions above Matlab 5.3 / Simulink 3. Dymola interface to Simuink can be
found in Simulink's library browser. DymolaBlock block (Dynasim 2006). This
block is an interface to the C-code generated by Dymola for tke Modelica code.
DymolaBlock can be connected to other Simulink blocks, and also to othebymo-
laBlock blocks, in the Simulink's workspace window. Simulink synchonizes the
numerical solution of the complete model, performing the numerical integration
of the DymolaBlock blocks together with the other blocks.

In order to make the Modelica model useful as aDymolaBlock block, the
computational causality of the Modelica model interface neds to be explicitly set
(Dynasim 2006). The input variables are supposed to be caldated from other
Simulink blocks, while the output variables are calculated from the Modelica

model.
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2.5 JARA library

JARA is a library of dynamic hybrid models of some fundamentd physical-
chemical principles (Urquia 2000, Urquia & Dormido 2003). The main appli-
cation of JARA is the modeling of physical-chemical processs in the context
of automatic control. The modeling hypotheses and architeture of JARA are
discussed in this section.

JARA was originally written in the \old" Dymola language (EI mqvist et al.
1996). Later on, as a part of this dissertation work (it will be discussed in
Chapter 4), the library was translated into Modelica language and adapted for
interactive simulation. This new version of the library, called JARA 2i, has been
used to compose three of the virtual-labs discussed throughhis dissertation:
control of a chemical reactor, control of an industrial boiler and dynamic be-
havior of a heat-exchanger. JARA 2i Modelica library can be adwnloaded from

http://www.euclides.dia.uned.es

2.5.1 Fundamental modeling hypotheses of JARA

The usual way of enunciating the mass, energy and momentum Hances is by
means of the de nition of a control volume (CV) (Bird et al. 1975, Incropera
& DeWitt 1996, Himmelblau & Bischo 1992). The properties of the medium

inside the control volume are considered time-dependent, Wit independent of the
spatial coordinates. The only exception to this rule is the pessure inside the
liquids. The control volumes exchange mass and energy withhieir environment
through certain control planes (CPs). The JARA control volu mes and the control
planes are considered macroscopic and xed in the space. Athe interactions

among control volumes, and all the interactions of a controlvolume with itself

(i.e., chemical reactions inside the control volume), are onsidered transport phe-
nomena in JARA. This system decompaosition into control volumes and transport

phenomena suggests that:
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1. The control-volume models should contain the equations dscribing the
properties of the medium inside the control volume, as a funtion of the

mass and energy transport through its control planes.

2. The transport-phenomena models should contain equatios describing the
ow of mass, energy and momentum through the control planes,as a

function of the medium properties at these control planes.
Three types of control volumes have been modeled in JARA:
1. Control volume containing a homogeneous solid.

2. Control volume containing an ideal mixture of an arbitrary number of semi-

perfect gases.

3. Control volumes containing an ideal, homogeneous liquidmixture, com-

posed of an arbitrary number of components.

The control volumes containing liquid or gaseous mixtures ge considered open
systems (i.e., they can exchange mass and heat with their eimonment), and
chemical reactions can take place inside them. In both caseshe volume of the
control volume is considered a time-dependent property. Tle control volume
containing a solid is considered a closed system (i.e., it &y exchanges energy,
not mass, with its environment). The only modeled characteistic in solids is the
heat conduction (for modeling the walls of reactors, pipesgtc.).

Two kinds of control planes are distinguished in JARA: mass-ow and heat-
ow control planes. An arbitrary number of ows can ow throu gh each control
plane. The hypotheses made about the properties of the media inside the

control volume determine the nature and number of the contrd planes:

1. A solid control volume contains only one heat- ow control plane with the
following considerations: (i) the solid properties are sp#ally homogeneous,
so that all control planes are equivalent; and (ii) the solid control volume

is a closed system, so it has no mass- ow control planes.
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2. A gaseous control volume contains one heat- ow control @ne and one
mass- ow control plane: all the gaseous mixture propertiesare spatially

homogeneous.

3. A liquid control volume has two mass- ow control planes ard one heat-
ow control plane: (i) as the liquid properties related with the heat- ow
are spatially homogeneous, all the heat ow control-planesare equivalent;
(ii) as the liquid pressure depends on the position, the simfest and most
general control-plane selection is placing a control planeat the control-
volume bottom and the other at the control-volume top. Any ar bitrarily
complex con guration can be modeled by decomposition into his kind of

control volume (Urquia 2000).

The JARA models of transport phenomena can be divided into two main
groups: (1) mass transport due to pressure or concentratiorgradients, gravita-
tional acceleration, chemical reactions, liquid-vapor plase changes, etc.; and (2)
heat transport due to temperature gradients. The interfacevariables are grouped
into connectors according to this criterion, so that they describe the transport of
mass and heat independently.

A hypothesis related to the stirred-mixture approximation is to assume that
the uid going out from a control volume has the same properties that the uid
contained in it. In JARA, this approximation is applied to th e calculus of: (1)
the temperature and the composition of the uid leaving a cortrol volume by
convection; and (2) the temperature of each mixture componet leaving the
control volume by di usion. All the JARA models of transport phenomena make
the ow direction reversible during the simulation run. As a consequence, the
properties of the ow established between two control plane are calculated from
the appropriate control plane at any time.

An important property associated to the transport phenomena is the trans-
port delay. There are dierent ways of modeling delays in onedimensional
geometry systems (EPRI 1984). The way used in JARA is the \enegy bal-

ance method" (Incropera & DeWitt 1996). It consists in divid ing the ow path
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into multiple control volumes. Adjacent control-volumes are connected by the
transport-phenomena models describing the heat and mass ansport between
them. As the number of control volumes increases, the solutin gets closer to a

transport delay (EPRI 1984).

2.5.2 JARA architecture

The JARA library has been organized in order to facilitate their use and mainte-
nance. The modeling details and the library design rules cafe found in (Urquia
2000, Urquia & Dormido 2003). The package hierarchy is showin Figure 2.4a.
JARA is composed of seven packages (see Figures 2.4b { 2.4h):

{ The connectors are de ned in the JARA.cuts package (see Figure 2.4b),

and the model interfaces inJARA.interf package (see Figure 2.4c).

{ The JARA.gas package (see Figure 2.4g) gathers models of control volumes
containing gaseous mixtures, of gas transport (i.e., gasoew by convection
and di usion, valves, pumps, etc.) and boundary conditions (i.e., gas- ow

and pressure sources).

{ Similarly, JARA.liq package (see Figure 2.4e) contains the equivalent mod-
els for liquid mixtures. The mixtures of liquids and gases ae considered

ideal and they can be composed of an arbitrary number of compgents.

{ The models related with the heat transport are collected in the JARA.heat
package (see Figure 2.4d): models of control volumes contdng solids, ther-

mal resistances and boundary conditions (heat and temperatre sources).

{ The JARA.phase package (see Figure 2.4f) contains models of vapor-liquid

phase-change: boiling and condensation.

{ The models of chemical reactions are inJARA.chReac package (see Figure

2.4h).
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Figure 2.5: a) JARA 2i packages; and b) Modelica diagram of the batch
reactor model.

2.5.3 Model of a chemical reactor

The batch reactor model developed by (Urquia 2000), which isbased on the
mathematical model described in (Froment & Bischo 1979), has been translated
into Modelica language and included in the JARA 2i library (see batchReac-
tor.PhysicalModel package in Figure 2.5a).

In a batch reactor having a volume V, an exothermic reaction A ! P is
carried out in the liquid phase. The reaction velocity is ra = kCa, where k
depends on the temperature in the following form:k = kgiexp( "Tﬁ), expressed
in units of second to minus one. The reactor contains a heat echanger with a

surfaceA and it can be operated in the following two ways:

1. Using steam with a heat transfer coe cient hrg at a Ts temperature as

heating system.

2. Using cooling water with a heat transfer coe cient ht,, ata T,, temperature

as refrigerator.
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model.

The Modelica diagram of the chemical reactor model is showmi Figure 2.5b.
The model is composed of a CV containing the liquid stored in he reactor, a
TP modeling the reaction inside the reactor, a pump model andthe model of the
heat exchanger. The heat exchanger model is composed of a tperature source

and a resistor.

2.5.4 Model of an industrial boiler

The mathematical model of the boiler is found in (Ramirez 19®), and the object-
oriented model written in the \old" Dymola language in (Urqu ia 2000). It has
been re-written using JARA 2i components and it has been inalded in the JARA
2i library (see Boiler.PhysicalModel package in Figure 2.6a).

The input of liquid water is placed at the boiler bottom, and t he vapor
output valve is placed at the top. The output valve has the following constitutive

equation: F™ = (F9) P (p(p  po)), where pg is the valve output pressure. The
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water contained in the boiler is continually heated. The diagram of the boiler

model is shown in Figure 2.6b. Two control volumes are consigred:
1. A control volume containing the liquid water stored in the boiler.
2. A gaseous control volume containing the vapor.

The vapor volume is equal to the di erence between the boilefrecipient inner
volume and the water volume. The boiling is a transport phenanena represented
by a model connecting both control volumes. The heat- ow into the boiler, the
pressure at the valve output and the water pump are modeled usg JARA source

models.

2.5.5 Model of a double-pipe heat exchanger

The model of the heat exchanger described in (Cutlip & Shacha 1999, Urquia
2000) has been re-written using JARA 2i components and it hadeen included
in the JARA 2i library (see doublePipeHeatExchanger.PhysicalModgbackage in
Figure 2.7a). The model diagram is shown in Figure 2.7b.

A mixture of carbon dioxide and sulfur dioxide is cooled by wder in a double-
pipe heat exchanger (Cutlip & Shacham 1999, Urquia 2000) ofdngth L. The
thermic dynamics of the gas mixture, the water and the wall ofthe inner pipe
are considered in the model. The following heat ows have bae modeled: the
convective heat ow between the gas mixture and the inner wall of the inner pipe,
the convective heat ow between the wall of the inner pipe andthe water and,
nally, the conduction heat ow along the wall of the inner pi pe.

The heat exchanger has been divided intdN = 10 elements to study the

dependence of the temperature on the axial coordinate. Theength of the

L

elements located at the pipe end,—z(N T

is the half of the length of the inner
elements. It is assumed that the gas mixture contained in theelements has
a uniform temperature. The same assumption has been made @kd to the
temperature of the water and the wall of the inner pipe.

The gas and liquid ow is modeled by pumps that make to ow the established

quantity of matter per unit time between the elements. Two modes of operation
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Figure 2.7: a) JARA 2i packages; and b) Modelica diagram of the heat-
exchanger model.

are allowed: cocurrent or parallel ow and countercurrent ow. The convective
heat transfer on both the tube and shell sides are calculatedrom the Dittus-
Boelter correlation (Cutlip & Shacham 1999). The center heda exchanger tube
is made of copper with a constant thermal conductivity, and the exterior of the

steel pipe shell is supposed to be very well insulated.

2.6 Virtual-labs for control engineering education

A virtual-lab is a distributed environment of simulation an d animation tools,
aimed to perform the interactive simulation of a mathematical model. Two types

of interactivity can be distinguished:

{ Runtime interactivity . The user is allowed to perform actions on the model
during the simulation run. He can change the value of the modkinputs,

parameters and state variables, immediately perceiving he these changes
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a ect the model behavior. An arbitrary number of actions can be made on

the model along a simulation run.

{ Batch interactivity . The user's action triggers the start of the simulation,
which is run to completion. During the simulation run, the user is not
allowed to interact with the model. Once the simulation run is nished, the

results are displayed and a new user's action on the model idlawed.

Virtual-labs provide a exible and user-friendly way to de ne the experiments
to be performed on the model (Jimoyiannis & Komis 2001). In paticular,
interactive virtual-labs are e ective educational resources, well suited for web-
based and distance education (Dormido 2004). Due to the spé@l features of the
automatic control discipline, control education can be strongly bene ted by the
use of interactive tools (Navaratna et al. 2001). Some releant virtual-labs for
control education can be found in (Bodson 2003, Munoz-Grez et al. 2003, Diaz
et al. 2005, Guzman et al. 2005, Erenturk 2005, Ugalde-Loo 2B, Mazaeda et al.
2006).

Automatic control is a multi-faceted eld. A good control en gineer should

master a wide range of topics (Johansson et al. 1998, Wittenark et al. 1998):

{ To have a good understanding of dynamical systems and to ke how to

describe them.

{ To know how di erent representations of a system (i.e., equations, time

responses, frequency responses) are related.

{ To master control concepts such as feedback, stability, cotrollability, ob-

servability and to develop an intuition about them.

{ To know the interplay between process design and control dsign. The
process design in uences strongly the control design. A gabprocess design

may avoid processes intrinsically di cult to control.

This wide range of topics makes control education a di cult t ask. Virtual-

labs could be a perfect complement to the traditional labs aml lectures. They can
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Figure 2.8: View of the magnetic levitator virtual-lab.

be considered half-way between regular labs and lectures. He main idea is to
have on the computer screen a multiple-view representatiorof a given dynamic
system, and some of its attributes. These views can then be nmépulated directly
while keeping the coherence of the representation (Dormid@004).

Virtual-labs can be used to explain basic concepts, to prowe new perspectives
of a problem, and to illustrate analysis and design topics. A example of a
virtual-lab for control education implemented using Ejs (EJS 2007) is shown in
Figure 2.8 (Dormido et al. 2004). This virtual-lab illustra tes the behavior of a
magnetic levitation system. The virtual-lab graphic inter face shows the physical
system as realistically as possible. Additionally, it shove diagrams and plots of
some relevant variables. It is possible, by manipulating tle graphic interface,
to change the magnets position, the system con guration, the control strategy
(manual o decentralized PID) and the parameters of the two PD controllers.

Several software packages for the interactive learning of itomatic control
have been developed (Dormido et al. 2002, Sanchez et al. 2002Two of them
are ICTools and CCSDemo, from the Automatic Control Department of the

Lund Institute of Technology (Johansson et al. 1998, Wittenmark et al. 1998).
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Control Station (Cooper & Fina 1999, Cooper & Dougherty 200Q Cooper et al.

2003), developed at the Department of Chemical Engineeringf the University

of Connecticut, constitutes another good example.

2.7 Interactive simulation tools

The main goal of the interactive simulation tools is to facilitate the virtual-

lab implementation, allowing the lab developer to focus on he concepts to be
illustrated by the virtual-lab, rather than on programming tasks. Next, some
relevant features of the four following interactive simulaion tools are discussed:

LabVIEW, Sysquake, Ejs and OOCSMP.

2.7.1 LabVIEW

LabVIEW (Laboratory Virtual Instrumentation Engineering ) from National In-

struments is a graphical development environment for creang exible and scal-
able design, control, and test applications [abVIEW 2007). The LabVIEW
graphical language, named G, is a data ow language and canridoe re-interpreted
into a text based language. Currently, there is no alternatve program that can
implement any portion of G code. G language, since version 8, has object
oriented features.

LabVIEW programs are called virtual instruments (VIs). Eac h VI has three
components: a block diagram, a front panel and a connector pzel. Many
libraries with functions for data acquisition, signal geneation, mathematics,
statistics, signal conditioning, analysis and numerous gaphical interface elements
are provided in several LabVIEW package options.

LabVIEW can be used to build virtual-labs. Examples can be faind in (Kostic

2000, Laterburg 2001)
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2.7.2 Sysquake

Sysquake is a commercial tool developed at the Federal Indtite of Technology in
Lausanne (EPFL) by Yves Piguet (Sysquake 2004, Piguet et al1999). Sysquake
is a Matlab-like program that has strong support for interactive graphics. It is
based on LME, an interpreter specialized for numerical comptation. LME is
widely compatible with the language of MATLAB(R) 4.x and it i ncludes many
features of MATLAB 5 to 7. It implements graphic functions sp eci ¢ to dynamic
systems (such as step responses and frequency responses) general purpose
functions used for displaying any kind of data. LME provides the following

capacities for modeling systems:

{ Iti library . This library provides methods to create, combine and analye
time-invariant dynamical systems (LTI systems). The LTI sy stem can be
de ned in three di erent ways: as a state space model, as a maix or as a

transfer function.

{ ODE solvers Sysquake contains the following two ODE solvers: ode23
and ode45 Both ODE solvers are based on a Runge-Kutta algorithm with

adaptative time step.

A Sysquake application typically contains several interative graphical ob-
jects, which are displayed simultaneously. Additionally, it can include docu-
mentation in form of HTML pages. The graphics contain elemerts that can be
manipulated using the mouse. While one of these elements iseing manipulated,
the other graphics are automatically updated to re ect this change. The content
represented by each graphic, and its dependence with respem the content of
the other graphics, is programmed using LME.

The main goal of Sysquake is the interactive manipulation ofgraphics. The
user can de ne functions, called handlers intended to perform dierent tasks
managed by Sysquake. These tasks include the model initiaation, manipulation

of gures and selection of menus.
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As input and output, the handlers use variables as well as values directly
managed by Sysquake, such as the position of the mouse. Thdéoee, only the
code necessary for displaying the gures and processing maulations from the
user is required. This results in small scripts, developed wjckly and easy to
maintain.

LME can be extended by libraries, composed of related functins written in
LME, or by extensions developed with standard compilers.

There are several interactive tools developed with Sysquak (Dimmler &
Piguet 2000, Dormido et al. 2002, Diaz et al. 2005, Guzman etla2005, Longchamp
2006, Piguet & Longchamp 2006, Guzman et al. 2006). Some appéations built

by Sysquake users can be downloaded fronBfsquake2007).

2.7.3 Easy Java Simulations

Easy Java Simulations (Ejs) is an open source, Java-based fsware tool intended
to implement virtual-labs ( EJS 2007, Esquembre 2004). Ejs has been designed to
be used by students, under the supervision of educators witk low programming
level (Martin et al. 2005d). As a consequence, simplicity wa a requirement.

Ejs is based on an original simpli cation of the \model-view-control" para-

digm, structuring the virtual lab in three parts: introduction, model and view.

{ Ejs supports including an introductory part, composed of HTML pages, in
the virtual lab. This introduction is intended to provide in formation about
the simulation and instructions explaining how to use the virtual lab. This

feature is important for pedagogical reasons.
{ The modelis the mathematical model describing the system behavior.

{ The view is the user-to-model interface. It is intended to provide a vsual
representation of the model dynamic behavior and to faciliate the user's

interactive actions on the model.

The graphical properties of theview elements are linked to themodelvariables,

producing a bidirectional ow of information between the view and the model
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Any change of a model variable value is automatically displgged by the view.
Reciprocally, any user interaction with the view automatically modi es the value
of the corresponding model variable.

Ejs guides the user during the model de nition process, andtiincludes a
set of ready-to-use visual elements intended to facilitatethe virtual-lab view
implementation. Ejs automatically performs all the tasks required to generate
the virtual lab (i.e., generates the Java source code of the istual-lab program,
compiles the program and packs the resulting object les inb a compressed le),
which can be run as a stand-alone Java application or as an apgt within an
HTML page. The user then can readily run the virtual-lab and/ or publish it on
the Internet.

Ejs includes ODE solvers and algorithms for event detection Ejs version
3.3 (release 2004) provides a Ejs to Matlab/Simulink interface (Sanchez et al.
2005a,b). Therefore, Ejs 3.3 supports the option of describg and simulating the
model using Matlab/Simulink: (1) Matlab code and calls to any Matlab function
can be used at any point in the Ejs model; and (2) the Ejs model an be partially
or completely developed using Simulink block diagrams.

A description of how to use Ejs with Matlab and Simulink can be found
in (EJS 2007). In this case, the data exchange between the virtualdb view
(composed using Ejs) and the model (Simulink block diagram)is accomplished
through the Matlab workspace. The properties of the Ejs' view elements are
linked to variables of the Matlab workspace, which can be writen and read from

the Simulink block diagram.

2.7.4 Object-Oriented Continuous Modeling Program

Object-Oriented Continuous Modeling Program (OOCSMP) is a continuous si-
mulation language conceived in 1997 as an object-orientedkgension to the stan-
dard CSMP (Lara & Alfonseca 2003). OOCSMP language is causahnd can
handle discrete events. A beta version of the compiler and ta libraries for Java
can be freely downloaded QOCSMP 2007). C-OOL is the compiler for OOCSMP

and it is able to generate three di erent object languages fom the OOCSMP
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models: plain C++, C++/Amulet and Java. C-OOL automaticall y generates a
user interface that allows the user to control the simulation execution and change

the value of object parameters, global variables and simulon parameters.

2.8 Interactive simulation using Modelica

Some e orts have been carried out by other authors in order toprovide Modelica
with visualization and interactive simulation capabiliti es. MODIC (Modelica
Interactive Control Interface) has been developed for thispurpose (Engelson
2000). MODIC allows the user to input and output values via a gaphical user
interface (Tcl-Tk based) during the simulation. The interf ace for input values
allows the user to change the value of input variables duringsimulation. From the
Modelica side, the communication is performed by using extenal function calls.
These external functions create or modify graphical window, output values to

these windows, or read the value of the input variable curretly set by the user.

2.9 Conclusions

The background for this dissertation has been examined in tis chapter. An
overview of continuous-time modeling and simulation in thecontext of automatic
control has been presented. Some features of object-oriegd modeling languages
have been discussed, with special emphasis in the Modelicarlguage. In relation
to interactive simulation, the concept of virtual-lab and its role in control edu-
cation has been described. Finally, the capabilities of fouinteractive simulation

tools (i.e., LabVIEW, Sysquake, Ejs and OOCSMP) have been dicussed.



Batch Interactive Simulation,
by Combining the Use of Sysquake
and Modelica/Dymola

3.1 Introduction

A novel approach to the implementation of virtual-labs supporting batch in-
teractivity is proposed and it is illustrated by means of four case studies. The
virtual-lab modelshave been programmed using Modelica language and translade
using Dymola. The virtual-lab views(i.e., the user-to-model interfaces) have been
implemented using Sysquake.

This approach allows taking advantage of the best features foeach tool. Mo-
delica capability for physical modeling, Dymola capability for simulating hybrid-
DAE models, and Sysquake capability for:

{ Building interactive user interfaces composed of graphial elements (i.e.,
sliders, menus, Nichols diagrams, time and frequency plotsetc.), whose

properties can be linked to the model variables.

{ Synthesizing control systems and analyzing linear time-hvariant systems.

In order to implement this approach, a Sysquake to Dymosim iterface has
been programmed. It consists in a set of functions in LME langage which can
be called from the Sysquake applications. These functionsam be downloaded

from http://www.euclides.dia.uned.es
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! N 7

Figure 3.1: Sysquake-Dymosim interface functions.

3.2 Sysquake to Dymosim interface

A Sysquake to Dymosim interface has been implemented. Dymas (Dy namic
model simulator) is the executable generated by Dymola in order to sinulate
the model, and then used to perform simulations and initial value computations.
It contains the code necessary for continuous simulating ath event handling.
The above mentioned interface consists of a set of functiongritten in LME,

which are gathered in a library named sysquakeDymosiminterface These func-
tions synchronize the execution of thedymosim.exe le and the Sysquake appli-
cation. They perform the following tasks (see Figure 3.1, ad Appendix A for

further details):

{ setExperimentand setValuesfunctions write the experiment description to

a text le. This text le can be used as input le for Dymosim.

{ dymosim and linearize functions execute the dymosim.exe le in order to

simulate and linearize the Modelica model, respectively.

{ tload and tloadlin functions perform the following two operations. Firstly,
reading the output le generated by dymosim.exeafter a model simulation
or linearization, respectively. Finally, saving these resilts to the Sysquake

workspace, which then can be used by Sysquake applications.
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3.3 Case study I: hysteresis-based controller

The control loop shown in Figure 3.2 is considered. The congutive relation
of the hysteresis-based controller is shown in Figure 3.3. He setpoint is the
composition of two signals: a piecewise linear function ana sine function.

The model of the control loop has been programmed using Modigla language
and translated using Dymola. The execution of thedymosim.exe le generated
by Dymola is controlled by the Sysquake application. Theview of the virtual-lab

is shown in Figure 3.4:

{ The virtual-lab documentation (a set of HTML pages, see Figure 3.5) can

be displayed by pressing the \info" icon.

{ The transfer function of the plant can be inserted by writin g its numerator
and denominator in a dialog window. This window is displayedby clicking

on the \ Systen item of the \ Settings' menu.

{ A new simulation run can be started by clicking on the \ Run" item, which

is placed on the \Settings' menu.

The virtual-lab view is composed of four graphics (see Figue 3.4). Three of

them are interactive:

{ \Constitutive relation” plot: the position of the fa;b;c;d; e;fg points of the

controller constitutive relation can be changed by draggirg the mouse.

{ \Roots" plot: the plant's zeros and poles can be changed by clickingrothe

circles and crosses and by dragging the mouse.

{ \Reference" plot: the shape of the piecewise linear function, and the amlp
tude and frequency of the sine function, can be modi ed by cicking on the

lines and circles that appear in the graphic, and by draggingthe mouse.
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= » u- o " SISO plant o
—>O—> o L x=Ax+Bu
+ _ T ”’._:.' e y=Cx
e f
= -
&] Listo ® Internet

Figure 3.5: Documentation of the control loop virtual-lab.

3.4 Case study IlI: control of a chemical reactor

The model of a batch chemical reactor has been composed usidfRA 2i Mo-
delica library. The diagram of the reactor model is shown in kgure 3.6a. An
exothermic reaction A ! P is carried out in the liquid phase. The reactor
contains a heat exchanger, which can be operated with steamnal with cooling
water. The plant model was described in Section 2.5.3.

The diagram of the Modelica model describing the closed-lgnsystem is shown
in Figure 3.6b. It has been used the PID controller model incided in the standard
Modelica library (Modelica 2007), which has been designed according to the model
described in Astrem & Hagglund 1995). This model has limited output, anti-

windup compensation and setpoint weightings. It has the folowing parameters:

Kp Proportional gain.
Ti Integral time constant.

T4 Derivative time constant.
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Wp Setpoint weight for the proportional term.
Wy Setpoint weight for the derivative term.
N; Anti-windup compensator constant.

Ng Derivative lter parameter.

Ymin Lower limit for the output.

Ymax Upper limit for the output.

The reactor's operation policy is the following (Froment & Bischo 1979):

1. Fill up the reactor with the reacting liquid (the in ow is ¢ ontrolled by a

PID).

2. Preheat to certain temperature (T1), and let the reaction proceed adiabat-

ically.

3. Start cooling when either the maximum allowable reaction temperature
(Tmax ) occurs or the desired conversion is reachedk), and cool down to

the desired temperature (Ty).
4. Empty the reactor.

The virtual-lab view is shown in Figure 3.7. It contains sliders to change the
model parameters, the initial value of the state variables ad the input variables.

The\Settings" menu allows the user to (see Figure 3.7):

1. Change the parameters of the control policy (i.e.,T1, Tmax, Xd, Tq and PID

parameters).
2. Set the communication interval and the total simulation time.
3. Launch a simulation run.

The view contains an \info" icon that displays the virtual-lab documentation.
Also, it has three plots representing the time-evolution of the relevant process
variables (i.e., the mass ofA, P and water, the mixture temperature, and the

pump throughput).
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3.5 Case study lll: control of a double-pipe heat

exchanger

The JARA 2i model of a double-pipe heat exchanger was discusd in Section
2.5.5. The model diagram is shown in Figure 3.8a. The goal ofhis virtual-lab
is to illustrate the application to the heat exchanger of sone linearization and
control techniques.

Three di erent Modelica models has been composed using theARA 2i library

and components from the standard Modelica library:

1. The open-loop system (see Figure 3.8a).
2. The heat-exchanger controlled using a PID (see Figure 3t8§.

3. The heat-exchanger controlled using a compensator (seedure 3.8c).

In addition, a Sysquake application has been programmed. Itimplements
the virtual-lab view and controls the execution of the three Dymosim les: the
Dymosim le that simulates the open-loop plant, and the two Dymosim les that
simulate the plant controlled using a PID and a compensator espectively.

The features of this Sysquake application, that constitutes the virtual-lab

core, include;:

1. The application to the heat-exchanger model of several iénti cation tech-

nigues.

2. The design of control strategies (using the linear modelgreviously obtained

by applying the identi cation techniques).

The challenge is to control the gas exit temperature by maniplating the water
ow. In addition, the virtual-lab view contains an\ info" icon that displays the

documentation (see Figure 3.9).
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Figure 3.8: Diagram of the heat-exchanger Modelica model: a) open-
loop plant; b) plant controlled using a PID; and c) plant caotled using
a compensator.

3.5.1 Plantidenti cation

The virtual-lab supports the automatic calculation of the p lant linearized model.

This calculation is performed as follows (see Figure 3.9a):

1. The change in the value of the gas exit temperature, in respnse to a step

in the water ow, is calculated simulating the heat exchange model.
2. A transfer function (abbreviated: TF) is tted to this res ponse.
During this identi cation procedure, the virtual-lab user is allowed to:

1. Change the parameter values and the input variable valuesof the heat
exchanger model, the simulation communication interval ard the total si-

mulation time.
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2. Choose among di erent identi cation methods, including \ rst order TF
with delay’, \ second order TF with delay and \ non-parametric identi ca-

tion™.
3. Modify the obtained TF.

4. Analyze the obtained TF by means of Bode and zero-pole diagms, and

robustness margins.
5. Start the simulation run.

6. Export the calculated TF to another Sysquake application

3.5.2 Controller synthesis and analysis

In addition, the virtual-lab automates the controller synt hesis and analysis. The

virtual-lab supports the following user's operations (seeFigure 3.9b):

1. To import the TF previously identi ed.

2. To analyze the TF characteristics using Nyquist, Nicholsand Bode dia-

grams.

3. To choose the controller type. Possible options are: PIDJead and lag

compensators.
4. To synthesize the controller (i.e., to set the value of thePID's parameters).

5. To specify the error and the phase margin of the system comolled by the

lead or lag compensators.

6. To simulate the closed-loop linear and non-linear models

3.5.3 Example of use

An experience using the heat-exchanger virtual-lab will bedescribed below. The
operation conditions of the heat exchanger are shown in Figie 3.9a. A change

in the value of the the water- ow from 0 to 10 * kg/s has been applied at time
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150 s to the heat exchanger. A TF has been tted to the change inthe value
of the gas exit temperature in response to the step change inhe water- ow. A
rst order identi cation method, that uses the times to reac h 28.3% and 63.2%

response, has been applied. The following TF has been obtasd:

240641s 10240
333s2+15:17s+0:43

(3.1)

A PID to control the plant has been designed. The TF previousl obtained has
been used in the design process. The PID controller has the fowing parameters:
Kp=0:05Ti=1, Tg=0:01,w, =1, wg =1, N; =0:9, Ng =10, ymin =0 and
ymax =5 10 2. The evolution of the gas exit temperature tracking the setpoint

is shown in Figure 3.9b.

3.6 Case study IV: control of an industrial boiler

JARA 2i Modelica library has been used to compose the model o&n industrial
boiler. that was explained in Section 2.5.4. The input of liquid water is located
at the boiler bottom, and the vapor output valve is placed at the boiler top. The
water contained inside the boiler is continually heated.

The model diagram is shown in Figure 3.10a. It is composed ofwo control
volumes, in which the mass and energy balances are formulale (1) a control
volume containing the liquid water stored in the boiler; and (2) a control volume
containing the generated vapor. The model of the boiling pre@ess connects both
control volumes. The heat ow from the heater to the water, the pressure at the
valve output and the water pump are modeled using JARA sourcemodels.

This virtual-lab is intended to illustrate the identi cati on of the industrial
boiler and the synthesis of the boiler control system. This ontrol system is

composed of two decoupled control loops:

1. The water level inside the boiler is controlled by manipuhting the pump

throughput.

2. The output ow of vapor is controlled by manipulating the h eater power.
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Figure 3.10: Diagram of the boiler Modelica model composed using JARA:
a) open-loop plant; b) plant controlled using two PID; and plant controlled
using a PID to control the water level inside the boiler and @mpensator
to control the output ow of vapor.

The identi cation and synthesis procedures are similar to the one discussed
in Section 3.5. The virtual-lab view contains an \info" icon that displays the

documentation.

Three di erent Modelica models has been built to identify and control the

system:
1. The open-loop system (see Figure 3.10a).
2. The boiler controlled using two PIDs (see Figure 3.10b).

3. The boiler controlled using a PID to control the water level inside the boiler

and a compensator to control the output ow of vapor (see Figue 3.10c).

The identi cation and synthesis procedures are brie y desaibed next.

3.6.1 Plantidenti cation

The virtual-lab user is allowed to choose interactively theplant's operation point.

This is accomplished by setting the value of:

{ The mass and temperature of the liquid and the vapor inside he boiler.
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{ The valve opening and its downstream pressure.

{ The ow and inlet temperature of the water.

Once the operation point has been set, the user can launch thealculation
of the two TF: (1) a TF from the\ pump throughput (input) to the\ water level
(output); and (2) a TF from the \ heater powel (input) to the \ vapor ow"
(output). These TF are automatically tted to simulated ste p responses by the
virtual-lab. The user can choose among the following identcation methods (see
Figure 3.11a): \rst order TF with delay ", \ second order TF with delay and
\ non-parametric identi cation "

The virtual-lab supports a set of graphical methods to analye the tted
TF, including Bode and pole-zero diagrams, and it automatially computes the
robustness margin. In addition, the virtual-lab allows to export the TF to any

other Sysquake application.

3.6.2 Controller synthesis and analysis

The virtual-lab facilitates the design and analysis of the two controllers (see Figure
3.11b). The water level inside the boiler is controlled usig a PID. The gas ow
can be controlled using a PID, a lead or a lag compensator. Thaser can change
the controller parameters, and the error and phase-margin geci cations of the

compensation networks.

3.6.3 Example of use

An experience using the industrial boiler virtual-lab will be described below. The
following TF has been considered to describe the changes im¢ liquid levels due
to changes in the pump ow: %3 A change in value of the heat ow from 5:8 1P
to 6 10° W has been applied to the heat exchanger at time 9000 s. The opation
conditions of the boiler are shown in Figure 3.11a. A TF has ben tted to the
vapor ow by applying a rst order identi cation method. The following TF has

been obtained:
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1:96 10 °
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Two PID controllers have been designed. The PID that controk the liquid
volume inside the boiler has the following parameters:Kp =1, T = 9, Tq =
1 103, wp =1, wg =1, Nj =0:9, Ng = 10, ymin = 0:01 and ymax = 0:01.
The PID that controls the vapor output ow has the following p arameters: Kp =
7 1P, Ti=1:1,Tg=3 10 3, wp=1, wg=1, N; =0:9, Ng = 10, yYmin =0 and
Ymax =5 1C°.

The time evolution of the set-points, the manipulated variables and the control

variables are shown in Figure 3.11b.

3.7 Conclusions

The feasibility of combining Modelica/Dymola with Sysquake, for implement-
ing virtual-labs with batch interactivity has been demonstrated. Sysquake is a
software tool speci cally oriented to develop virtual-labs. The use of Modelica
language considerably reduces the modelling e ort and faditates the model reuse.
In order to implement this software combination approach a $squake-to-
Dymosim interface has been programmed. This approach has ke successfully

applied to the implementation of virtual-labs intended for control education.



Modeling Methodology for  Runtime

Interactive Simulation

4.1 Introduction

Two di erent approaches for implementing virtual-labs wit h runtime interactivity

have been proposed in this dissertation:

Approach A. Implementing virtual-labs by combining the use of Easy Jav&im-
ulations, Matlab/Simulink and Modelica/Dymola . The virtual-lab model is
described using Modelica and the virtual-lab view is implenented using Ejs.
The model-view communication is carried out through Matlab/Simulink.

This approach will be discussed in Chapter 5.

Approach B.  Describing virtual-labs using only Modelica languageThe virtual-
lab model is described using Modelica. The virtual-lab viewis composed
using VirtualLabBuilder Modelica library, which contains Modelica models
implementing graphic interactive elements, such as contaiers, animated
geometric shapes and interactive controls. These modelslalv the virtual-
lab developer: (1) to compose the view; and (2) to link the visial properties
of the virtual-lab view with the model variables. The components of the
library contain the code required to perform the bidirectional communica-
tion between the view and the model. In addition, VirtualLabBuilder library

supports including documentation (HTML pages) in the virtu al-lab. The
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design and programming ofVirtualLabBuilder is part of the research work

presented in this dissertation. It will be discussed in Chapers 6 and 7.

In both approaches, the virtual-lab model is described usig the Modelica
language. A systematic methodology is proposed in this digstation for adapting
any Modelica model into a description suitable forruntime interactive simulation.
The model modi cations required for Approach A and B are slightly di erent,

due basically to the following two facts:

1. The causality of the Modelica model interface needs to bexplicitly set in
Approach A. The reason is that, in Approach A, the Modelica model needs

to be embedded within a Simulink block of DymolaBlock type.

2. The code required to implement the user's changes in the Vae of the inter-
active quantities is pre-de ned in some components of theVirtualLabBuilder
Modelica library. Therefore, this code does not need to be iduded in the

virtual-lab model description for Approach B .

The model modi cation methodologies for Approaches A and B ae discussed
in this chapter, and they are applied for adapting JARA Modelica library to
interactive simulation. The adapted library, called JARA 2i, has been used to
compose three of the virtual-labs discussed in Chapters 5 @h6: control of a
chemical reactor, control of an industrial boiler and dynamic behavior of a heat-
exchanger. Finally, support to multiple selections of the nodel state variables

will be discussed in this chapter and illustrated by means ofa case study.

4.2 Model description for interactive simulation

A methodology for transforming any Modelica model into a degription suitable
for interactive simulation is proposed in this section. The following terminology
will be used. The original model of the system is callecohysical mode] and its
reformulation for interactive simulation is called interactive model

The model shown in Figure 4.1 will be used to illustrate the dscussion. The

voltage applied to the pump (v) is an input variable (i.e., its value is not calculated
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%
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Figure 4.1: Tank model.

from the model equations). The cross-sections of the tankA) and the outlet hole
(a), the pump parameter (k) and the gravitational acceleration (g) are parameters
(i.e., time-independent quantities of the model). The liquid volume (V), the input
and output ows ( Fin, F), and the liquid level (h) are time-dependent variables
of the physical model.

The model of the system shown in Figure 4.1 can be described hiphe con-

nection of following three components:

1. The pump, modeling the input ow of liquid ( Fi, = kv).

2. Thetank, describing the conservation of the liquid volume @V=dt= Fi, F)

and the relationship between the volume and the liquid level(V = Ah).

p

3. The pipe, describing the output ow of liquid ( F = a 2gh).

4.2.1 Interactive quantities

The virtual-lab design process includes selecting thénteractive quantities. These
are the model quantities whose values can be interactivelytlanged by the user
during the simulation run. The virtual-lab goal is to illust rate the dependence
between the model dynamic behavior and the value of those quities.
Interactive quantities can be parameters, input variables and time-dependent
variables of the physical model For instance, some interactive quantities of the

model shown in Figure 4.1 could be the following:

{ Parameters the cross-sections of the tank A) and the outlet hole (a), and

the pump parameter (k).
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{ Time-dependent variables the liquid level (h).
{ Input variables: the voltage applied to the pump (v).

The interactive model combines the dynamic behavior described in the phys-
ical model and the abrupt changes in the value of the interadive quantities

produced by the user's actions:

1. The evolution in time of the interactive time-dependent quantitiesis de-
scribed by the physical model equations. In addition, theirvalue can change

abruptly as a result of the user's interaction.

2. The value of the interactive model parameterscan be abruptly changed
by the user's action, remaining constant between consecute interactive

changes.

3. The value of the interactive input variables is interactively set by the user.
Their value changes abruptly as a result of the user's action remaining

constant between consecutive changes.

Parameters represent time-independent quantities. Inputvariables repre-
sent boundary conditions which are not calculated from the nodel equations.
Although they are conceptually di erent, the dynamic behavior of interactive
parameters and interactive input variables is the same. Thé& value change
abruptly at the interaction instants, remaining constant b etween consecutive
changes. As a consequence, both types of interactive quatigs are described

in the same manner in the interactive model.

4.2.2 Description of the interactive quantities

In order to support abrupt changes in their values during the simulation run,
interactive quantities need to be state variables of the ineractive model. The
interactive model is obtained from the physical modelby reformulating (when
required) the declaration and evaluation of the interactive quantities, so that
they become state variables of the interactive model. To thé end, the virtual-lab

developer has to perform the following tasks.
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model tank
parameter Real Ainitial "Initial value of the tank section”
Real A (start = Ainitial) "Tank section - Interactive quantity”

equation
der(A) = O;

end tank;

Modelica Code 4.1: Tank section (A) rede ned as interactive quantity.

{ Time-dependent variablesneed to be selected as state variables. Modelica
and Dymola support the user's control on the state variablesselection, via
the stateSelectattribute of Real variables (Mattsson et al. 2000, Otter &
Olsson 2002, Dynasim 2006, Fritzson 2004). This attribute &lues include
\ never' (the variable will never be selected as state variable) and always'
(the variable will always be used as a state). This feature dbws the user
to select the model state variables without performing any nanipulation on
the model equations. The required model manipulations are atomatically

performed by Dymola.

{ Parameters and input variables are rede ned as time-dependent variables
with zero time-derivative, and they are selected as state vdables. For
instance, the parameter A of the tank model shown in Figure 4.1 should
be a Real variable of the interactive model, calculated from the equdion

der(A) = 0 (see Modelica Code 4.1).

Let's consider that all the interactive quantities can be simultaneously selected
as state variables. The description of interactive models \Whout this restriction
will be discussed in Section 4.4. Changes in the interactiveguantities are per-
formed as state re-initialization events by using the Modeica's reinit (x; expr)
operator. It re-initializes an state variable (x) with the value obtained by eval-
uating an expression éxpr), at the event instant. These changes are triggered
using when clauses.

The required code to implement the user's changes in the vaki of the in-

teractive quantities (i.e., re-initialization events tri ggered usingwhen clauses)
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is pre-de ned in the interactive control elements contained in the VirtualLab-

Builder Modelica library. Therefore, in case of virtual-labs implemented using
Modelica/Dymola and the VirtualLabBuilder Modelica library, the virtual-lab

developer does not need to perform any further modi cation n the model. On the
contrary, in case of virtual-labs implemented by combiningEjs, Matlab/Simulink

and Modelica/Dymola, the code to implement the user's changs in the value
of the interactive quantities has to be included in the interactive model by the
virtual-lab developer.

De ning the interactive parameters and input variables as date variables
increases the number of state variables. This has an unwantke ect: it slows
down the simulation. We could think of rede ning the interac tive parameters
and input variables as discrete-time variables or, alternaively, as input variables
whose values are provided by the virtual-lab view. In this wgy, the number of
state variables would not be increased. However, as it is disissed next, this is
not a valid approach. Dymola automatically performs model manipulations in
order to formulate the model according to the requested stag¢ selection. The
problem is that these model manipulations can require di erentiating an interac-
tive parameter or input variable, which results in an error being generated. An
example is shown next.

Consider the model shown in Figure 4.1. It is formulated accaling to the
state selectione; = fVg. In order for h to be a state variable instead ofV, the
model can be manipulated as shown below. The variable to be eluated from

each equation is written within square brackets.

Fl=a 2gh (@.1)
[Fin]= kv (4.2)
[derV]=Fi, F (4.3)
[V]= Ah (4.4)

h i

derv=Ah+A h (4.5)
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The time-derivative of the tank cross-section (i.e., A) appears in Eq. (4.5).
If the interactive quantity A is de ned as an input variable, then an error is
produced: Dymola can not di erentiate an input variable. Th e same problem
arises ifA is de ned as a discrete-time variable. A valid approach is tte previously
discussed: de ning the interactive parameters and input vaiables as constant
state variables (i.e., A- = 0). The interactive changes in the value of these
guantities are implemented by re-initializing their values.

The physical models have to be modi ed as was described in thisection. In
case of the model shown in Figure 4.1, the description of thelgysical components
composing the physical model could be modi ed as shown belowit is supposed
that h is selected as state variable.

The selection ofh as state variable is controlled via the StateSelectattribute.
The interactive parameters (A, a, k) and the input variable (v) have been de ned

as constant state variables (see Modelica Code 4.2).



model tank

Real h (stateSelect = StateSelect.always) "Liquid level" ;
Real V (stateSelect = StateSelect.never) "Liquid volume" ;
parameter Real Ainitial "Initial value of the tank section" ;
Real A (start = Ainitial) "Tank section - Interactive quantity" ;
equation
der(A) = O;
end tank;
model pipe
Real F (stateSelect = StateSelect.never) "Liquid flow" ;
parameter Real alnitial = 1  "Initial value of the pipe section" ;
Real a (start = alnitial) "Pipe section - Interactive quantity"” ;
equation
der(a) = O;
end pipe;
model pump
parameter Real vinitial "Initial value of the applied voltage" ;
Real v (start = vinitial) "Voltage applied to the pump - Interactive" ;
parameter Real kinitial "Initial value of the pump parameter” ;
Real k (start = Kinitial) "Pump parameter - Interactive quantity" ;
equation
der(v) = 0O;
der(k) = O;
end pump;

Modelica Code 4.2: Tank model with the following interactive quantities:
A a, v, k.
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4.3 Design of JARA 2i

JARA library (Urquia 2000, Urquia & Dormido 2003) has been translated into
Modelica language and adapted for interactive simulation ly applying the method-
ology proposed in Section 4.2. The new version of the librarys called JARA
2i. The library code, its on-line documentation and some exeples of use are
available at http://www.euclides.dia.uned.es

JARA 2i is intended to be used for batch and runtime interactive simulation.
In order to be adapted for runtime interactive simulation, the model needs to be
modi ed as described in Section 4.2. These modi cations impy the increment of
the number of the state variables, with the unwanted e ect of slowing down the
simulation. On the other hand, no model modi cations are required for batch
interactive simulation using Sysquake. In consequence, # model modi cations
have been coded in a way that they can be conditionally inclued or removed
from the models.

Two global Boolean parameters have been de nedEjs and Sysquake These
two parameters are declared asnner variables to the JARA components and
outer variables to the physical models. if-then-else Modelica clauses are used to
include or remove code from the models depending on the valuef these two
variables. An example is shown in Modelica Code 4.3.

If Ejs = true and Sysquake = false, then the equation setting the time
derivative of the tank cross-section to zero is activated. @ the other hand, if
Ejs = false and Sysquake = true, then the tank cross-section is calculated

from A = Ainitial . The Ainitial  parameter is the initial value of A
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model tank
inner Boolean Ejs;
inner Boolean Sysquake;
parameter Real Aintial = 1  "Initial value of the tank section”
Real h (stateSelect = StateSelect.always) "Liquid level"
Real V (stateSelect = StateSelect.never) "Liquid volume" ;
parameter Real Ainitial "Initial value of the tank section"
Real A (start = Ainitial) "Tank section - Interactive quantity”

equation
if Ejs then
der(A) = 0;
end if ;
if Sysquake then
A = Ainitial;
end if ;

end tank;

Modelica Code 4.3: Tank model adapted for interactive simulation using
Ejs and Sysquake.

4.4 Supporting several selections of the state variables

As it was discussed in Section 4.2, in some cases all the ingative quantities can

not be selected as state variables. This case is addressedthis section.

4.4.1 Motivating example

The model of a perfect gas is shown in Figure 4.2. The input owof gas ), of
heat (Q) and the input temperature (Ti, ) are input variables. The gas volume {/)
and the heat capacities Cp; Cy) are parameters, i.e. time-independent properties
of the physical model. The number of gas molesn(), the internal energy (U),
the gas pressure P) and the gas temperature (T) are time-dependent variables

of the physical model.

The evolution in time of the time-dependent quantitiesis described by the

physical model equations. As was discussed in Section 4.2he time-dependent
guantities have to be selected as state variables in order to be interaiste quanti-

ties, i.e, their value can be changed abruptly as a result oftie user's interaction.
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Figure 4.2: Model of a perfect gas.

In general, di erent choices of the model state-variables & possible. As the
model of a perfect gas in a xed volume has two degrees of freecth, only two
variables can be simultaneously selected as state varialde Possible choices in
the model shown in Figure 4.2 include:e; = fp;Tg, e2 = fn;Tgand es = fn;pg;
where g represents one particular choice of the state variables.

The state variable selection should be made so that it inclués all the interac-
tive quantities. If the user wants to interactively change p and T, the appropriate
choice ise; = fp;Tg. This is also the right choice if the user wants to change
p and to keep constantT, or if he wants to changeT and to keep constantp.
Likewise, the appropriate choice ise; if the user wants: (1) to interactively modify
n and T; or (2) to modify n and to maintain constant T; or (3) to modify T and
to maintain constant n. An analogous reasoning is applied toes. In general,
an interactive model is required to support state changes that correspond with
di erent choices of the state variables.

In addition, interactive changes of the model parameters, .ie. time-independent
properties of the physical model, can have di erent e ects depending on the state
variable choice. Consider an instantaneous change in the gavolume (V) of the
model shown in Figure 4.2. If the state variables aree; = fp;Tg, then the
change inV produces an instantaneous change in the number of moles), while
the pressure ) and the temperature (T) remain constant. On the contrary, if

the state variables aree, = fn; T g, then the change of volume produces a change
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in pressure. In this case, the number of molesn) and the temperature remain
constant. As a conseguence, the interactive model needs taugport di erent

choices of the state variables simultaneously.

4.4.2 Model description

An approach to implement this capability is the following. B uilding the interac-
tive model as composed of several instances of the physicaladel, each one with
a di erent choice of the state variables. When describing aninteractive action
on the model, the user selects the adequate state-variablenoice according to his
preference. This information is transmitted from the virtu al-lab viewto the model
Then, the interactive model uses the adequate physical-maoeal instantiation (the
one with the chosen state selection) for executing the instataneous change in the
parameters and state variables, and for solving the re-starproblem.

Modelica capability for state-selection control allows eay implementation of
this approach (Otter & Olsson 2002). Three instantiations o the perfect-gas

model (i.e., perfectGag have been de ned (see Figure 4.3):

1. perfectGasSS1with e= fp;Tg.
2. perfectGasSS2with e= fn;Tg.

3. perfectGasSS3with e= fn;pg.

The Modelica code of the perfect-gas model is listed in Appetix B.

View-model connection

The schematic description of the model-view connection istseown in Figure 4.3.
There are seven input signals to the model and one output sigal. The function
of these signals is explained below. The perfect gas virtuddb will be used to

illustrate the discussion.
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model perfectGasinteractive (Modelica)
model perfectGasSS1

1 | odel perfectas

model perfectGas
e={p.T}

|

|

|
when change( CKparam[1]) then :
reinit  ({ V,Cp}, Iparam []); |
|

|

|

|

end when;

when change( CKvar[1]) then
reinit  ({ F,Tin,Q 1}, Ivar []);

end when;

————— e o

| when change( CKstate [1]) then
reinit  (p, Istate [2]);
reinit (T, Istate [3]);

end when; \

model perfectGasSS3

model perfectGasl

_________________ |
model perfectGas |
e={n,p} |
when change( CKparam[3]) then :
reinit  ({ V,Cp}, Iparam []); |
|

|

|

|

end when;

when change( CKvar[3]) then
reinit  ({ F,Tin,Q }, Ivar []);

end when;

T(,)—» when change( CKstate [3]) then
reinit  (n, Istate [1]);
reinit  (p, Istate [2]);
end when;

Figure 4.3: Schematic description of the model-view connection.

Interactive state variables

Two input variables to the model are used to carry out the interactive changes

in the state: Istate[:] and CKstate[:] (see Figure 4.3).

{ The array Istate[:] contains the values used to re-initialize the model sta¢.

In the perfect-gas model:Istate [:[] = fn;p;Tg.

{ The array CKstate[:] is used to trigger the state re-initialization events,

which are performed using the Modelica operatorreinit. Each variable of



70

4 Modeling Methodology for Runtime Interactive Simulation

the array CKstate[:] is used to trigger the events in a di erent instantiation

of the physical model.

The perfect-gas model contains three instantiations of thephysical-model:
perfectGasSS1] perfectGasSS2and perfectGasSS3 Consequently, the array CK-
statg:] has three components. CKstate[l] triggers the change in the state-
variables of perfectGasSS1 CKstate[2] and CKstate[3] trigger the change in the
state-variables of perfectGasSS2and perfectGasSSJespectively (see Figure 4.3).

For instance, the virtual-lab view changes the value of the gynal CKstate [1]
and updates the value of the vectoristate [:] when perfectGasSSImodel is enabled

(Enable =[1;0;0]) and a state variable value is changed by the user.

Interactive parameters and input variables

The interactive parameters (V, Cp) and the input variables (F, Ti, ,Q) are de ned
as constant state-variables (i.e., with zero time-derivatve) in the model. Their
values are changed by using theeinit operator. Four input variables to the model

are used (see Figure 4.3):

{ Two arrays (Iparam[:], Ivar[:]) containing the new values.

{ Two arrays ( CKparam[:], CKvar[:]) for triggering the re-initialization events.

For instance, the virtual-lab view changes the value of the ggnal CKparam [1]
and updates the value of the vectorlparam [:] when perfectGasSS1model is

enabled Enable =[1;0;0]) and a parameter value is changed by the user.

Changing the state variable selection

When the user changes the state selection, the physical motenstantiation
corresponding to the new state choice must be re-initializd to start its trajectory
at the last point described by the physical model instantiation corresponding to

the previous state selection. To this end, the virtual-lab view:

1. Sets the new value ofEnable[:].
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2. Changes the value (from one to zero or vice-versa) @Kparam [i], CKstate [i]
and CKvar [i], wherei is an integer whose value depends on the state selec-
tion (for instance, i = 1 if the new state selection is the one corresponding

to perfectGasSS)L

3. Updates the value of the vectorlstate [:].

Output variables

The output variable array of the model, O[], contains the value of the variables
linked to the properties of the virtual-lab view. The virtual-lab view uses the
value of this output array (O[:]) to refresh the simulation view.

The value of the input array Enabled:] is set by the virtual-lab view. It
selects which output is connected to the output signalO[:]. The output array in

the perfect-gas model is the following:O[:] = fn;p;T;V; G ; Tin; F; QQ.

4.5 Case study: tank system

The tank model shown again in Figure 4.1 is used to illustratethe previous

discussion. Possible choices of the state variables incled
e = fhg e =fVg es=fFg

where g represents one particular choice of the state variables.
This virtual-lab is required to support three ways of descrbing the interactive

changes in the amount of liquid contained in the tank:

1. Changes in the liquid volume {).
2. Changes in the liquid level ).

3. Changes in the output ow of liquid ( F).

In other words, each time the user needs to change the amountfdiquid, he
can choose among describing it in terms of the volume, in term of the level, or in

terms of the output ow. Di erent choices are possible during a given simulation
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model interactiveModel

model physicalModel StateSelectionl
Boolean isState [:] extends setParamVar (isState={ ... });
I 1] T T T S
1 ” ) ;: i isStatel[:] ' 3
i I ' ]
CK [1:N] CK[1] o ! i
) > I ' i
i ' ' i
- : Enabled [1 ' T T, ! i
Enabled [1:N] [ ]‘ | when {CK 1], Enabled [1]} then |
7 H reinit (ivars [],1[]) ; H
CKstate [1:N] CKstate [1] L endwhen: ____________\
,
7 when { CKstate[1] , Enabled [1] } then
Istate [:] Istate [:] reinit ( statel [], Istate (n11,...,n1IM); o) []
+ + end when ; \ .
0 7>
.
StateSelectionN
extends setParamVar (isState={ ... });
I TTTTLTLILLILLIIIL TS
partial model setParamVar [1: > | isState[] H '
1 ! B 1
extends physicalModel | H ! !
1 TSR] ) CKINI o £ ' ;
i ! Lo : 1
1 L S ! |
CK ! 1 Enabled [N] I when { CK [N], Enabled [N]} then !
> E Ag\ ! " reinit (vars [, 111) |
e ' H CKstate [N] i endwhen ; ;
E I i
N L I when { CKstate [N] , Enabled [N] } then
Istate [: ini H ;
when { CK, Enabled } then [J reinit (s.lateN [], Istate (nNZ,...,nNM );
PPN - . 4 end when ;
reinit (ivars [:], 1 [:]);
end when ; Enabled [1:N]
/

Figure 4.4. Schematic description of the proposed modeling methodglog
for interactive simulation.

run. However, V, h and F can not be simultaneously selected as state variables.

The approach proposed in Section 4.4.2 is applied with slighmodi cations:

1.

The interactive model is composed of as many instances ohé physical
model as di erent state selections are required. In this cas, three selections
of the state variables are required: e; = fhg, & = fVgand e3 = fFg.
The boolean vector isState[:] declared in physicalModgl allows controlling
the state selection. The size of this vector is equal to the nmber of
interactive time-dependent quantities. For instance, if isState[:] is set to the
value f false true,falsey when instantiating the physical model, then the liquid
volume (V) is selected as a state variable. Also, the interactive parmeters
(A, a) and the input variable (v) have been de ned as constant state
variables (see Modelica Code 4.4). This rst step in the impkmentation

of the interactive model is represented in Figure 4.4a.

. The setParamVarclass is de ned (see Figure 4.4b). It inherits from physi-

calMode] and it contains the when-clauses required to change the value of the



model tank
parameter Boolean
parameter Boolean
Real h (stateSelect

Real V (stateSelect
parameter Real Ainitial
Real A (start = Ainitial)

equation
der(A) = O;

end tank;

model pipe
Real F (stateSelect =
parameter Real alnitial

Real a (start = alnitial)

equation

der(a) = O;
end pipe;
model pump

parameter Real vinitial
Real v (start = vinitial)
parameter Real kinitial
Real k (start = Kinitial)

equation

der(v) = 0;
der(k) = O;
end pump;

partial model
parameter Boolean[3]
tank tankl ( hlsState =

VisState =
pipe pipel ( FisState =

pumppumpl ( ... );

end physicalModel,

hlsState
VlisState

=1

= false;

= false;

if hisState

then StateSelect.always

"Liquid level" ;

if VisState

then StateSelect.always

"Liquid volume" ;
"Initial value of the tank section"

"Tank section - Interactive quantity”

else StateSelect.never)

else StateSelect.never)

if FIsState
then StateSelect.always
"Liquid flow" ;

"Initial value of the pipe section"
"Pipe section - Interactive quantity”

else StateSelect.never)

"Initial value of the applied voltage" ;
"Voltage applied to the pump - Interactive"

"Initial value of the pump parameter" ;
"Pump parameter - Interactive quantity"”

physicalModel
isState;

isState[1],
isState[2], ...);
isState[3], ...);

Modelica Code 4.4: Tank model with three di erent selections of the state

variables.
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interactive parameters and input variables. These interative quantities are
represented by theivars[:] array, and their new values, speci ed interactively
by the virtual-lab user, are represented by thel[;] array (note that in this
example: | = f Iparam, Ivarg). The size of these arrays is equal to the number
of interactive parameters plus the number of interactive input variables.
The whenclauses are triggered by the boolean variable€K and Enabled
When the value of any of these two variables changes fronfalse to true,

then the ivars[:] array is re-initialized to the value of the I[:] array.

3. There are de ned as many components $tateSelectionl:: :, StateSelection
as di erent state-variable choices are required é; = statel[:] :::, ey =
stateN[:). The number of state-variable choices to be supported by tle
virtual-lab is represented by N. The class of these components inherits from
setParamVar(see Figure 4.4c). In addition, it contains the whenclauses
required to re-initialize its state-variable array (i.e., statearray) to the values

interactively set by the user (i.e., Istate array).

The CK[1:N] and Enabled[1:N]arrays trigger the re-initialization of the in-
teractive parameters and input variables (note that in this example: CK =
f CKparam, CKvarg ). The CKstate[1:N]and Enabled[1:N]arrays trigger the
re-initialization of the interactive time-dependent quantities. The i th
component of these arrays controls tha th instantiation of the physical

system (i.e., StateSelection).

The array Enabled[1:N]indicates which state-variable selection is enabled. It
is used to select which output is connected to the output varables ©[:]).

These are the variables used to refresh the virtual-lab view

4.6 Conclusions

A novel modeling methodology, oriented to adapt any Modeli@ model forruntime
interactive simulation, has been discussed and it has beenpplied for program-

ming JARA 2i.



Virtual-labs Implemented by
Combining Ejs, Matlab/Simulink and
Modelica/Dymola

5.1 Introduction

The implementation of virtual-labs supporting runtime interactivity by the com-

bined use of Ejs, Matlab/Simulink and Modelica/Dymola is proposed. The
virtual-lab model is programmed using the Modelica language and translated
using Dymola. The view is developed using Ejs. Themodel-view communication

is implemented using the following interfaces:

{ Modelica/Dymola to Matlab/Simulink interface . The C-code generated by
Dymola for the Modelica model can be embedded within a Simulik block

(Dynasim 2006).

{ Ejs to Matlab/Simulink interface . On the other hand, Ejs allows the model
to be partially or completely developed using Simulink blok diagrams

(Sanchez et al. 2005a,b).
This approach allows taking advantage of the best features foeach tool:

{ Ejs capability for building interactive user interfaces composed of graphical

elements, whose properties are linked to the model variab

{ Modelica capability for physical modeling and Dymola capability for simu-

lating hybrid-DAE models.
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{ Matlab/Simulink capabilities for modeling of automatic ¢ ontrol systems and

for model analysis.

5.2 Virtual-lab model

The methodology proposed in Chapter 4 has to be applied in orer to adapt the
physical model forruntime interactive simulation. In addition, the following two

model modi cations have to be carried out:

1. As the Modelica model has to be embedded within a Simulink lock, the
computational causality of the model-view interface variebles has to be

explicitly set.

2. User's interactive actions generate abrupt changes in th value of the inter-
active variables. The code (i.e.whenclauses) to implement these interactive

changes has to be included in the model.

5.3 Virtual-lab view

The virtual-lab view is implemented using Ejs. Ejs includesa panel for the view

description, which is divided in two parts (see Figure 5.1):
{ An area containing the Ejs'\view elements".

{ An area named \Tree of elements". The view is composed by inw@ntiating

and connecting with the mouse the \view elements" in this area.

The tree of elements of the perfect-gas virtual-lab is showrin Figure 5.1.
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Figure 5.1: View description of the perfect-gas virtual-lab.

5.4 Virtual-lab set up

The perfect gas model described in Section 4.4.1 is used tdustrate the imple-
mentation of the model-view communication through Matlab/ Simulink (Sanchez

et al. 2005a,b). The Simulink model of the perfect-gas is shen in Figure 5.2a:

{ The Modelica model (perfectGaslinteractive) is embedded within the Dymo-

laBlock block.

{ The blocks connected to the DymolaBlock inputs \MATLAB Fcn" blocks)
transmit the value of the input variables from the Matlab wor kspace to the

Simulink block-diagram window.
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Figure 5.2: Perfect-gas virtual-lab: a) Simulink model; and b) view.

{ The blocks connected to the DymolaBlock outputs (\To Workspace" blocks)
transmit the value of the output variables from the Simulink block-diagram
window to the Matlab workspace. The virtual-lab view (programmed in
Ejs) reads the value of these output variables from the Matld workspace

and writes the value of the input variables in the Matlab workspace.

The view of the virtual-lab is shown in Figure 5.2b. The main window (on
the left side) contains the schematic diagram of the procesgabove) and the
control buttons (below). Both of them allow the user to experiment with the
model. The vessel volume, represented in the schematic diem, is linked to

the V variable. Its value can be interactively changed by clickirg on the hand
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picture and dragging the mouse. Three radio buttons allow cleosing the state
variables (fp;Tg, fn;Tgor fn;pg). Text elds allow the user to set the value of
the state variables (n, p, T), the input variables (F, Ti,, Q) and the parameters
(V, Cp). The window placed on the right side of the virtual-lab view contains
graphic plots of the model variables.

The dynamic response of the perfect gas to a step change in thgas temper-
ature is shown in Figure 5.2b. This change has been interactely performed by
the virtual-lab user at the simulated time 108 s. The state séectionise= fn;Tg.
The following six plots are shown in Figure 5.2b: (1) the numker of moles; (2)
the decimal logarithm of the gas pressure; (3) the value of te gas temperature
and the gas ow temperature; (4) the volume of the recipient mntaining the gas;

(5) the liquid ow rate generated by the pump; and (6) the heat ow rate.

5.5 Case study I: quadruple-tank process virtual-lab

The quadruple-tank process is represented in Figure 5.3 (Jansson 2000). It can
be used to teach di erent aspects of the multivariable control theory (Johansson
2000, Dormido & Esquembre 2003). The goal is to control the Ieel of the two

lower tanks (h; and hy) by manipulating the pump voltage (v; and v»).

5.5.1 Virtual-lab model

In order to illustrate their di erent dynamic behavior, two di erent models of the
process have been implemented: a linear model and a non-liaemodel. The non-
linear model has been composed by using theankProcessLAB Modelica library
(see Figure 5.4a). Mass balance and Bernoulli's law are apigd to model the
tanks and the ows. The Modelica diagram of the physical modé is shown in
Figure 5.4b.

The implementation of the tankProcessLAB Modelica library is part of the
work developed in this dissertation. This library is composed of some basic models

of hydraulic components (i.e., tanks, pipes, valves, etc.)that have been adapted
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for interactive simulation. The tankProcessLAB library can be downloaded from
http://www.euclides.dia.uned.es

The virtual-lab supports interactive changes in the tank physical parameters
(i.e., cross-section, shape and cross-section of the outleole) and in the amount of
liquid stored inside the tanks. Two selections of the state ®ariables are supported:

e, = fvolumeg and e, = flevelg. As a consequence:

{ The changes in the stored amount of liquid can be de ned in tams of the

liquid level or the liquid volume.

{ The tank cross-section and shape changes can take place uadone of the
following alternative conditions: (1) the liquid volume in side the tank is

kept constant; or (2) the liquid level is kept constant.

Two di erent control strategies have been implemented: marual control and
decentralized PID. The switching between these two controlstrategies can take
place during the simulation run. The parameters of the PID catrollers can be

changed interactively.

5.5.2 Virtual-lab set up

The Simulink model containing the DymolaBlock block is shown in Figure 5.5.
Observe that the structure of this Simulink model is analogas to the perfect-gas
model, shown in Figure 5.2a.

The virtual lab is shown in Figure 5.6. The main window (on the left side of
Figure 5.6) contains the schematic diagram of the process teove) and the control
buttons (below). Both of them allow the user to experiment with the model. The
liquid levels, the tank cross-sections and the level setpais represented in the
schematic diagram are linked to the respective model variales: their values can
be interactively changed by dragging with the mouse.

The sliders placed under the schematic diagram allow interetively changing
the pump voltages (v; and v,) and the valve settings (g1 and g;). The radio-

buttons allow choosing the state variables (liquid volumesor levels) and the
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Figure 5.6: View of the quadruple-tank process virtual-lab.

control strategy (manual or decentralized PID). The \Linear" box shows and
hides the liquid levels calculated from the linear model sirlation.

Clicking the \ResizeTanks" and \Sections" boxes bring-in two graphical gad-
gets (in the form of a hand and of control circles, respectiviy) that can be dragged
to change the diameter and shape of the tank section. The \Oulet holes" box
opens and closes a secondary window, where the user can irdetively modify
the diameter of the outlet holes.

The \DialogZeros" and \DialogControl" windows are display ed by clicking
on the \Zeros" and \ControlParam" boxes respectively (see Hgure 5.6). The
\DialogZeros" window shows the zero location and its directonality (Skogestad &
Postlethwaite 1996). The \DialogControl" window allows ch anging interactively
the PID parameters and the position of the point (g1, g2). This position has
important consequences: above the diagonal (i.e.gl + g2 > 1) the system is
minimum phase (easy control problem), and below it is non-mhnimum phase

(di cult control problem).
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The rest of the check-boxes open and close graphic plots of ¢hliquid levels,
volumes and ows, and plots of the voltage applied to the pumps. Some of these
plots are displayed on the right side of Figure 5.6. The dynant response of
the four tank system to a step change in the setpoint of the tark 1 liquid level
from 5 cm to 11.2 cm is shown in Figure 5.6. This change has bednteractively
performed by the virtual-lab user at the simulated time 2046 s. The system is

operating in automatic mode.

5.6 Case study II: chemical reactor virtual-lab

The physical model of the chemical reactor has been composadging the JARA

2i Modelica library. The interactive model has been implemated by extending

the physical model described in Section 2.5.3 and by includig the required code
to: (1) be useful as a Simulink block; and (2) implement the ugr's changes in the
value of the interactive quantities. The Modelica code of the interactive model is
included in Appendix B.

The Modelica models of the chemical reactor and the controlirs are embedded
within the SystemBlockand PIDBlock blocks respectively (see Figure 5.7). The
virtual-lab view is shown in Figure 5.8.

The main window (on the left side of Figure 5.8) contains the shematic
diagram of the process (above) and the control buttons (belw). Both of them
allow the user to experiment with the model. The user can inteactively choose
between manual and automatic control. The automatic contrd is intended to

perform the following operation policy (see Figure 5.9):

1. Fill up the reactor with the reacting liquid. The in ow is ¢ ontrolled by a

PID.
2. Preheat to certain temperature, and let the reaction proeed adiabatically.

3. Start cooling when either the maximum allowable reaction temperature
occurs or the desired conversion is reached, and cool down tbe desired

temperature.
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Figure 5.9: Window menu to determine the operation policy of the chentica
reactor virtual-lab.

4. Empty the reactor.

The value of the PID-controller parameters, the temperatures de ning the
operation policy and the desired conversion can be changeadteractively. Also,
the value of the model state-variables (i.e., the temperatue and mass of the
reaction mixture, and the concentration of A and P), the model parameters (i.e.,
the reactor volume and section, the area of the heat exchangeand the physical-
chemical data of the steam and cooling water), and the input ariables (i.e., the
in ow temperature and concentration) can be changed interactively during the
simulation run. The secondary windows on the right side of Fgure 5.8 contains

plots showing the evolution of some relevant process varides.

5.7 Case study lll: industrial boiler virtual-lab

A boiler virtual-lab has been implemented by the combined ug of Ejs, Simulink
and Modelica/Dymola. The physical model of the industrial boiler has been
composed using the JARA 2i Modelica library (see Section 2.8). The interactive
model has been implemented analogously to the chemical refr model (see
Section 5.6). That is, it has been implemented by extending he physical model

described in Section 2.5.4 and by including the required coel to: (1) be useful



86

5 Virtual-labs Implemented by Combining Ejs, Matlab/Simul ink and Modelica/Dymola

as a Simulink block; and (2) implement the user's changes inhe value of the
interactive quantities.

The Simulink model and the Ejs view of the boiler virtual-lab are shown
respectively in Figures 5.10 and 5.11. The user can interaitely choose between
two control strategies: manual and decentralized PID. The ontrol system has
been modeled using Modelica: a PID is used to control the watdevel and another
PID is used to control the vapor ow. The manipulated variabl es are the pump
water- ow and the heater heat- ow respectively. The parameters of these PID
controllers can be changed interactively. In addition, thevalue of the model state-
variables (mass and temperature of the water and the vapor)parameters (inner
volume of boiler), and input variables (temperature of the input water, valve
opening and output pressure) can be changed interactively dring the simulation
run.

The dynamic response of the industrial boiler to a step chang in the setpoint
of the vapor output ow from 8 to 9.2 moles/s is shown in the right window of
Figure 5.11. This change has been interactively performedypthe virtual-lab user

at the simulated time 201.8 s. The boiler is operating in autanatic mode.
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5.8 Case study IV: heat-exchanger virtual-lab

The physical model of the heat-exchanger has been composeding the JARA 2i
Modelica library (see Section 2.5.5). The interactive modehas been implemented
analogously to the chemical reactor (see Section 5.6) and dustrial boiler (Section
5.7) models. That is, it has been implemented by extending tle physical model
described in Section 2.5.5 and by including the required coa to: (1) be useful
as a simulink block; and (2) implement the user's changes inhe value of the
interactive quantities.

The Simulink model is shown in Figure 5.12. The interactive nodel of the
heat exchanger, written in Modelica language, has been embded within the
DymolaBlock block.

The view of the virtual-lab is shown in Figure 5.13. The main window (on the
left side) contains: (1) a diagram of the heat exchanger; (2puttons to control the
simulation run (i.e., pause, reset and play); (3) sliders an a text eld to modify
the input variables (i.e., liquid and gas ows, liquid and gas input temperatures,
and molar fraction of CO, and SO, in the gas mixture); and (4) checkboxes to
show and hide three secondary windowsiGeometry Parameters"”, \Modify State"
and\Characteristics" .

The \Geometry Parameters" window contains text elds that can be used
to modify the pipe length and diameters. The controls placedin the \Modify
State" window allow changing the temperature of the medium inside ach control
volume (i.e., the cooling liquid, the gas mixture or the metd wall). Finally,

\Characteristics" is a window with several plots of the model variables.
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5.9 Conclusions

The feasibility of combining Modelica/Dymola, Matlab/Sim ulink and Ejs for
implementing runtime interactive simulations has been demonstrated. The use
of Modelica language has reduced considerably the modeling ort and it has
permitted better reuse of the models. Ejs' visual elements hve allowed easy
creation of the virtual-lab view. This approach has been sucessfully applied
to setting up four virtual-labs intended for control education: the quadruple-
tank process, the chemical reactor, the industrial boiler,and the heat-exchanger

virtual-lab.



VirtualLabBuilder Modelica Library -

User's Perspective

6.1 Introduction

A fundamental goal of this research work is to facilitate the description and
implementation of virtual-labs using only the Modelica language. To achieve this
goal, a Modelica library has been designed and programmed. His library, named
VirtualLabBuilder , contains Modelica models implementing graphic interactve
elements, such as containers, animated geometric shapesadic elements and

interactive controls. These models allow the virtual-lab developer:

1. To compose the virtual-lab view.

2. To link the visual properties of the virtual-lab view with variables of the

virtual-lab model.

3. To link HTML pages to the virtual-lab view. These HTML pages are

intended to serve as virtual-lab user's documentation.

The discussion aboutVirtualLabBuilder design and use has been structured

into Chapters 6 and 7:

{ A library description oriented to the virtual-lab develop ers and some cases

of use are provided in Chapter 6.
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{ Details about the design and implementation of the library, that might be

of interest to the VirtualLabBuilder developers, are discussed in Chapter 7.

Finally, the feasibility of setting up virtual-labs of comp lex Modelica models
by using VirtualLabBuilder is demonstrated in Chapter 8. For that purpose, a
virtual-lab showing the thermodynamic behavior of an expeimental house has
been implemented. This model was developed by M. Weiner as paof his M.S.

thesis (Weiner 1992, Weiner & Cellier 1993).

6.2 Design objectives

The purpose of the VirtualLabBuilder library is to facilitate the implementation
and execution of a virtual-lab completely described in Modéica language. The

following objectives have been taken into account for the dsign of the library:

1. To have a set of Modelica classes representing each one aginic component

displayed by the virtual-lab view.

2. To allow easy description of the virtual-lab view, using an object oriented

methodology, and to be able to describe complex virtual-labviews.
3. To automatically generate the executable code of the virtial-lab view.

4. To automatically generate, in a way completely transparet to the user, the

code required to perform the runtime communication betweenthe virtual-

lab model and view.

6.3 Overview of the proposed approach

The virtual-lab de nition includes the description of the i ntroduction, the model,
the view, and the bidirectional ow of information between t he model and the

view. The virtual-lab de nition process is outlined next.
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1. Virtual-lab model. Any Modelica model can be transformed into other
Modelica model suitable for interactive simulation. A systematic methodol-
ogy to perform this transformation was proposed in Section £. Essentially,
it consists in modifying the model so that all the variables that need to be
changed interactively during the simulation (i.e., the interactive variables)
are formulated as state variables. In particular, parametes are rede ned
as time-dependent variables whose time-derivative is equao zero. In-
put variables are reformulated analogously in order to becme interactive
variables. Modelica's when clause and reinit operator allow describing
instantaneous changes in the value of the state variables. His feature
is exploited in order to perform the instantaneous changesn the value of
the interactive variables produced by the user's interacton. Some of these
model manipulations could be performed automatically by a sftware tool.
However, at the present time, they have to be carried out manally by the

virtual-lab developer.

2. Virtual-lab view. The virtual-lab developer has to de ne a Modelica
class describing the virtual-lab view. This class has to ex¢nd another
class, namedPartialView, that is included in VirtualLabBuilder library (see
Figure 6.1a). The communication interval (i.e., time interval between to
consecutive model-view communications) is a parameter oftte PartialView
class (Tcom), that can be set by the virtual-lab developer. PartialView class
contains a pre-de ned component: theroot elementfor the view description.
The classes describing the graphic components are within # Containers
Drawables InteractiveControlsand BasicElementpackages ofVirtualLabBuilder
library (see Figures 6.1b, 6.1c, 6.1e and 6.1f respectively The virtual-
lab designer has to compose the virtual-lab view class by iantiating
and connecting the required graphic components. The graplticomponents
have to be connected forming a structure, whose root is theoot element
The connections among the graphic components determines #ir layout
in the virtual-lab view. VirtualLabBuilder 's graphic components and their

connection rules are discussed in Section 6.4.
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Figure 6.1: VirtualLabBuilder library: a) general structure; and classes
within the following packages: b) Containers; c) Drawahle3 Mechanics;
e) InteractiveControls; and f) BasicElements.

3. Virtual-lab set up. The virtual-lab developer has to de ne a Modelica
class describing the complete virtual-lab. This class hasd contain an
instance of theVirtualLab class, which is within the VirtualLabBuilder library
(see Figure 6.1a).VirtualLab class has the following parameters: the model-
to-view communication interval (Teom), the name of the Java le (the
content of this le is generated during the model initialization process), the
class describing the virtual-lab model, and the class desiing the virtual-
lab view (see Figure 6.2). These two classes have been prograed in Steps
1 and 2 respectively. The virtual-lab designer has to set thevalue of these
parameters by writing the name of these two classes. In addibn, he has
to specify how the variables of the model and the view Modelia classes are
linked. This is accomplished by writing the required Modelica equations

inside the Modelica class de ning the complete virtual-lab

4. Virtual-lab translation and execution. The virtual-lab developer needs

to translate using Dymola (Dynasim 2006) an instance of the Mbdelica class
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Figure 6.2: Parameter window of theVirtualLab class.

de ned in Step 3 into an executable le (i.e., dymosim.exe le). The virtual-

lab is started by executing this le.

5. Automatic code generation and run. At the beginning of the simu-
lation run, some calculations are performed in order to sole the model at
the initial time. The initial sections of the Modelica model describing the
virtual-lab are evaluated. In particular, the initial sections of the interactive
graphic objects composing the virtual-lab view class and othe PartialView
class are executed. Thesmitial sections contain calls to Modelica functions,
which encapsulate calls to external C-functions. These Ctinctions are
Java-code generators. As a result, during the model initiakation, the Java
code of the virtual-lab view is automatically generated, caonpiled, packed
into a jar le and executed. Also, the communication procedue between the
model and the view is automatically set up. This communicaton is based on
a client-server architecture: the C-program generated by Ymola (Dynasim
2006) (i.e., dymosim.exe see Step 4) is the server and the Java program
(which has been automatically generated during the model iitialization)
is the client. Once the jar le is executed, the initial layout of the virtual-
lab view is displayed and the client-server communication $ established.

Then, the model simulation starts. During the simulation run, there is a
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bi-directional ow of information between the model and the view. The
model sends the data required to refresh the view and the vievgends the
value of the variables modi ed due to a user action at the timeinstant when
the communication is performed. The time interval between o consecutive

model-view communications was de ned in Step 2.

6.4 VirtualLabBuilder library architecture

VirtualLabBuilder library is composed of the packages shown in Figure 6.1a. San
of them are intended to be used by the virtual-lab developergi.e., VirtualLab-

Builder users). These are:

1. ViewElementsand VLabModelspackages, which contain the classes required

to implement the virtual-lab view and to set up the complete virtual-lab.

2. Examplespackage, which contains some tutorial material illustrating the

library use.

The documentation of these packages is oriented to the/irtualLabBuilder
users.

On the other hand, the classes within thesrc package are not intended to be
directly used by the virtual-lab developers. The documentdion of this package
describes the implementation details required to modify amdl extend the Vir-
tualLabBuilder library. In fact, the classes within ViewElementsand VLabModels
packages inherit from classes de ned withinsrc package, inheriting the structure
and the behavior, and adding only the documentation oriental to the virtual-lab

developer. The content of this package will be described in &tion 7.2.

6.5 PartialViewand VirtualLabclasses

VLabModelspackage contains two classesPartialView and VirtualLab. The purpose

of PartialViewand VirtualLab classes was brie y described in Section 6.3PartialView
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class has to be the super-class of the model de ning the virtal-lab view. The
class describing the complete virtual-lab has to contain arninstance of VirtualLab
class. Implementation details can be found in Chapter 7.ViewElementspackage

is discussed in the next section.

6.6 Interactive graphic elements

ViewElementpackage contains the graphic elements that can be used to dee the
view. The initial sections of these elements contain calls to Modelica functions
that perform calls to external C-functions. These C-functions write the Java code
of the elements to a le, generating automatically the Java gplication (i.e., a .jar
le) that is the virtual-lab view. The four packages include d within ViewElements

are described below.

6.6.1 Containergpackage

Containerspackage has those graphic elements that are intended to hosither
graphic elements. The container properties are set in the ww de nition and
they can not be modi ed during the simulation run. VirtualLabBuilder contains

the following ve classes of containers (see Figure 6.1b):

{ MainFrameclass creates a window where containers and interactive ctnols
can be placed. The view can contain only oneMainFrameobject. The user

can stop the simulation by closing this window.

{ Dialog class creates a window where containers and interactive ctnols can
be placed. This class has only two di erences withMainFrame class: (1)
simulation run does not stop by closing this window; and (2) there can be

more than one Dialog object.

{ Panelclass creates a panel where containers, interactive conti® and basic

elements can be placed.
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{ DrawingPaneklass creates a two-dimensional container that only can cdain
drawable objects. It represents a rectangular region of theplane which is
de ned by means of two points: (XMin, YMin) and (Xmax YMax). The
coordinates of these two points (i.e., the value ofXMin, XMax, YMin and

YMax) are parameters of the class whose values can be set by the use

{ PlottingPanelclass creates a two-dimensional container with coordinataxes

that only can contain drawable objects.

The MainFrame Dialog and Panelclasses have a parameter that speci es their
layout policy. It sets where the elements placed within the éement are located.
Possible values areBorderLayout GridLayout HorizontalBox VerticalBoxand FlowLay-
out. Elements hosted inside a container that don't contain drawable objects have
to specify their position (i.e., north, south, east or west) only if the layout policy

of their container is BorderLayout

6.6.2 Drawablegpackage

Drawablespackage contains several classes implementing interactv2-D shapes,
whose properties (i.e., size, position, rotation angle, gsect ratio, color, etc.) can
be linked to the model variables. They are intended to be usedor building
animated and interactive schematic representations of thesystem. These classes
are: Polygon PolygonSet Oval, Text, Arrow, Trail and TrailSet (see Figure 6.1c). These
elements draw a polygon, a set of polygons, an oval, a text, aector, a trace, and
a set of traces respectively.

Objects of Drawablesclasses must be placed inside containers that provide a
coordinate system (i.e., containers ofDrawingPaneland PlottingPanel classes).

In addition to this general-purpose interactive componens, other domain-
speci ¢ components can be implemented. In order to demonstte this capa-
bility, the Mechanicspackage has been included withinDrawablespackage (see
Figure 6.1d). It contains four classes (i.e.Damper, DamperSet Springand SpringSe}
implementing an interactive damper, a set of interactive danpers, an interactive

spring and a set of interactive springs.
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6.6.3 InteractiveControlpackage

InteractiveControlspackage contains classes that allow modifying interactivly the
value of the model variables. Each class includes the de nibn of an input real

variable (var) and a boolean variable gvent).

{ The event variable is true at those time instants at which the interactive
control is manipulated by the virtual-lab user. Otherwise, the eventvariable

is false

{ The interactive model variable can be linked to the var variable by writing

the corresponding equation.

This package contains the following classes:

{ Sliderclass creates a slider.

{ NumberFieldclass creates an element that allows displaying and editing

numeric value.
{ RadioButtonclass creates a radio-button.

{ ButtonlAction class creates a button. Thevar variable is equal to one when
the button is pressed and it is equal to zero otherwise. This ariable can be
used as a condition in awhenclause. This way, thewhenclause is executed

whenever the virtual-lab user presses the button.

{ Button2Actionsclass creates a button. Thevar variable changes alternatively
from zero to one and from one to zero whenever the button is presed. By
programming the correspondingwhenclauses, it is possible to associate two
di erent actions to this button: an action is triggered when var changes
from zero to one, and the other action is triggered whervar changes from

one to zero.

{ SliderSetclass creates a set o sliders, whereN is a class parameter. This
class containsN instances of theSlider class. Each slider is connected to

the next one following the connection rules described in S¢ion 6.7.
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6.6.4 BasicElementpackage

BasicElementspackage contains classes that can be hosted inside a window a

panel. This package contains the following classes:

{ Labelclass creates a decorative label.

{ CheckBoxclass creates a checkbox. The checkbox allows to show or hitlee

virtual-lab windows.

{ PauseButtonclass creates a button that allows the user to pause or resume

the simulation by clicking on it.

{ InfoButton class creates a button that allows the user to show or hide a w
dow displaying HTML pages. This feature allows including dacumentation
in the virtual-lab. That is to say, it supports the implement ation of the

virtual-lab introduction .

6.7 Connection rules

The interface of the interactive graphic components is compsed of connectors,
which facilitate the connection among the components. Fouiconnector types have
been de ned. Each one has a distinctive icon. Connector icas are squared or
circular, empty or lled. The following two types of interfa ces have been de ned

(see Figures 6.1b, 6.1c, 6.1d, 6.1e & 6.1f):

1. Interface of container components It has three connectors (see Figure 6.1b).
Two placed on one side (called \left connectors') and the third one (called

\right connector") placed on the opposite side.

2. Interface of interactive controls, basic elements and draable elements It
has two connectors (called \left connectors"): one lled and one empty (see

Figures 6.1c, 6.1d, 6.1e & 6.1f).

The virtual-lab programmer must observe the following three rules when

connecting the graphic elements:
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1. Only connectors with the same shape (circular or squaredran be con-

nected.

2. Each lled connector must be connected to one and only onerapty con-

nector.

3. Each empty connector can be left unconnected or can be coented to one

and only one lled connector.

The meaning of the connections among the graphic componenis as follows:

{ If two components are connected using their \left connectas", then both
components are hosted within the same container. The compa@nt position
in the chain of connected elements determines its insertiolrder within the

container.

{ If two components are connected using the \right connectot' of the rst
component and a\left connector" of the second component, tlen the second

component is hosted within the rst component.

Example. The following example tries to illustrate how the graphic elements can
be used to compose the view of a virtual-lab. In particular, the view of the tank
process described in Section 4.2. The Modelica descriptioof the virtual-lab view
and the obtained virtual-lab are shown in Figure 6.3a and Figire 6.3b respectively.
In this case, the model of the tank process has only one stateskection and one
state variable (the liquid level).

The mainFrameand dialogcomponents are hosted insideoot. The dPane| panelS
and panelNcomponents are hosted insidenainFrame The C component is hosted
inside panelN The pipg, vase ligPipe and liquid components are hosted insidelPanel
The a, A, v and h components are hosted insidepanelS The plot component is
hosted insidedialog Finally, the component trail of the Trail class is hosted inside
plot.

The window showing the component parameters is displayed bylouble click-
ing on the component icon. The parameter windows of the compents trail, a

and mainFrameare shown in Figures 6.4a, 6.4b and 6.4c respectively.
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6.8 Case study I: virtual-lab of an industrial boiler

The approach discussed in the previous sections is applieatthe implementation
of a virtual-lab for control education. This virtual-lab ha s been designed to illus-
trate the dynamic behavior of an industrial boiler operating under two di erent

control strategies: manual and decentralized PID.

6.8.1 Virtual-lab model

The physical model of the industrial boiler has been composkusing the JARA 2i
Modelica library (see Section 2.5.4). The Modelica diagranof the boiler model
is shown in Figure 6.5. The control system of the boiler is comosed of two
decoupled control loops: (1) the water level inside the bo#r is controlled by
manipulating the pump throughput; and (2) the output ow of v apor is controlled
by manipulating the heater power. The two PID have limited output, anti-windup

compensation and setpoint weightings. Each PID has the fobwing interactive
parameters: proportional gain (K;), integral time constant (T;), derivative time
constant (Tq), setpoint weight for the proportional term (wp), setpoint weight
for the derivative term (wg), anti wind-up compensator constant (N;), derivative

Iter parameter ( Ng), lower limit for the output ( ymin ) @and upper limit for the

output (Ymax )-

6.8.2 Virtual-lab view

The Modelica description of the virtual-lab view is shown in Figure 6.6. It
automatically generates the Java code of the interactive gaphic interface shown
in Figure 6.7. The relationship between the Modelica descption and the corre-
sponding graphic interface is brie y explained next.

The Modelica model describing the view must extend thePartialView class,
which contains one pre-de ned graphic element:root. The root component has

three components hosted inside it: mainFrameof MainFrameclass anddialog and
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Figure 6.5: Diagram of the boiler model.
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dialogl of Dialog class. The componentsmainFrameand dialog generate the two
windows shown in Figure 6.7.

The mainFramelayout policy is set to BorderLayout in order to allow selecting
the position of the hosted elements (i.e., north, south, ceter, east or west
positions). In this case, threecontainers are placed insidemainFrame drawingPanel

(of DrawingPanelclass), andpanelNorthand panelSouth(of Panelclass).

{ drawingPanelis placed in the center of the mainFrame This component
contains the animated diagram of the plant. This diagram is mmposed
of drawable elementsof Polygon Oval, Text and Arrow classes. The liquid,
heating system, pump and valve are represented by componestof Polygon
class. The two controllers are represented by components dbval class and
the set-point of the liquid volume is represented by a compoent of Arrow

class.

{ panelNorth hosts interactive controls of RadioButton InfoButton, PauseButton

and Sliderclasses. The two radio-buttons allow the user to select theantrol
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Figure 6.6: Diagram of the Modelica description of the view.
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Figure 6.7: View of the boiler virtual-lab
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strategy (manual or decentralized PID). The two sliders allow the user to
change the pump input ow and the heater heat- ow when the manual
control strategy is selected. The button of the InfoButton and PauseButton
classes allows the user, respectively, to pause and resumieet simulation
and to display a window with the information about the virtua I-lab (see

gure 6.8).

{ panelSouthhosts interactive controls of Labeland Sliderclasses. These sliders
allow the user to perform interactive changes in the value ofthe boiler
volume, the output pressure, the valve opening, the water vtume and the
vapor ow set points, the mass and temperature of the water, and the vapor

moles contained inside the boiler.

The dialog container hosts interactive controls of Slider class. These sliders
allow the user to change the parameter values of the two PID cutrollers.

The dialogl container generates the graphic interface shown in Figure .8.
This container hosts components ofPlottingPanelclass which contain drawables of
Trail class. These drawables generate traces that show the time @ution of some

relevant system variables (see Figure 6.9).

6.8.3 Virtual-lab set up and launch

The virtual-lab description is obtained as discussed in Sdn 6.3. It is translated
using Dymola and executed. Then, the jar le containing the Java code of the
virtual-lab view is automatically generated and executed. Then, the virtual-lab
view is displayed (see Figure 6.7).

The dynamic response of the boiler to a step change in the outt pressure
is shown in Figure 6.9. This change has been interactively péormed by the
virtual-lab user at the simulated time 243 s. The boiler is operating in automatic

control mode. The following four plots are shown in Figure 69:
1. Actual value of the vapor ow and its setpoint.

2. Heat generated by the heater.
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The following figure shows a schematic diagram of the boier model.
The irgrut of Liguid water is placed at the boiler bottorn, and the sapour output sabve is placed at the top.
The water contained in the boder is continually heated.

The boiler model has been composed using coraponents from JARS 21 a version of JAR& Modelica brary that has

been acdaprted for interacttee sirolation.
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Figure 6.8: Introduction of the boiler virtual-lab.
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3. Actual value of the water volume contained inside the boier, and its setpoint

value.

4. Liquid ow rate generated by the pump.

6.9 Case study lI: virtual-lab of a heat-exchanger

This virtual-lab illustrates the dynamic behavior of a double-pipe heat exchanger.
The model of this virtual-lab has been built using the JARA 2i library. This

model was discussed in Section 2.5.5.

6.9.1 Virtual-lab view

The Modelica description of the virtual-lab view and the Java view generated
are shown in Figures 6.10 and 6.11, respectively. The relainship between the
Modelica description and the corresponding graphic interlce is brie y explained
next.

The root component has two components hosted inside it:MF of MainFrame
class anddialog of Dialog class. The componentsMF and dialog generate the two
windows shown in Figure 6.11.

The MF layout policy is set to BorderLayout in order to allow selecting the
position of the hosted elements (i.e., north, south, centereast or west positions).
In this case, three containers are placed insidemainFrame DP (of DrawingPanel

class), panelNand panelS(of Panelclass).

{ DP s placed in the center of theMF. This component contains the animated
diagram of the longitudinal section of the heat-exchanger.This diagram is
composed offrawable element®f Polygonand PolygonSetlasses. Each liquid
control volume has been represented by a rectangular polygowhose lling
color depends on the temperature of the liquid inside the cotmol volume.
Analogously, each gas control volume has been representeg b rectangular

polygon whose temperature depends on the temperature of thgas inside
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Figure 6.11: View of the heat-exchanger virtual-lab.
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the control volume. Color changes from blue (lower temperatires) to red

(higher temperatures).

{ panelNhosts interactive controls of Sliderand CheckBoxclasses. The sliders
allow the user to change the pump input temperature, and ow o liquid and

gas. The checkbox allows the user to show and hide thelialog" window.

{ panelSouthhosts interactive controls of Sliderclass. These sliders allow the
user to perform interactive changes in the value of the pipedngth, inner
and outer diameter of the inner pipe, outer diameter of the oder pipe, gas

pressure and molar fraction ofCO,.

The dialog container generates the right window shown in Figure 6.11. Tis
container hosts components ofPlottingPanelclass, which contain drawables offrail
and TrailSetclasses. These drawables generate traces that show the tinegolution

of some relevant system variables.

6.9.2 Virtual-lab set up and launch

The virtual-lab description is obtained as discussed in Sdn 6.3. It is translated
using Dymola and executed. Then, the jar le containing the Java code of the
virtual-lab view is automatically generated and executed,and the virtual-lab view
is displayed (see Figure 6.11).

The response to a step change (from 0.3 to 0.&%g=9) in the liquid ow,
performed interactively at time = 44 s, is shown in Figure 6.11. The following

six plots are shown in the right window of the Figure 6.11.:

=

. Temperature of each liquid control volume.
2. Temperature of each gas control volume.

3. Temperature of each solid control volume correspondingd the inner pipe

wall.
4. Temperature of the liquid ow generated by the pump.

5. Liquid ow rate generated by the pump.
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6. Gas ow rate generated by the pump.

6.10 Case study lll: virtual-lab of a washing machine

The implementation of a virtual-lab for testing designs of drum-type washing
machines is discussed. It is applied to the analysis of an ingtrial washing
machine (120 Kg load capacity) manufactured by Fagor Industial. The work
presented in this section is the result of a collaboration wih the Mechanical
Engineering Department of the IKERLAN Technological Reseach Center (Mon-
dragon, Spain). The physical model of the drum-type washing machine and
an important part of the virtual-lab view design has been dewloped by the
IKERLAN engineers. The adaptation of the physical model to be suitable for
interactive simulation and the implementation of the virtu al-lab view have been
part of this thesis work.

The virtual-lab supports interactive changes in the position and properties of
the springs and the dampers, the properties of the inner and ater drums, and
the mass and position of the load. Simulation results are in god agreement with
the experimental data. The virtual-lab has demonstrated to be a valuable design

and analysis tool, allowing the user:
{ To get insight into the system behavior.
{ To tune the system parameters in order to improve the dynamic behavior.

{ To simulate special events, such as a component breakage.

6.10.1 Washing machine dynamic analysis

Drum-type washing machines are widely used in Europe. They @ composed of
an inner drum that rotates inside an outer drum, with a horizontal axis, making
the clothes tumble upward and downward during washing cyclg(see Figure 6.12).
During the drying cycle, clothes are subjected to both the gavity force (g) and

the centrifugal force, generated by the inner drum rotational speed.
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~N

Figure 6.12: Schematic dynamic model of the washing machine.

When the centrifugal force is bigger than \g", the clothes tend to stick to the
inner drum wall. In some cases, it results in a non homogeneaudistribution of
the clothes' mass around the periphery of the inner drum. Thi is mainly due to
the di erent composition of the tissues. Imbalance occurs vien clothes' center of
mass does not coincide with the inner drum rotation axis, andt induces vibration
to the outer drum.

In order to reduce the vibrations transmitted to the oor, th e outer drum
is suspended with springs. The forces transmitted to the frane (oor) can be
drastically reduced if the resulting natural frequency (spring-drum) is very low.
On the other hand, suspended drum movements can become undpollable when
passing through the natural frequency and at low rotational speeds, which can
cause collisions against the frame. Friction dampers are mmally used to limit
these movements.

Suspended drum movement depends on many factors. For exangl the
suspended mass inertia, the spring and damper positions ancharacteristics, the
unbalanced mass value and location, and the spinning speedr@le. All these
parameters must be tuned for each new design, in order to mimiize the drum
displacements and the forces transmitted to the frame.

Accurate models of the drum dynamic, including unbalance lad e ects, can
not be derived analytically due to the complexity of the dynamic behavior, in u-

enced by those parameters and their interactions. This limiation is even more



6.10 Case study llI: virtual-lab of a washing machine 113

= ﬁ W azhingh achine
WirtualLab
= [T ModelDezcription
Lavadoratdodelo

seaFriction_Damper_3D

waraSpring
willi Body

=araSpringT

- ot Jerat

@Trapezoid " Or'acjw o Centered_Mass
—aFixedTranslation 4[‘
Interactivetodel

A L m=m
= [ ViewDescription signal_1
Vi Inner_drum

O Wiew

D L dorali N Inlaer_drumi_ ..

avadorayisw
] } period=5 002 r=i0.0-Z_poy.

]:| spingDataien =00 Uncentgqre:deass
]:| DamperD atafiew Fiearing=_inner_outer_drum —

D Iniertiaiew —~
[:l OuterD e Signal_2 m=m

) Outer_dl..
D Clathes\iew - Quter_drum
. F={0,0,L.
D InnerD runmiview /_\_/ Lﬁ‘
]:l Paintizraphics'iew et S A Fm_inner _crum m=tm
]:‘ CustorP ointyiew ¥ o
F suelo_centro_lavadara

D D amperGraphicstiew W e l l l ‘—""mg'”
U UnbalancedClothes'iew >,

[:I S pringGraphicsiiew speedSensor_pube TPT-OMEr_rm

T JkSpringview

. Y
D DD ampetyiew e 541

Figure 6.13: a) WashingMachine library; and b) Modelica diagram of the
washing machine physical model.

evident when analyzing big-size washing machines (40 to 12Ky load capacity),
which are suspended by several couples of springs and damgerThe dynamic
behavior of the suspended drum can be successfully analyzadging rigid-body

dynamic modeling and computer simulation.

6.10.2 Multibody model

The Modelica classes required to describe the washing macte virtual-lab are
contained in the WashingMachine library (see Figure 6.13a). This library is
composed of the following two packagesModelDescription and ViewDescription.
These packages contain the classes required to describe theodel and the view
of the virtual-lab, respectively.

The Modelica diagram of the washing machine is shown in Figus 6.13b. It

has been composed using models contained in thdultiBody library (Otter et al.
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2003), which is one of the Modelica Standard libraries Modelica 2007). An
application of MultiBody library to the modeling of a household washing machine
is described in (Ferreti & Schiavo 2006).

All the bodies, except the springs, have been considered iy The suspended
drum is composed of the following four bodies: outer drum, imer drum, centered
and un-centered mass. These masses are attached to the inndrum. One
rotational degree of freedom (DoF) is allowed between the iner and the outer
drums.

The suspended drum has six DoF. Its dynamic behavior is govered by the
forces generated by the mass of the uncentered clothes, theayity, and the
forces exerted by three pairs of springs and dampers. The simgs and dampers
are modeled as ideal elements (i.e., the force is proporti@ to the relative
displacement or speed, respectively). Additionally, an eiernal mass-free frame is
considered. The springs and dampers are attached to this frae. This approach
allows the computation of the oor reaction forces.

The model has been adapted applying the methodology discused in Section
4.2 to allow interactive changes in the position and properies of the springs
and the dampers, the properties of the inner and outer drumsand the mass and
position of the load. The model is intended to be used for tunig the value of these
parameters, in order to improve the washing machine dynamicbehavior. The
evaluation of the suspended system displacement is acconigihed for the following
two critical test conditions: spinning start up and spinnin g at maximum speed.
The dynamic behavior analysis is based on the following two & magnitudes:
(1) the displacement of the suspended system with respect tthe external frame;
and (2) the forces transmitted to the oor. These forces can ause vibrations and

relative displacements of the frame.

6.10.3 Virtual-lab view

The Modelica description of the virtual-lab view has been deeloped modularly,
by extending and connecting the required graphic componerst of the Virtual-

LabBuilder library. The diagram of the Modelica class describing the vitual-lab
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Figure 6.14: Modelica description of the washing-machine virtual-labw.

115

view is shown in Figure 6.14. The view contains one main winde and 15 dialog

windows. Each window of the virtual-lab view is described bya class. The classes

describing the main window and the dialog windows are brie y described below.

The diagram of the Modelica class describing the main windowis shown in

Figure 6.15a. The componentMF - of MainFrameclass - generates the window

shown in Figure 6.15b. TheMF layout policy is set to BorderLayout, in order to

allow selecting the position of the hosted elements (i.e., orth, south, center, east

or west positions). It has two components hosted inside it: pCenterand pSouth

both of Pane

Iclass.

{ pCenteris placed in the center of theMF. This component contain the two

following containers of the DrawingPanelclass: DP1 and DP2. These two

components contain, respectively, the animated diagram otfhe frontal and

lateral animated diagrams of the washing machine. These twaliagrams

are composed of severatirawable elementsof Polygon PolygonSef Oval,

DamperSetand SpringSetclasses.

{ pSouthhosts several interactive controls ofPauseButton CheckBox Labeland

NumberFieldclasses. Checkboxes allows the user to show and to hide the

dialog windows. The button allows to pause and resume the simdation.

The spatial coordinates of system points are set usingNumberField class

components.
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There are two types of dialog windows: (1) the windows contaiing plots
that display the time evolution of some model variables; and(2) the windows
containing interactive controls that allow the user to perform interactive changes
in the model variables.

The following windows contain the interactive controls (see Figure 6.16):

{\ Spring Data" window allows changing the position of the springs extremi

ties in relation to the frame and the outer drum.

{ \ Damper Data"' window allows changing the position of the dampers ex-

tremities in relation to the frame and the outer drum.

{\ Inner Drum " window allows changing the value of relevant properties of
the inner drum, including radius, mass, length, center of gavity (C.0.G)
position, center position and sheave position. Additionaly, this window
contain checkboxes that allow the user to show and hide threalialog win-
dows. These three windows contain interactive control elerants that allow
changing the C.0.G. mass and position of the centered and urddanced load
and the inertia matrix of the inner drum. The Modelica diagram associated
to this window and the graphic interface generated are shownrespectively,

in Figures 6.17a and 6.17b.

{\ Outer Drum" window allows changing the value of the properties of the

outer drum (i.e., radius, mass, inertia and position of its CO.G).
{\ Spring constant' window allows changing the value of the spring constants.

{ \ Damper constant' window allows changing the value of the damper con-

stants.

The virtual-lab contains ve plot windows displaying the ti me-evolution of

the following variables:

{ Damper lengths. The Modelica diagram associated to the wimlow dis-
playing the time evolution of the damper lengths and the graghic interface

generated are shown, respectively, in Figures 6.18a and @&. The Modelica
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Figure 6.16: Windows\Spring Data’,\Damper Data';\Inner Drum"\Outer
Drum',; \Spring constant" and \Damper constant” of the waslmg machine
virtual-lab.



6.10 Case study llI: virtual-lab of a washing machine 119

é‘ nner dram E@E
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C.0.G. ¢(my X : 0,000 ¥: 0,000 Z: 0,374
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inertia

Figure 6.17: \Inner drum"window of the washing machine virtual-lab view
a) Modelica diagram; and b) Java view.

diagram describing this window contain components of thePlottingPaneland

Trail classes.
{ Spring lengths.

{ Position of a system point, which can be interactively chosn by the virtual-

lab user.
{ Position of certain relevant points of the system.

{ Rotational speed of the inner drum.

6.10.4 Virtual-lab set up and launch

The virtual-lab description is obtained as discussed in Seon 6.3. It is translated

using Dymola and executed. Then, the jar le containing the Java code of the
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Figure 6.18: \Inner drum"window of the washing machine virtual-lab view

a) Modelica diagram; and b) Java view.

virtual-lab view is automatically generated and executed and the virtual-lab view
is displayed (see Figure 6.15b).

The time evolution of the system point whose position can bernteractively set
by the virtual-lab user, the spring and the damper lengths ae shown respectively
in Figures 6.19, 6.20 and 6.21. The system speci cations arthe ones displayed
by the windows shown in Figure 6.16. The speed pro le of the imer drum is

shown in Figure 6.22.
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Figure 6.20: Time evolution of the spring lengths.
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Figure 6.21: Time evolution of the damper lengths.
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6.11 Conclusions

6.11 Conclusions

This chapter has provided the essential information to buid a virtual-lab com-
pletely described in Modelica language using theVirtualLabBuilder Modelica

library. For that purpose, the following topics have been discussed:

{ The procedure proposed to build a virtual-lab using the VirtualLabBuilder

library.

{ The architecture of VirtualLabBuilder library, the interactive graphic ele-
ments included in the library and the connection rules that the library user

has to follow to build the view description.
Additionally, the following three case studies have been dicussed:

{ The industrial boiler and the heat-exchanger virtual-lab s, useful as educa-

tional tools.

{ The drum-type washing machine virtual-lab, a useful desig aid.






VirtualLabBuilder Modelica Library -

Developer's Perspective

7.1 Introduction

Design and implementation details useful for the developerof the VirtualLab-
Builder library are provided in this chapter. In particular, the fol lowing topics

are addressed:

The procedure to implement new interactive graphic elemens.

The relationship between the structure of the view descripton in Modelica

and the Java code generation.

The communication between the model and the Java view.

7.2 Structure of the src package

The VirtualLabBuilder packages containing the classes to be used by the virtual-
lab developers were described in Section 6.4. The structuref the src package is

described below (see Figure 7.1):

VLabModel package includes thePartialView, Root and VirtualLab classes. Par-
tialView and VirtualLab classes are inherited from the classes with the same

name contained in the VirtualLabBuilder.VLabModepackage.
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Packages
= ﬁ "irtualLabB wilder

E ﬁ]"v"LabMDdels
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+ ﬁExamphﬂ

= ] src
2 ﬁ"v’Lathdel
£ ﬁ"u"iewElements

E ﬁ Interfaces

b |j Functions
H |j TypesDef

2 ﬁ CServer

Figure 7.1: Structure of thesrc package.

ViewElements package includes theContainers Drawables InteractiveControlsand
BasicElementpackages. They contain classes describing the interactivgraphic
elements and their base classes. The library developer has extend these
base classes to implement new interactive graphic elementdhe procedure
to implement new interactive graphic elements will be discissed in Section

7.4.

Interfaces package includes the connectors and interfaces of the intactive

graphic elements. They will be discussed in Section 7.3.
Functions package includes:
{ Modelica functions embedding external C-functions, whid are Java
code generators.
{ processingFile Modelica function. It will be described in Section 7.5.
{ Some other Modelica functions, which are used by the interative

graphic elements.

TypesDef package includes type declarations. They are intended to besed for
de ning some properties of the interactive graphic elemens, such as the

color, the layout, etc.
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Name Icon Variables Interfaces
ParentL nodeReference IContainers
. BorderLayout IContainerDrawables
IViewElements
ChildL nodeRefence IContainers
Q BorderLayout IContainerDrawables
IViewElements
Parent . nodeReference IDrawables
Child nodeReference IContainerDrawables
IDrawables

Figure 7.2: Connectors included in th¥irtualLabBuilderlibrary.

CServer package includes Modelica functions encapsulating exteal C-functions.
The goal of these external C-functions is to implement the conmunication
between the executable C- le generated by Dymola and the vitual-lab GUI
(i.e., the Java program automatically generated during the initialization

process).

7.3 Interface of the interactive graphic elements

The Interfacespackage includes the connectors and interfaces of the intactive
graphic elements. The following four classes of interfaceave been implemented:
IContainer IContainerDrawablesIDrawablesand IViewElements The connectors and

interfaces de ned in the Interfacespackage are discussed below.

7.3.1 Connectors
The following four types of connectors have been de ned (se€igure 7.2):
{ The ParentL and ChildL connectors have the following two variables:

The nodeReferencevariable is an integer number that identi es uni-
vocally each one of the interactive graphic objects that corpose the

class describing the virtual-lab view.
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BorderLayout is a boolean variable whose value isrue if the compo-

nent's layout policy is BorderLayout.

{ The Parent and Child connectors have only one variablenodeReference The

meaning of this variable is the same as in thearentL and ChildL connectors.

7.3.2 IContainerinterface

The IContainerinterface is inherited from classes describing containerthat don't

host drawable elements. It contains:

{ Two\ left" connectors: (1) pLLeft, of ParentL class; and (2)cLLeft, of ChildL
class. The interface contains equations to transmit the valie of the pLLeft's

variables to the cLLefts variables (see Modelica Code 7.1).

{ An integer variable, called num. Its value is obtained during the model
initialization process. This value identi es univocally each one of the in-
teractive graphic elements composing the Modelica view desiption. The
computation of the value of the num variable is discussed in Section 7.5.

The num variable is also de ned in the other three types of interfaces.

{ A String parameter, named LayoutPolicy. The value of this parameter sets
the layout policy of the container (i.e. BorderLayout (), HorizontalBox (),

V erticalBox (), GridLayout or FlowLayout).

{ One\right" connector of ChildL class CLRighf). The connector variables are

calculated from num and LayoutPolicy (see Modelica Code 7.1).

7.3.3 IContainerDrawablasterface

The IContainerDrawablénterface is inherited from classes describing containerthat

only host drawable elements. It contains:

{ Two\ left" connectors: (1) pLLeft, of ParentL class; and (2)cLLeft, of ChildL
class. The interface contains equations to transmit the valie of the pLLeft's

variables to the cLLefts variables (see Modelica Code 7.2).



partial model IContainer
import Modelica.Utilities.*;
Interfaces.ParentL pLLeft annotation (extent=[-100,18; -80,38]);
Interfaces.ChildL cLRight annotation (extent=[80,-10; 100,10]);
Interfaces.ChildL cLLeft annotation (extent=[-100,-40; -80,-20]);
parameter TypesDef.LayoutPolicy LayoutPolicy = "BorderLayout()"
"Layout policy of the component";
protected
Integer num"Number identifying the component
in the virtual-lab view description” ;
initial algorithm
cLRight.nodeReference := num;
cLRight.borderLayout := if (Strings.compare(LayoutPolicy, "BorderLayout()")
== Types.Compare.Equal) then true else false;
cLLeft.nodeReference := pLLeft.nodeReference;
cLLeft.borderLayout := pLLeft.borderLayout;
equation
when false then
num =pre (num);
cLRight.nodeReference = pre(cLRight.nodeReference);
cLRight.borderLayout = pre(cLRight.borderLayout);

cLLeft.nodeReference = pre(cLLeft.nodeReference);
cLLeft.borderLayout =  pre(cLLeft.borderLayout);
end when

annotation (Diagram);
end IContainer;

Modelica Code 7.1: Partial modellContainer .

partial model IContainerDrawables
import Modelica.Utilities.*;
Interfaces.ParentL pLLeft annotation (extent=[-100,40; -80,60]);
Interfaces.ChildL cLLeft annotation (extent=[-100,-40; -80,-20]);
Interfaces.Child cRight annotation (extent=[80,-10; 100,10]);
protected
Integer num"Number identifying the component
in the virtual-lab view description" ;
initial algorithm
cRight.nodeReference num;
cLLeft.nodeReference := pLLeft.nodeReference;
cLLeft.borderLayout := pLLeft.borderLayout;
equation
when false then
num =pre (num);
cRight.nodeReference

pre (cRight.nodeReference);

cLLeft.nodeReference = pre(cLLeft.nodeReference);
cLLeft.borderLayout =  pre(cLLeft.borderLayout);
end when

end IContainerDrawables;

Modelica Code 7.2: Partial modellContainerDrawables .
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partial model IDrawable
import Modelica.Utilities.*;
Interfaces.Parent pLeft annotation (extent=[-100,40; -80,60]);
Interfaces.Child cLeft annotation (extent=[-100,-40; -80,-20]);
protected
Integer num"Number identifying the component
in the virtual-lab view description"
Integer dummy;
initial algorithm
cLeft.nodeReference := pLeft.nodeReference;
dummy :=num;
equation
when false then
num =pre (num);
dummy =pre (dummy);
cLeft.nodeReference = pre(cLeft.nodeReference);
end when
end IDrawable;

Modelica Code 7.3: Partial modellDrawable .

{ The num variable.

{ One\right" connector of Child class ¢Righf). The connector variable is equal

to the num variable (see Modelica Code 7.2).

7.3.4 |Drawablanterface

The IDrawableinterface is inherited from classes describing drawable einents. It

contains:

{ Two\ left" connectors: (1) pLeft, of Parentclass; and (2)cLeft, of Child class.
The interface contains equations to transmit the value of the pLeft's variables

to the cLeft's variables (see Modelica Code 7.3).

{ The num variable.

7.3.5 IViewElemeninterface

The IViewElemeninterface is inherited from classes describing basic and faractive

elements. It contains:
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model IViewElement
import Modelica.Utilities.*;
Interfaces.ParentL pLLeft annotation (extent=[-100,40; -80,60]);
Interfaces.ChildL cLLeft annotation (extent=[-100,-40; -80,-20]);
protected
Integer num;
Integer dummy;
initial algorithm
cLLeft.nodeReference := pLLeft.nodeReference;
cLLeft.borderLayout := pLLeft.borderLayout;
dummy = num;
equation
when false then
num =pre (num);
dummy =pre (dummy);

cLLeft.nodeReference = pre(cLLeft.nodeReference);
cLLeft.borderLayout =  pre(cLLeft.borderLayout);
end when

end IViewElement;

Modelica Code 7.4: Model IViewElement.

{ Two\ left" connectors: (1) pLLeft, of ParentL class; and (2)cLLeft, of ChildL
class. The interface contains equations to transmit the valie of the pLeft's

variables to the cLeft's variables (see Modelica Code 7.4).

{ The num variable.

7.4 Implementing new interactive graphic elements

Each interactive element of VirtualLabBuilder has associated the following three

elements:

1. A Modelica class. Details about the Modelica class are dtsissed in the rest

of this section.

2. A Java class. All the Java classes describing interactive&eomponents are
packed in a jar le named graphics.jar. Some of these classes are based on

(Open Source Physic2007).
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3. A Modelica function encapsulating a C function. Its objedive is writing to
a le the code required to create an instance of the Java classlescribing

the interactive element.

7.4.1 The Modelica class

The structure of the VirtualLabBuilder Modelica classes describing interactive

elements is as follows:

{ The class inherits from a base class. TheContainers Drawables Interac-
tiveElementsand BasicElementpackages contain the base classes required to
create new interactive graphic elements. These base classare discussed

in Section 7.4.2.

{ The declaration of the parameters needed to set the interative element

properties.

{ The section \initial algorithm ", which has to contain the code required to:

Calculate the value of the num variable. This is accomplished by

executing the function processingFile

Call the Modelica function. This Modelica function calls a C function

which write to a le the Java code.

7.4.2 Base classes

The base classes included in th&€ontainers Drawables InteractiveElementsand Ba-
sicElementgpackages are discussed in this section.

The relationship among the interfaces, the base classes, drthe classes de-
scribing the interactive graphic elements are shown in Figues 7.3, 7.4 and 7.5.

The following symbol terminology has been used to make theseepresentations:

{ Classes are placed inside rectangles.

{ Partial class are placed inside rectangles with dashed lia borders.
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IContainer IContainerDrawables
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1 Window : I Container 11 ContainerDrawables
Lo 2 Lo m e e e e !

i Panel [
MainFrame DrawingPanel
Dialog PlottingPanel

CONTAINERS

Figure 7.3: Classes included in the Containers package.

{ An arrow going from a rectangle A to a rectangle B indicates that the
classes within the rectangle B inherit from the classes witin the rectangle

A.

Containergpackage

The Containerspackage includes the following three base classes (see Figu/.3):

Window, Containerand ContainerDrawablesThese three classes are described below:

{ Window class is inherited from classes describing interactive gghic ele-
ments that create windows. This class inherits from thelContainerclass. It
contains the declaration of the parameters needed to spegifthe title of the
window, its width and position, and the number of row and columns if the

GridLayout policy is selected.

{ Containerclass is inherited from classes describing interactive gphic ele-
ments that create panels which can't host drawables elemest This class

inherits from the IContainerclass.

{ ContainerDrawableslass is inherited from classes describing interactive ggic
elements that create panels which can only host drawables emnents. This

class inherits from the IContainerDrawableglass.
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Figure 7.4: Classes included in the Drawables package.

Drawablegackage

The Drawablespackage includes the following two base classes (see Figured):

Drawableand Shape These two classes are described below:

{ Drawableclass is inherited from classes describing drawables elents. This

class inherits from the IDrawableclass. It includes the code required to:
Send data from the drawable element to the Java program (autmat-
ically generated during the model initialization process)
Finish the simulation when the main window of the Java program is
closed.

These two communication tasks will be discussed in Section.@.

{ Shapeclass is inherited from classes describing 2-D drawables thi shape
(i.e., Polygonand Oval). This class includes the following parameters in order

to describe the color properties of the drawable element:



7.4 Implementing new interactive graphic elements 135

IViewElement

'BasicElement | | | ControlElement

Labell Slider i

CheckBox NumberField

PauseButton RadioButton

InfoButton ButtonlAction
Button2Actions
SliderSet

BASICELEMENTS INTERACTIVECONTROLS

Figure 7.5: Classes included in the InteractiveElements and BasicErgm
packages.

lled \ True" if the polygon is lled,\ Fals€' otherwise.
lineColorp[4] vector describing the line color of the drawable.
[IColorp [4] vector describing the color used to Il the component.
intLineColor 1 if the line color changes in time, 0 otherwise.

intFillColor 1 if the lling color changes in time, 0 otherwise.

This class includes the declaration of the following two varables: lineColor [4]
andfillColor [4]. Ifthe intlineColor / intfillColor parameteris 0, then the
value of lineColor [4] / fillColor [4] is set to the value of thelineColorp[4]
/ fillColorp [4] parameters. Otherwise, the value of these variables ha®

be set by the virtual-lab developer.

InteractiveElementpackage

The InteractiveElementgpackage includes theControlElementbase class (see Figure
7.5). It is inherited from classes describing interactive ontrol elements; and it
inherits from the IViewElementclass.

The ControlElementbase class includes the code required to:
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{ Obtain the data sent from the Java program (generated automatically dur-
ing the model initialization process). The communication will be discussed

in Section 7.6.

{ Perform the state re-initialization event, which re-init ializes the value of
the variable de ning the state of the element (var). This event is triggered

when the virtual-lab user manipulates the interactive elenent.

7.5 Java code generation

There is a relationship among the structure of the Modelica @scription of the
view, the Java code generated and the virtual-lab view obtaned by executing this
Java code. This relationship is discussed in this section,aking as an example
the development of the bouncing-ball virtual-lab (which is included in the Vir-
tualLabBuilder.Examples package). The Modelica description of the virtual-lab
view and the view obtained by executing the generated Java ate are shown in
Figures 7.6 and 7.7 respectively.

The Modelica description of the view is built following the methodology
described in Section 6.3. It is composed of a set of interaste graphic elements
connected following the rules proposed in Section 6.7.

Each interactive graphic element has an initial algorithm " section. This
section includes a call to a Modelica function that encapsudtes a call to an
external C function. This external C function writes in a le the code required
to create an instance of the Java class describing the intexdive graphic element.
The le name is a global parameter (i.e., inner to PartialView class andouter to
the interactive graphic elements).

The PartialViewclass contains the code required to compile the generated va
application, to pack it in a jar le and to execute it. This code is executed during

the model initialization process.
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Figure 7.6: Diagram of the view description of the bouncing ball virttlab.
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Figure 7.7: Bouncing ball virtual-lab

7.5.1 Execution order of the initial algorithm sections

When several interactive graphic elements are used to compe a view, their
\initial algorithm " sections have to be executed in a sequence that satis es the

rules listed below. The implementation of the interactive dements guarantees

that these rules are ful lled.

1. The\initial algorithm " section of the root component is executed in the rst

place. As a result, theroot component writes the rst lines of the Java le.
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2. The\initial algorithm " section of a container is executed before executing

the \initial algorithm " sections of the components hosted in it.

3. The \initial algorithm " section of the drawable components are executed

following their drawing order.

4. The\initial algorithm " section of the components placed according to cer-

tain layout policies within containers are executed in the gpropriate order.

The term path will be used in the following discussion. This term is used to
designate a sequence of interactive graphic elements so thiom each interactive
graphic element there is a connection to the next element. Thre are not repeated
elements in the path.

For instance, the Modelica description of the view shown in kgure 7.6 contains

the following paths:
{ Path 1: root-MF-pNorth-slider checkBoxinfoButton-reset
{ Path 2. root-MF-pNorth-DP-oval
{ Path 3. root-MF-D-PP-trail

The \initial algorithm " sections of the interactive graphic elements are ex-
ecuted following a sorted sequence. This sequence is detdmad by the data
dependency among these sections.

The \initial algorithm " section of the elements forming apath, that has as
initial element the root component, are executed in a relative order depending
on the distance of the element to theroot component. For instance, the order of
execution of the \initial algorithm " sections in Path 2 is the following: root, MF,
pNorth, DP and oval

The value of the num variable of a component indicates the order in which
its \initial algorithm" section has been executed. The num variable of the root
component is equal to zero. The value of the variablenum of each element of
the path satis es the following relationship (being numa the number associated

to the A component): NUM oot < NUM MmE < NUM pNorth < NUM pp < NUM oyql.
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7.6 Runtime communication between the model

simulation and the interactive GUI

The communication established between the C program (genated by Dymola
for the Modelica model) and the interactive Java GUI (automatically generated
during the initialization process of the virtual-lab described in Modelica) is based
on a client-server architecture. The C program is the serveand the Java program
is the client. The communication is established via TCP sockts.

During the simulation run, there is a bi-directional ow of i nformation between

the model simulation and the interactive GUI. At every communication interval:

{ The model simulation (i.e., the server) sends to the GUI (i.e., the client)

the data required to refresh the virtual-lab view.

{ The GUI sends to the model simulation the new value of the vaiables

modi ed due to the user's interactive action.

The communication tasks and the classes involved, from theesver and the

client side, are discussed in this section.

7.6.1 Server side

The following three Modelica partial classes are involvedn the communication
tasks: PartialView, Drawable and ControlElement These are the super-classes of
the view description in Modelica, the drawable and the interactive elements

respectively. The tasks performed by each class are discuss below.

PartialViewclass

1. To set-up the server. ThestartCserver external C function, included in the
CServer package, is called to perform this task. This function waits until
the client ask for a connection. Then, the connection is esthlished. The

function output is the socket description for the established connection.
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2. To generate time events at each communication interval Teom), Using the
built-in sample(0; Tcom) operator. The following two tasks are performed

at each time event (see Figure 7.8):

(a) To call to the getVarValues external function, which is included in the
CServer package. This function receives and processes the data sent

by the Java GUI.
The Java GUI sends the data in a string with the following format:
nChanges;indexy; valuey; :::; indeX nchanges ; Valuenchanges #
Where:
{ nChangesis the number of interactive variables modi ed due to
the user's action.
{ valueg; is the new value of thevar variable of the interactive control

element numberindex;.

The getVarValuesfunction receives these data and generates as output
the CK[:] and lnew[:] arrays. These two arrays are global variables

(inner to PartialView and outer to ControlElementclass).

{ If index; is within the string sent by the Java view, then CK [index;]
is set to one. Otherwise, it is equal to zero.
{ If index; is within the string sent by the Java view, then | e [index;]

is set to valuej. Otherwise, | new[index;] is set to zero.

(b) To change the value of the boolean variablerefreshView (from falseto
true or vice-versa). This is a global variable {nner to PartialView and

outer to Drawableclass).

Drawableclass

1. To send information to the Java GUI. Each drawable elementsends the

following information:

{ The value of the num variable of the drawable element.
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partialView

partial model partialView

parameter Real Tcom;

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

i inner Real CK[];

! inner Real Inew[:];
when sample(0,Tcom) then
refreshView = not(pre(refreshView));
(CK, Inew) = getVarValues(...);

end when ;

end partialView; Drawable

controlElement

partial model controlElement partial model Drawable

Integer index; parameter Integer numint;

input Real var; parameter Integer numintColor;

outer Boolean refreshView;

i
'
'
R

protected

L1y outer Real CK[:];

louter Real Inew[:];

Boolean windowClosed (start =false);
Real outl (start = 1);

Boolean even (start = false);

event = CK[index]>0;

when event then

reinit (var, Inew[index]);

when change(refreshView) then

outl =if (numint+numintColor)>0 then

end when ; sendVarVarlues(...) else 0;
end controlElement; end if;
end when ;

when ( out1<0.5) then
shutDownConnection(...);

windowClosed = true;

terminate(“Main window closed”);

end when ;

end Drawable;

Figure 7.8: Relationship among the PartialView, ControlElement and
Drawable classes.

{ The geometric properties of the drawable element (i.e., psition of the
vertices of a polygon, position of the center and length of tle axis of
an oval, etc.). The value of the numint parameter sets the number of

data to be sent. These data are stored in thevert[:] vector.

{ The color properties of the drawable element (border line ad lling
color). The value of the numintColor parameter sets the number of

data to be sent. These data are stored in thecolors[:] vector.
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This information is sent at each communication interval, when the following
two conditions are satis ed: (1) the refreshView variable value has changed;

and (2) the windowClosedvariable value is false

2. To end the model simulation when the Java GUI is closed. Awhen clause
is triggered when the drawable element sends data to the GUI rad, after
waiting for Tyax Seconds, it has not received any reception con rmation

from the GUI. This when clause performs the following tasks:
(&) To call to the Modelica built-in operator terminate, which nishes the
simulation.

(b) To call to the shutDownConnection external function, which is in-

cluded in the CServer package.

(c) To set windowClosedboolean variable to true.

ControlElementlass

1. When the value of theevent variable becomes true, avhenclause including

the code to re-initialize the value of var to | ,ew[index] is executed.

{ var is the interactive variable.
{ index is a number that univocally identi es each interactive control.

{ CK[] and Iew[:] are global variables whose values are transmitted
from the PartialViewclass. CK [index] is equal to one only if the variable
associated to the interactive element has been modi ed dued a user's
action. In that case, the new value of the variable is contaird in

I hew[index].

{ event is a boolean variable whose value is set to true only when
the interactive element has been manipulated by the user dvent =

CK [index] > 0).
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7.6.2 Client side

The following two Java classes are involved in the communidion tasks: Client
and Communication. They are included in the graphics.jar le.
The constructor of the Client class contains the code to start the TCP con-

nection with the server. This class includes methods to sen@nd receive data

to/from the server.
The Communication class includes awhile loop that is executed until the main

window is closed. The following tasks are sequentially exeted inside the loop

(see Figure 7.9):

1. To refresh the interactive GUI.

2. If the user has manipulated any interactive element, thenthe following

actions are performed:

(a) The counter of the number of changes iChangesvariable) is increased
by one.
(b) lnhew[nChangeg] is set to the new value.

(c) index[nChanges] value is set to the identi cation humber of the in-

teractive element that has been manipulated by the user.

3. To call the sendVarValuesfunction. This function sends a string with the
new values interactively set by the user. The string format was described

in Section 7.6.1.
4. If the simulation is paused, then go to step 1, else go to sfe5.

5. To obtain the data sent by each drawable element includedri the view. For

that purpose, the following messages are exchanged with theerver:

{ When the client gets ready to receive the data, then it sendsa string
to the server. The server waits during a limited time (Tyax ) for the

string reception.



144 7 VirtualLabBuilder Modelica Library - Developer's Perspe ctive

Java View

#I UPDATE WINDOWS

!

For each object corresponding to an
Interactive Element:
If the user has manipulated the
object THEN:
e nChanges+=1;
«index [ nChanges]=index;

* |l .[ NChanges ]= value ;

|

Simulation
Is

Yes

|

1

I .
h 4 ! dymosim.exe
sendVarValues(nChanges,index[:], |

[ H)] Wait to receive Data
newl 1

v

For each object corresponding
to a Drawable Element:

y
For each object corresponding
to a Drawable Element:

SEND_ACK 3 RECV_ACK (Wait Ty,
1
Receive data of the Element . Send Data
1
! !
nChanges = 0 'L _____________________________ a

Figure 7.9: Communication between the Java view and the executable le
generated by Dymola.

{ Once the server has received the string, it sends the valuefdts num
variable and the values required to modify the color and the gometric
properties of the corresponding Java object. The GUI receigs this

string and modi es the properties of the corresponding Javaobject.
6. The value of the nChanges variable is set to zero.

7. Go to step 1.
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7.7 Conclusions

Chapter 6 was oriented to theVirtualLabBuilder users. The information required
to build a virtual-lab using the library and some virtual-la bs illustrating the
proposed approach were discussed.

On the other hand, this chapter was oriented to the library developers. The
design and implementation details of the library were discissed. These details
are useful in order to create new components and to get a betteunderstanding

of the library.






Solar House virtual-lab

8.1 Introduction

The use ofVirtualLabBuilder Modelica library for the implementation of a virtual-

lab describing the thermodynamic behavior of a solar housesi discussed in this
chapter. The solar house model was developed by Markus Weineas a part
of his M.S. thesis (Weiner 1992, Weiner & Cellier 1993) and itwas included
in the BondLib Modelica library by F.E. Cellier. This Modelica model has
been adapted for interactive simulation by using the methodlogy discussed in
Chapter 4. The interactive graphic user-to-model interfae has been built by using
VirtualLabBuilder . The virtual-lab obtained is completely written in Modelic a

language.

8.2 Description of the solar house virtual-lab

The implementation of a virtual-lab intended to illustrate the thermodynamics
of an experimental solar house is discussed. This solar hoaigs located near the
airport in Tucson, Arizona, and has a passive solar heating ystem. The house
has four rooms: two bedrooms, a living room and a solarium thacollects heat

during the winter and releases it during the summer. The living room has an
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Figure 8.1: Floor plan of the house (Weiner 1992).

air conditioning unit. The oor plan and perspectives of the house are shown in
Figures 8.1 and 8.2 respectively (Weiner 1992).

The solar-house virtual-lab allows the user to:

Change the thermodynamic properties of the slab, the outer ad inner walls,

and the roof.
Turn on and o the air conditioning unit, which is placed in th e living room.

Set the parameters of the air conditioning control system (ie., the setpoints

for the minimum and maximum values of the temperature).

The virtual-lab view contains the oor plan of the house (see Figure 8.5b).
The room colors change between blue and red as a function of ¢htemperature

inside the room. The heat ow through the outer walls are represented by arrows.
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Figure 8.2: Perspectives of the house (Weiner 1992).

The width and orientation of the arrow are functions of the magnitude and the
direction of the heat ow, respectively. Also, the virtual- lab view contains plots

of some selected variables (see Figure 8.7).

8.3 The Modelica model of the solar house

This solar house model is included within theBondlib library (Cellier & Nebot
2005). The four rooms of the house are composed using modelsat describe the
outer and inner walls, the roofs, the windows, the slabs andhe outer and inner

doors. A brief description of these models is given below:
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Outer wall.  This model consists of a boundary convection layer on the ouide,
three conduction layers inside the wall, and another bounday convection
layer on the inside. The model computes its own solar positio. The solar
radiation model computes the entropy ow to the wall from bot h direct and
di use radiation. The ambient air temperature is also computed inside the

model.

Inner wall. They have the same structure as the outer walls. However, the is

no solar radiation to be taken into account for the interior walls.

Roof. This is exactly the same physical model as the exterior wall rodel (only

with di erent values for the physical parameters).

Window. This model has an outside convection layer, but no conductia layers,

as the glass is considered thin and homogeneous.

Slab. In Tucson, houses are built on sand. The house is not thermallinsulated
from the ground, thus, the thermal building model ought to take into
account the exchange of heat between the house and the slab derneath
it. The slab is modeled with a single conduction layer conneing the
temperature of the slab to the temperature of the oor. Above the oor,

there is a boundary convection layer.

Outer and inner doors.  They are similar to windows, in that they are thin
and homogeneous. Thus the model contains an outside convéah layer,

no conduction layers, and no inside convection layer either

The bond graph technique is used to model the physical laws dfieat transfer
between the basic components of the house, regarding condien, convection
and radiation. A detailed description of the model can be found in (Weiner 1992,

Weiner & Cellier 1993).
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8.4 Composing the virtual-lab

The solar house model has been adapted to suit interactive siulation. Interactive
parameters and input variables have been re-de ned as conant state variables
(i.e., with zero time-derivative).

The Modelica description of the virtual-lab view has been deeloped mod-
ularly, by extending and connecting the required graphic canponents of the
VirtualLabBuilder library. Modelica classes have been programmed to describe
the view associated to an inner wall (nwallView), an outer wall (ExwallView), a

slab (SlabView and a roof (RoofView. These are described next:

ExWallViewclass is shown in Figure 8.3a and the graphic interface genated
is shown in Figure 8.3b. TheExWallViewclass contains instances of graphic
elements contained inVirtualLabBuilder library (i.e., Dialog, DrawingPanel,
Panel, Polygon, Text and Slider). The connection among thes elements
determine the layout of the graphic interface. The graphic nterface consists
of a window that contains a set of sliders at the bottom and thetop (see
Figure 8.3b). These sliders allow the user to modify the walltemperature
and its thermodynamic properties (i.e., speci ¢ thermal conductivity of the
dry wall, thickness of the conduction layer, speci c heat cgacity, density,
thickness of the outer wall and absorption coe cient). The center of the
window contains a graphical representation of the wall modg which is

composed of three conducting layers.

InwallView class contains sliders that allow the user to change the wall
temperature and its thermodynamic properties (i.e., specic thermal con-
ductivity of the dry wall, thickness of the conduction layer, speci ¢ heat

capacity, density and thickness).

RoofViewclass contains sliders that allow the user to change the thenody-
namic properties (i.e., speci ¢ thermal conductivity, thi ckness, speci ¢ heat

capacity and density) of the three conducting layers that canpose the roof.
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Figure 8.3: ExWallView class: a) diagram of the Modelica description; and
b) generated view.
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Figure 8.4: BedRoomlViewclass: a) diagram of the Modelica description;
and b) generated view.

SlabViewclass contains sliders that allow the user to change its thenody-
namic properties (i.e., speci ¢ thermal conductivity, thi ckness of the slab,

speci ¢ heat capacity, density and thickness of the condudbn layer).

Modelica classes have been programmed to describe the viewsaciated to
the house HouseViey, the living room ( LivingRoomView, and bedrooms 1 and 2

(BedRoom1Viewand BedRoom2Viey. These are brie y described next:

BedRoom1Viewclass is shown in Figure 8.4a and the graphic interface gen-

erated is shown in Figure 8.4b. This model contains instance of SlabView
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[ ] Show Iiving room [ ] Show bedroom 1 [ ] Show bedroom 2

Show Temperatures ["] Show Heat Flow [[] Show Sunspace

Figure 8.5: HouseViewclass: a) diagram of the Modelica description; and
b) generated view.

RoofView ExWallViewand InwWallView classes. The view consists of a window
that has a set of checkboxes at the bottom and the oor plan of he room
at the center (see Figure 8.4b). The checkboxes allow the us¢o show and
hide the windows associated to each building component of #room (outer

and inner walls, slab and roof).

HouseViewclass is shown in Figure 8.5a and the graphic interface genated
is shown in Figure 8.5b. The view consists of a window that hasa set
of checkboxes at the bottom and a diagram of the house oor pla in the

center (see Figure 8.5b). The checkboxes allow the user to etv and hide the
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Figure 8.6: Modelica diagram of the complete virtual-lab view.

windows associated to the bedrooms 1 and 2, and to the livingaom. Each
room of the oor plan has a color, that change from blue to red cepending
on the room temperature. The arrows shown in the oor plan represent
the heat ow through the outer walls (see Figure 8.5b). The width and
orientation of the arrows depend on the magnitude and the diection of the

heat ow, respectively.

The Modelica description of the complete view (i.e, classview) is shown
in Figure 8.6. This model extends the PartialView class, which contains: a)
one pre-de ned graphic element: root; and b) the code required to perform

the communication between the model and the view. TheView class contains
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instances of BedRoom1View BedRoom2Viewand LivingRoomViewclasses. It also
contains instances of theVirtualLabBuilder library components describing plots.
These plots are used to display the time evolution of the heat ow and the
temperature in the rooms of the house.

The Modelica description of the virtual-lab has to be an instance of VirtualLab
class. This class contains: a) two parametrized generic ciges: the classes of the
virtual-lab model and view; and b) the equations that link th e variables of the

model and the view classes.

8.5 Virtual-lab launch

The Modelica description of the virtual-lab is translated using Dymola and run.
Then, the jar le containing the Java code of the virtual-lab view is automatically
generated and executed. When the jar le is run, the virtual-lab view is displayed
and the client-server communication is established. Thenthe model simulation
starts. During the simulation run, there is a bi-directional ow of information
between the model and the view.

The dynamic response of the solar house when the air conditiong is turned
0 is shown in Figure 8.7. This change has been interactivelyperformed by the
virtual-lab user at the simulated time 100 h. The following six plots are shown

in Figure 8.7:
The heat ow rate in bedroom 2.
The heat ow rate of the air conditioning;

The living room temperature and the setpoint value for the minimum and

maximum temperatures.
The bedroom 1 temperature.
The bedroom 2 temperature.

The ambient temperature.
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8.6 Conclusions

The feasibility of setting up virtual-labs of complex Modelica models by us-
ing VirtualLabBuilder has been demonstrated. This approach has two strong
points. Firstly, the virtual-lab is completely described using Modelica language,
an object-oriented modeling language aimed to be a de-factstandard for rep-
resenting models and to support model exchange. Secondly/irtualLabBuilder
library allows performing an object-oriented description of the virtual-lab view,
which facilitates its development, maintenance and reuse.

VirtualLabBuilder has been used to implement a virtual-lab describing the
thermodynamic behavior of a solar house. The model describg the solar house
has been adapted to suit interactive simulation. The view ha been implemented

using graphic elements ofVirtualLabBuilder .
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9.1 Conclusions

Three di erent approaches to the implementation of virtual -labs using Modelica

language have been proposed:

1. The implementation of virtual-labs with batch interacti vity by combining
the use of Sysquake and Modelica/Dymola. This work has rested in the

following publications: (Martin et al. 2005b,c).

2. The implementation of virtual-labs with runtime interac tivity by combining
the use of Ejs and Modelica/Dymola. The obtained results aresummarized

in the following publications: (Martin et al. 2004a,b, 2005a,b,c).

3. The implementation of virtual-labs with runtime interac tivity using only
Modelica/Dymola. This approach has been proposed in the faébwing pub-
lications: (Martin et al. 2006, Martin-Villalba et al. 2007 , Martin et al.
2007).

The methodologies and software tools required to put thesehree approaches

into practice have been developed:
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1. A Sysquake to Dymosim interface has been programmed. It ewists in a
set of functions in LME language which can be called from the $squake

applications. They are available at http://www.euclides.dia.uned.es

2. A methodology for adapting any Modelica model for runtime interactive
simulation has been proposed. Two cases have been considire(l) all
interactive quantities can be simultaneously de ned as stae variables; and
(2) several selections of the state variables need to be sirttaneously sup-

ported.

3. A methodology for combining the use of Ejs and Modelica/Dymola has been
proposed. It takes advantage of the existing Ejs-Simulink ad Dymola-

Simulink interfaces.

4. VirtualLabBuilder Modelica library has been designed and programmed. Its

on-line documentation is available athttp://www.euclides.dia.uned.es

The proposed methodology to adapt Modelica models for intesctive simula-
tion has been successfully applied to the libraries shown b@w. Both libraries

can be downloaded fromhttp://www.euclides.dia.uned.es

1. JARA library has been translated into Modelica language and adafed for
runtime and batch interactive simulation. This new version of the library

is namedJARA 2i.

2. tankProcessLAB Modelica library has been programmed and adapted for

runtime and batch interactive simulation.

The proposed approaches have been successfully applied toet development

of several virtual-labs for process control education:

1. Virtual-labs with batch interactivity: hysteresis-bas ed controller, chemical

reactor, double-pipe heat exchanger and industrial boilewirtual-labs.

2. Virtual-labs with runtime interactivity: quadruple-ta nk system, industrial

boiler, chemical reactor and double-pipe heat exchanger xtual-labs.
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Finally, the proposed approach to the implementation of virtual-labs using

only Modelica/Dymola has been successfully applied to:

1. The solution of a real industrial problem. A virtual-lab aimed to be applied
for testing designs of drum-type washing machines has beemplemented.
This application has been developed in cooperation with enigeers of the
Mechanical Engineering Department of the IKERLAN Technological Re-

search Center (Mondragpn, Spain).

2. The implementation of a virtual-lab based on a complex Mogklica model
that has been developed by other authors. A virtual-lab illustrating the
thermodynamic behavior of an experimental solar house has den imple-

mented.

9.2 Future research

Finally, some ideas about possible extensions of this workra the following:

{ To implement a software tool able to automatically perform the model adap-

tation for interactive simulation that has been proposed in this dissertation.

{ To develop additional interactive graphic elements and to include them in
the VirtualLabBuilder library. For instance, drawable elements describing

3-D shapes.

{ To adapt the libraries included in the Modelica Standard li brary for in-
teractive simulation and to develop the corresponding grapic interactive

elements.

{ To explore the use of VirtualLabBuilder in other Modelica simulation envi-

ronments, such as OpenModelica and DrModelica (Lengquistteal. 2003).

{ To support the generation of the virtual-labs implemented using Virtual-

LabBuilder as Java applets.
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Sysquake - Dymosim Interface

The sysquakeDymosiminterfacelibrary contains LME functions to experiment
with the dymosim.exe le. This le is generated by Dymola from the Modelica
model. The sysquakeDymosiminterfacelibrary can be freely downloaded from

http://www.euclides.dia.uned.es A description of each function is provided be-

low.

A.1 setExperiment

PURPOSE . .
To log to a text le the simulation parameters.
USAGE
setExperiment( txtFile, StartTime, StopTime, Increment,
ninterval, Tolerance, MaxFixedStep, Algorithm )
PARAMS

txtFile Name of the le where the simulation parame-

ters are written. By-default value: dsinl.txt.

StartTime Integration start time (and linearization time) .
StopTime Integration end time.
Increment Communication step size, provided that Incre-

ment value is greater than zero.
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Number of communication intervals, if greater
than zero.

Relative precision of signals for simulation, -
earization and trimming.

Maximum step size of xed step size integratos,
provided that MaxFixedStep value is greater
than 0.0.

Integer (1...28) for selecting the integration al-

gorithm, as described in (Dynasim 2006).

To execute thedymosim.exe le (command dymosim -i) in order to generate the

Dymosim input le ( dsin.txt). In addition, this function reads the names of the

model variables (i.e., inputs, outputs, parameters, stats) and their default values

from dsin.txt le, and saves them as variables to the Sysquake workspace.

[P, X0, pN, xON, inputN, outputN] = getinfo

ninterval
Tolerance
MaxFixedStep
Algorithm
A.2 getinfo
PURPOSE
USAGE
PARAMS

x0

pN

xON

inputN

outputN

Vector that contains the parameter values.
Vector that contains the start values of the state
variables.

Set of strings, each string representing the name
of a parameter.

Set of strings, each string representing the name
of a state variable.

Set of strings, each string representing the name
of an input.

Set of strings, each string representing the name

of an output.
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A.3 setValues

PURPOSE To write to a text le the name and the value of the model parameters and the
state variables.
USAGE
setValues(txtFile, pN, p, xON, x0)
PARAMS
txtFile Name of the le where the simulation parame-
ters are written. By-default value: dsinl.txt).
pN Set of strings, representing each string the name
of a parameter.
p Vector that contains the parameter values.
XON Set of strings, representing each string the name
of a state variable.
x0 Vector that contains the start values of the state
variables.
A.4 dymosim
PURPOSE To simulate the Dymola model by executing the following command: dymosim
-d dsin.txt iFile oFile .
USAGE

dymosim()

dymosim(iFile, oFile)
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PARAMS

iFile Name of the le that contains the simulation
parameters. By-default value: dsinl.txt

oFile Name of the le where the results are saved.
Using the command tload the results can be
loaded in the Sysquake workspace. By-default

value: dsres.txt

A.5 linearize

PURPOSE . . . . . .
To obtain the linearized model by executing the following canmand: dymosim -
iFile oFile.

USAGE
linearize()
linearize(iFile, oFile)
PARAMS
iFile Name of the le that contains the simulation
parameters. By-default value: dsinl.txt
oFile Name of the le where the results are saved.
Using the command tload the results can be
loaded in the Sysquake workspace. By-default
value: dsres.txt
A.6 tload
PURPOSE

To read the result le, oFile, and to store the signal names and the simulation

results into N (text matrix) and s (numeric matrix) respectively.
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USAGE
[N,s] = tload(oFile)
PARAMS
N Simulation results. N[i] contains the simulation
results of the variable whose name is contained
in sJi].
S Matrix that store the signal names as strings.
oFile Name of the le where the results are loaded.
By-default value: dsres.txt
A.7 tloadlin
PURPOSE
To load the linear model generated by dymosim from thetxtle le (default le
name: dslin.txt) into the Sysquake workspace.The linear matrix is describé by
the following equations:
der(x)= A x+B wu
y=C x+D u
USAGE
[A,B,C,D,xN,uN,yN] = tloadlin(txtfile)
PARAMS
AB,C,D Matrices of the linear system.
XN Set of strings, each string representing the name

of a state variable.

uN Set of strings, each string representing the name
of an input variable.

yN Set of strings, each string representing the name

of an output variable.






B.1 Perfect gas

Interactive Models

model perfectGas
parameter Boolean
parameter Boolean
parameter Boolean
Real n (unit="mol",

nisState;
plsState;
TIsState;

stateSelect= if niIsState then StateSelect.always else StateSelect.default,
start=20) "Mol number";

Real p (unit="N.m-2",
stateSelect= if plsState then StateSelect.always else StateSelect.default,
start=1e5) "Gas pressure" ;

Real T (unit="K",
stateSelect= if TIsState then StateSelect.always else StateSelect.default,
start=300) "Gas temperature" ;

Real V (unit="m3", start=1) "Volume";

Real

Real Cv (unit="J/(Kg.K)")

Cp (unit="J/(Kg.K)", start=5*R/2)

"Heat capacity at constant pressure" ;
"Heat capacity at constant volume" ;

Real F (unit="mol.s-1") "Input flow" ;
Real Tin (unit="K")  "Input temperature" ;
Real Q (unit="J.s-1") "Heat flow" ;

parameter Real R (unit="J/(mol.K)") = 8.31

protected

Real U (unit="J", stateSelect = StateSelect.never)

Boolean empty (start=false);

equation
/I Interactive parameters
der(V) = 0;
der(Cp) = 0;
/I Input variables
der(F) = 0O;

der(Tin) = 0;

"Constant of the perfect gases" ;

"Internal energy" ;
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der(Q) = 0;
/| State equation
p*V=n*R*T;
/I Mol balance
der(n) = if empty then O else F;
/I Energy balance
der(U) = if empty then O else if F>0 then F*Cp*Tin+Q else F*Cp*T+Q;
/I Internal energy
U=n*Cv*T;
/I Mayer law
Cp-Cv =R
/I Empty-vessel condition
when F > 0 and pre(empty) or n < 1le-5 and not pre(empty) then
empty = not pre (empty);
end when
end perfectGas;

model perfectGasl
extends perfectGas;
/I Interface
input Real Iparam[2];
input Real Ivar[3];
input Real Istate[3];
Real CKparam;
Real CKuvar;
Real CKstate;
output Real OI8];
protected
Boolean CKparamlsO (start = true, fixed=true);
Boolean CKvarlsO (start = true, fixed=true);
Boolean CKstatelsO (start = true, fixed=true);
equation
/I Interactive change of the parameters
when CKparam > 0.5 andpre (CKparamlsO) or CKparam < 0.5 and not pre (CKparamis0O) then
CKparamlsO = CKparam < 0.5;
reinit  (V, Iparam[1]);
reinit (Cp, Iparam[2]);
end when
/I Interactive change of the input variables
when CKvar > 0.5 and pre(CKvarls0) or CKvar < 0.5 and not pre(CKvar 1s0) then
CKvarlsO = CKvar < 0.5;
reinit  (F, Ivar[1]);
reinit  (Tin, Ivar[2]);
reinit  (Q, Ivar[3]);
end when
/I Output signal
O={np T,V,Cp, Tin, F, Q }
end perfectGasl;
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model perfectGasSS1
extends perfectGasl (nIsState=false, plsState=true, TlsState=true);
equation
/I Interactive change of the state variables
when CKstate > 0.5 and pre(CKstatelsO) or CKstate < 0.5 and not  pre(CKstatelsO) then
CKstatelsO = CKstate < 0.5;
reinit (p, Istate[2]);
reinit (T, Istate[3]);
end when
end perfectGasSS1,;

model perfectGasSS2
extends perfectGasl (nIsState=true, plsState=false, TlsState=true);
equation
/I Interactive change of the state variables
when CKstate > 0.5 and pre(CKstatelsO) or CKstate < 0.5 and not  pre(CKstatelsO) then
CKstatelsO = CKstate < 0.5;
reinit (n, Istate[1]);
reinit (T, Istate[3]);
end when;
end perfectGasSS2;

model perfectGasSS3
extends perfectGasl (nIsState=true, plsState=true, TlsState=false);
equation
/I Interactive change of the state variables
when CKstate > 0.5 and pre(CKstatelsO) or CKstate < 0.5 and not  pre(CKstatelsO) then
CKstatelsO = CKstate < 0.5;
reinit (n, Istate[1]);
reinit (p, Istate[2]);
end when
end perfectGasSS3;

model perfectGaslnteractive

input Real Iparam[2];

input Real Ivar[3];

input Real Istate[3];

input Real CKparam[3];

input Real CKvar|[3];

input Real CKstate[3];

input Real Enabled[3];

output Real O[8];

output Real Release[l];

perfectGasSS1 SS1( CKparam = CKparam[l], CKvar = CKvar[l], CKstate = CKstae[1]);

perfectGasSS2 SS2( CKparam = CKparam[2], CKvar = CKvar[2], CKstate = CKstae[2]);

perfectGasSS3 SS3( CKparam = CKparam[3], CKvar = CKvar[3], CKstate = CKstae[3]);
equation

Iparam = SSl1.Iparam;

Istate = SSl.lIstate;

lvar = SSl.lvar;
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Iparam = SS2.Iparam;

Istate = SS2.Istate;

lvar = SS2.lvar;

Iparam = SS3.Iparam;

Istate = SS3.Istate;

Ilvar = SS3.lvar;

Release = 4.0;

O =if Enabled[1] > 0.5 then SS1.0
else if Enabled[2] > 0.5 then SS2.0
else if Enabled[3] > 0.5 then SS3.0
else zeros(size (O, 1));

end perfectGaslinteractive;

B.2 Chemical reactor

model batchReacLigAtoPInteractive
/I Physical model
extends PhysicalModel.batchReacLigAtoP ;
/I Interface
input Real Iparam[7];
input Real lvar[10];
input Real Istate[4];
input Real CKparam;
input Real CKuvar;
input Real CKstate;
output Real O[21];
output Real Release;
protected
Boolean CKparamlsO (start = true, fixed=true);
Boolean CKvarlsO (start = true, fixed=true);
Boolean CKstatelsO (start = true, fixed=true);
equation
/I Model release
Release = 1.0;
/I Interactive change of the parameters
when CKparam > 0.5 andpre (CKparamlsO) or CKparam < 0.5 and not pre (CKparamis0O) then
CKparamlsO = CKparam < 0.5;
reinit  (lig.vessel.vesselVolume,lparam[1]);
reinit  (lig.liquid.section,Iparam[2]);
reinit (resistTherm.hTSteam,lparam[3]);
reinit  (resistTherm.hTWater,lparam[4]);
reinit (resistTherm.heatExchArea,lparam[5]);
reinit (chRAtoP.kCoef[1],Iparam[6]);
reinit  (chRAtoP.kCoef[2],Iparam[7]);
end when
/I Interactive change of the input variables
when CKvar > 0.5 and pre(CKvarls0) or CKvar < 0.5 and not pre(CKvarlsO) then
CKvarlsO = CKvar < 0.5;
reinit (resistTherm.isHeater,lvar[1]);
reinit  (fluidTemp.isHeater,lvar[1]);
reinit  (resistTherm.isChiller,lvar[2]);
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reinit  (fluidTemp.isChiller,lvar[2]);
reinit  (fluidTemp.tempHeat,lvar(3]);
reinit  (fluidTemp.tempCool,Ivar[4]);
reinit  (sourceLiqCtrl.flowVSP, -lvar[5]);
reinit  (sourceLigqCtrl.tempSP,Ivar[6]);
reinit  (sourceLiqCtrl.fractVSP[1],lvar[7]);
reinit  (sourceLiqCtrl.fractVSP[2],Ivar[8]);
reinit  (sourceLiqCtrl.fractVSP[3],Ivar[9]);
reinit (chRAtoP.calcConversion,lvar[10]);
end when
/I Interactive change of the state variables
when CKstate > 0.5 and pre(CKstatelsO) or CKstate < 0.5 and not pre(CKstatels0)
CKstatelsO = CKstate < 0.5;
reinit  (lig.liquid.massL[1],Istate[1]);
reinit  (lig.liquid.massL[2],Istate[2]);
reinit  (lig.liquid.massL[3],Istate[3]);
reinit  (lig.liquid.tempL,Istate[4]);
end when
/I Output variables

0={

lig.liquid.massL[1], lig.liquid.massL[2], lig.liqu id.massL[3],
lig.liquid.tempL, lig.liquid.ligHeight, lig.liquid.fl uidV,
fluidTemp.sourceTemp, fluidTemp.consumHeater, fluidTe  mp.consumChiller,
fluidTemp.isHeater, fluidTemp.isChiller, -ligSource.i nMass.massLF[1],
-ligSource.inMass.massLF[2], -ligSource.inMass.massL F[3],
-ligSource.totalMassF, ligSource.tempF, -chRAtoP.inMa ss.massLF[1],

-chRAtoP.inMass.massLF[2], -chRAtoP.inMass.massLF[3] ,
chRAtoP.conversion, chRAtoP.reactionRate[1] };

end batchReacLigAtoPInteractive;
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VirtualLabBuilder - User's Reference

This appendix contains the documentation of some packagesfdhe VirtualLab-
Builder library as it has been generated by Dymola. Only the packageitended
to be directly used by virtual-lab developers have been inalded (i.e., all packages
shown in Figure C.1 except thesrc package). Information about equations and
components has been omitted.

Complete on-line information about the VirtualLabBuilder library is available
at http://www.euclides.dia.uned.es

Packages
= ﬁ"v"irtualLabB vilder

= ﬁ"v"LabM odels
YirtualLab
[ ] Partialiew

= [T]ViewE lemerts
. ParentR oot
() ChildRoat
* ] Cortainers
* (] Drawables
* ] InteractiveControls
* ] BasicElemerts

=[] Examples
+ ] Bl

* [T tark] OutputSS S
i src
Figure C.1: Packages oWirtualLabBuilder library.
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