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ABSTRACT

APPLICATION OF THE OBJECT-ORIENTED MODELLING
METHOD FOR MECHATRONIC SYSTEMS USING
OPENMODELCA — CASE STUDIES

Coskunagslu, Simeyye Betl
M.S., Mechatronics Engineering Department
Supervisor: Prof. Dr. Abdulkadir Erden

February 2016, 92 pages

Simulation of mechatronics engineering systems ischallenging topic for
researchers. Although there are many alternatipeoaghes for simulation models,
considering the complex, multidisciplinary and grieted structure of Mechatronic
systems, system-level modelling and simulation gisobject-oriented methods
would be useful to understand system requiremamdssgstem level integration. In
this study, using the object-oriented modellingglaage Modelica, several case
studies are performed using different Mechatronysteans. The mechanical,
electrical and information subsystems are examwméd respect to input/output and
process structure, and then these subsystems atelletbfor simulation using the
OpenModelica program. Integration of subsystem®adized using OpenModelica,
and the simulation of the main systems is perfornBased on these case studies,
although OpenModelica platform have some limitatiomo implement on
mechatronic system modelling and simulation, ituisderstood that Modelica

language may be a convenient and useful tool asdeling language.

Keywords: Mechatronic systems modelling, mechatrosiystems simulation,

Modelica language, evaluation of Modelica.
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0z
NESNE-YONELIML I MODELLEME YONTEM INiN

OPENMODELICA KULLANILARAK MEKATRON K
SISTEMLER iCIN UYGULANMASI — VAKA INCELEMELER f

Coskunagglu, Stimeyye Betul
Yuksek Lisans, Mekatronik MihendigliBolumu
Tez Yoneticisi: Prof. Dr. Abdulkadir Erden

Subat 2016, 92 sayfa

Mekatronik muhendislik sistemlerinin benzetimi gnanacilar icin zorlu bir
konudur. Benzetim modelleri icin bircok alternatfklasim olmasina karn,
Mekatronik sistemlerin karmgek, cok disiplinli ve tumlgik yapisi gdz o6nine
alindginda, nesne yonelimli modelleme yontemleri kullarak sistem dizeyinde
modelleme ve benzetim yapilmasi sistem gereksinimlese sistem dizeyinde
entegrasyonu anlamak acisindan faydall olacakincasmada, nesne yonelimli bir
modelleme dili olan Modelica kullanilarak farkl kegronik sistemler Uzerinde
¢esitli vaka incelemeleri yapilngtir. Mekanik, elektronik ve bgim altsistemleri
oncelikle girdi/cikti ve glem yapisina gore incelengnve daha sonra bu altsistemler
OpenModelica programi kullanilarak benzetim icindaenmitir. Alt sistemlerin
tumlestirmesi OpenModelica kullanilarak gerceftlelmis ve ana sistemlerin
benzetimi yapilngtir. Bu vaka incelemelerine dayanarak, OpenModelica
platftormunun mekatronik sistem modelleme ve benmatle kisitlamalar
barindirmasina kain, Modelica dilinin, bir modelleme dili olarak kaflik sa&layan

ve yararl bir arac olabilegeanlasiimistir.

Anahtar sozcukler: Mekatronik sistemlerin modellesim mekatronik sistemlerin

benzetimi, Modelica dili, Modelica gerlendirmesi.
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CHAPTER 1

INTRODUCTION

As technology is developing, engineering productkenpeople’s life easier. More
developed products require more complex structuresngineering. The complex
problems make engineering designers’ life hardae domplex system design is an
important issue, as well as the analysis of théegysThe designed systems should
be analysed carefully to answer the questions abbether the system meets the
needs, the problems about the structure, or whetteeoptimal design solution is
found or not. These questions force the designdmtb methods of analysing the
systems accurately. An effective solution to ansgeestions about the system is

system simulatian

Simulation is a process that enables the designénd out the system structure.
Using the simulation method, a system can be exysried on, without setting up
the actual physical system. The required adjustsnebbut the system can be made
on the system model used in simulation. Systembeaquestioned about the needs,
the requirements, the inputs, outputs and the peodeany process goes wrong, the
system structure can be changed and then again b& experimented. The structure

to allow this experimentation is named the systenukation model.

System modelling is a difficult task for designefse model should cover as many
parameters as it can include. An unconsidered peteamrmay change everything in a
simulation and the simulation may result in incotrdeductions about the system.
The results of the simulation can change and ieanneous result is used while
installing the real system, there may be huge resluwithin the system. This

situation causes a waste of time and money, wisiémiunwelcome situation for the

engineering area.

Modelling a system has been a research area faws.y&aproving science and
technology allows designers to imagine more andentsomplex systems. There are

some methods developed by researchers to model $gsems.

1



To be able to simulate a system, first of all adanon model should be established.
To model a system, the system parameters shouldnbderstood very well. The

parameters are covered inside the model to haveaime characteristic of the real
system. Therefore, the system model can have the bahaviour as the real system.
It can be said that the system model carries a&sysd an abstract level, to find the
necessary answers easier. If it is agreed thamitbael reflects the real system in a

sufficient level, the system can be simulated.

On the other hand, it is a painful and problemesstie to model a complex system
without losing the specialities. In many modellimgthods, especially the physical
topology of the real system is lost. Therefore, tharacteristic of the real system
cannot be sustained. This problem is tried to Heesoby the developers using

various methods.
1.1.Statement of Problem

In this thesis, modelling of mechatronic systemsraalized by using Modelica
language. This method is based on object-orientedefting. This thesis proposes
that Modelica language can be used to create alesiapd entire model of
mechatronic systems to be able to use in simulationan easy way. Firstly
Modelica language is investigated and then an gpjaite simulation tool is chosen.
After that, modelling is applied on chosen mechdtresystems, which are from
Control Tutorial for MATLAB and Simulink (CTMS) wedite by Michigan
University and the Atilim University Mechatronicstoratory. Finally, the modelled
systems are simulated and the results are provided.

1.2.Scope of the Thesis

In the scope of this thesis, the object-orientedieliing method is applied in two
mechatronic systems. One of these systems is &WedPendulum System from
CTMS. Second system is the Rose Harvesting Robste8ywhich is developed by
the researchers in the Atihm University Mechatesniiaboratory. In both cases, the
real model is simplified before the simulation mlodedeveloped. The unnecessary
parts are omitted while the method is applied s riiodel.



1.3.0utline of the Thesis

Outline of this thesis is indicated as follows.

Chapter 2 introduces main concepts about modediimsimulation, and the
researches about the topic. Also, the simulatia@tstavhich can be used for
mechatronic systems are examined in this part.

Chapter 3 presents the application of object-oe@nnodelling method on
the chosen systems from CTMS, Inverted PendulunteBysand the Atilim
University Mechatronics Laboratory, Rose Harvestidgbot System. This
chapter also covers the implementation of the magghg Modelica
language on a chosen simulation tool and providesimulation results.
Chapter 4 represents the discussion on Modelicgukge by means of
mechatronic systems in sight of the case studidscanclusion of the thesis

and suggests future work.



CHAPTER 2

LITERATURE SURVEY

Engineering system modelling is a topic which redeers have been studying for a
long time. The reason for this duration from pastpresent is the increasing
complexity of engineering systems, and thus newhou for modelling are needed
to be developed. In this chapter, the modellingrfineering systems and the place
and importance of simulation modelling especially fechatronic engineering
systems will be explained in detail in sight of fiterature. Also, the related work
previously done about mechatronic system modelkiligoe given in detail. Finally,
as a different point of view of the same topic, msimulation tools which are used
by the researchers studying mechatronics engirgearniea will be listed with their

explanations.
2.1. The concepts related to the modelling and sutfation

The modelling of the engineering systems is a tesdme issue for designers.
System modelling for simulation is difficult. Théoee, there are various definitions
and concepts produced to explain the system steiand the need for the modelling
and simulation. For the aim of clarifying the stuidythis thesis, the concepts of
simulation, modelling and mechatronics and thetimlabetween them will be

provided in this part.
2.1.1. Simulation definition

Simulation is the imitation of the operation of thstem over time. There is a main
difference between modelling and simulation. Modelthe imitation of the real
system itselfhowever, simulation is the imitation of tlogeration of this system.
That means, while there is one model of the reatesy, there may be several
simulations on this model according to differerdrsarios.



According to Naylor (1966), “Simulation is a nuneaii technique for conducting
experiments on a digital computer, which involvegain types of mathematical and

logical models over extended period of real time.”

Singh (2009) defines system simulation as the tgcienof solving problems by the

observation of the performance, over time, of aagiyic model of the system.

Simulation is generally done on computers. The rhoflehe real system will be

constructed in computer medium and the operatidhegystem is imitated.

Aydin (2013) states that “Simulation enables thradpction of artifical history of the
system and observation of this history to deducaiathe characteristic features of
the real system.”

The aim of simulation is having the opportunityotiserving the system’s behaviour
under different conditions; and the model is bfalt this goal. Inside this model, a

set of assumptions about system operation arededland these assumptions are
expressed as the mathematical, logical and symhelations between the concerned

attributes of the system.
2.1.2. Reasons for simulation

Simulation is done on the model of the real systéhis model reflects the real
system’s properties and functions. After buildirige tmodel, the system can be
experimented with “what if?” questions and answars collected about the real

system.

It is possible to use a system model as an analgsisor a design tool (Aydin,
2013).

 An analysis tool: The effects of the changes onuaeat system can be

observed using the model.

e A design tool: Prediction about the performanca okew system can be built
by using the model.

In simulation, data collected from the real systgivexists) is used to predict the

input parameters which are needed to run the systedel.



According to Aydin (2013), some goals for usingdation are given as follows:

* Assesment: Demonstration of how the proposed system works well

according to specified criteria,
e Comparison: Comparison of the proposed system design or policy,

» Estimation: Estimating the system's performance under the gexpo

conditions,

» Sensitivity Analysis: Determining what factors influence the performaate

the system,

» Optimization: Determining the combination of factor levels givitige best

performance value,
* Bottleneck Analysis:To determine the bottlenecks in a system.

Simulation is the process of designing a dynamidehof an actual dynamic system
for the purpose either of understanding the beheawb the system or of evaluating
various strategies (within the limits imposed bgriierion or set of criteria) for the

operation of the system (Ingalls, 2011).

Simulation is the imitation of operation of a reabld process or system over time
(Banks, 2001). According to the same author, sitrafais an indispensible
problem-solving methodology for the solution of maneal-world problems.
Simulation is used to describe and analyse thevi@inaof a system, ask “what if”

guestions about the real system, and aid in thigrle$ real systems.

The impact of design changes can be observed onuasion model very quickly,
helping to speed up the development cycles andléztsan optimal solution as early
as possible (Li et al., 2007).

2.1.3. Concepts underlying simulation

Banks (2001) and Carson (2004) clearly definedcthvecepts underlying simulation.
These can be listed as following.

1. Model: Representation of an actual system, or represemtat a system or
process.



2. State of model:List of values that are sufficient to define tlemplete state
of the system at any point in time.

3. Event: An instantaneous occurrence that changes the acdate.

4. Primary events: Events driven by data, occurs at a future timéutated
from data and statistical assumptions.

5. Secondary eventsGenerated events internally by model logic.
6. Entity: An object in the model.
7. Resource:An entity that provides a service to dynamic esit

It can be clearly seen that the crucial parts siaulation aranodellingand theflow
inside the modelSystem states are defined in modelling phasetlandystem status
is changed by the flow inside the system. The “flondicates the relation between
two entities. First one of these entities is thputs of the system, and the second
important part is obviously theutputsof the system. The aim for doing simulation is
analysing the relations between inputs and theutsit@as well as the behaviour of
the system. Evaluation, comparison and analysstlae key reasons for doing
simulation (Carson, 2004). Therefore, as the tep before simulation, the system
model and the input and output entities shouldlearand well-defined. Before the
model is built up, the system structure should hdewustood deeply. This is the

possible way to build up a realistic model of thalrsystem.
2.1.4. Modelling definition

Model is a replica of the real system. Model ofyatem should reflect the real
system, which means, model should have all thegutiggs and functions of the real
system. This can be said as an ideal model ofytbters. If the ideal model is hard to
build, the model should include as many propeniethe real system as it can have.
The aim for modelling is to simulate the replicaanlaboratory or in computer

medium and find out about the real system.

A simulation model is a descriptive model of a @®& or system, and usually
includes parameters that allow the model to beigordble, that is, to present a

number of somewhat different system or processigortions. As a descriptive



model, you can use a simulation model to experimeith, and evaluate and

compare, any number of system alternatives (Cag@iy).
According to Singh (2009), models can be categdrad¢hree groups:

Physical model: This type of model is the physical copy of thel regstem. The
model is scaled down according to the actual sysEerample for this category may
be the model cars or model aeroplanes. The modelbearun according to the

scenario for the real system inside a controllediare.

Mathematical model: This type of model shows the relationships betwéen
attributes and the functions of the actual systermathematical equations. After the
equations are put, some methods are applied andsybem can be solved

analytically by the researchers. This model typahistract.

Computer-based model:This model type consists of two parts. First, pigsical
model of the real system may be built in a virtodium in an artificial manner.
Second part is the mathematical modelling. The ematttical relations can be
modelled using computers and numerical solutiomshma obtained in a short time.
This model type is both abstract and virtual.

These three types are also separated into two g@siptatic and dynamic.

Static model: This is the model type which does not change wutie. Model cars

or aeroplanes only reflect the static structurehaf real system. In mathematical
modelling, modelled systems in equilibrium are saidbe static model. In other
words, static mathematical models do not includeetit, inside the equations. In
computer based models, again time-based modeldyammic where static models

do not include the time variable.

Dynamic model: This type of model changes with time. Time vargaislincluded in

all dynamic models.

According to Fritzson (2010), the shortcomings led experimental method lead us
over to the model concept. If we make a model oftesy, this model can be
investigated and may answer many questions regptareal system if the model
Is realistic enough.



Models are crucial to support, communicate, andud@mnt the design activities.
Existing modelling practices for mechatronic systeimllow the same approaches.
Model types and modelling tools used in desigmaaénly idiosyncratit (Cabrera et
al., 2008).

2.1.5. The philosophy of modelling
A study done by Li et al. (2007) mainly defines thedelling philosophy as follows:

From the point of view of system simulation, threere approaches can be

distinguished.

1. Physical modelling (Network models): A structurallynotivated
partitioning of the overall system finally leads & separation into
physical elements (such as springs, dampers, magses mechanics;
volumes, valves, throttles etc. in pneumatics odraylics and so on).
This way of modelling preserves the physical relahips between the

elements in the model structure.

2. Signal modelling: In signal modelling the behaviaifrthe system under
study is implemented into a block structure. Signaddelling is the

method of choice for mapping control systems.

3. Equation-based modelling: The function of subsystemd components
in a system can also be described directly by diffeal equations. As for

the signal modelling, the underlying physical taygpf is lost.

As it can be clearly seen, the three modelling @@gines can be used in the most
appropriate situation. However, these approached aedifferent perspective when
the mechatronic modelling and simulation is thenpo question. In this thesis, this
different perspective will be the object at isslrethe conceptual part of a system
design, the inputs, outputs and the process fl@id@nthe system will be examined
in a different point of view considering mechatiedefinitions and requirements.
Therefore, the mechatronics needs and definitiofls he explained in a short

manner.

! idiosyncratic (adj): unusual and particular toeson or thing (Oxford Learner’s
Dictionaries, 2016).



2.1.6. Mechatronics definition

Mechatronic system is not just a marriage of eleaitand mechanical systems and is
more than just a control system; it is a complategration of all of them (Bolton,
1999). Mechatronic system behaviour is determingd dependencies between
different components. Therefore, an integrated amdrdisciplinary engineering
approach, which contains the various technicabd$ieis necessary (Scherber and
Muller-Schloer, 1999).

According to Bishop (2007), the study of mechattosystems can be divided into
five areas of speciality:

1) Physical systems modelling
2) Sensors and actuators

3) Signals and systems

4) Computers and logic systems
5) Software and data acquisition.

2.1.7. Mechatronic modelling

Design of multi-domain engineering systems, sucimashatronic systems, differs
from design of single-domain systems, such asreleict circuits, mechanisms, and
fluid power systems, in part because of the neethtegrate the several distinct
domain characteristics in predicting system behaves part of the basic design
(Goodman et al., n.d.)

Insight of this explanation, as a multi-domain emgring system, mechatronic
systems can be said to be more complex than amy sthgle-domain engineering
systems; because of its nature of including diffeengineering domains at a time.
At that point, because of this reason, mechatreystem modelling can be said to be
more difficult than any other engineering domaifiso, simulation of mechatronic

model carries more importance than the others.

According to Ingalls (2011), the more complex ataysis, the longer it takes to
model, run and evaluate. When it is consideredriethatronic systems have large
complexity, the model will take a long time to lbidnd simulate. Cabrera et al.

(2008) claims that mechatronic systems tend to rideerently complex. Also
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according to the same study, appropriate modeklind design support tools are
essential to deal with system complexity. Therefdhe simulation tool must be

strong enough to overcome the complexity problems.

Ghazi and Zarei (2007) say that “The essential adtaristic of mechatronics
engineering and the key to success in mechatram@dalance between two sets of
skills: modelling/analysing skill and experimentatfhardware implementation
skills.”

It is obvious that mechatronic modelling shouldlude the modelling approaches
that are previously explained. These approachesphysical modelling, signal
modelling and equation-based modelling. Based erd#finition and the properties
of mechatronics discipline, mechatronic modellireg to cover all three approaches
inside. The modelling of mechatronic systems rexguiphysical and control
modelling.

According to Cao et al. (2011), for mechatronicteys modelling, two specific
requirements should be considered. First, the behawf the mechatronic system
may be continuous, discrete or even hybrid. Theeefthe approach for modelling
the three types of behaviour should be provided dther is that it is difficult to
determine if the system is designed correctly toetmdifferent stakeholders’
requirements based only on the designed statictster models and behaviour

models.
2.1.8. Importance of mechatronic system simulation

Because of the integration of different domainsdeiling mechatronic systems may
take more time rather than the single-domain systdfmrmechatronic systems are
examined according to the previously explained aeador doing simulation, the

importance of simulation of mechatronic systemslmannderstood more clearly.

1. When the system is not appropriate for studying exykrimented on: Most
of the mechatronic systems are very complex and appropriate for
experimentation. Also, these systems include expensparts and

experimentation on real system may cause high.costs
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2. If the system is still in the design phase: Medbratr systems are expected to
be accurate, low-cost and having good performaBeeause of the system
complexity, these design criteria can be testethersimulation model in the

design phase, to have the necessary informatiout ave® optimum system.

3. When the system will be analysed for behaviour: hgmnic system
behaviour may be analysed using simulation. Sysiehaviour is complex
due to the different domains and each domain cleatige behaviour of the
whole system. Therefore, the observation of whatstesn behaviour is

provided by using simulation.

The reasons which Naylor (1966) stated can be derail specific to mechatronic

systems as follows:

1. Mechatronic systems have complex internal intevasti between different
domain components. Simulation makes it possiblsettioly and experiment
with the complex internal interactions of a mechait system.

2. Through simulation we can study the effect of dmrtehanges on the
operation of a system by making alterations onntloelel of the system and
observing the effects of these alterations on tlstem’s behaviour:
Mechatronic systems include different domain congmds; that means it has
much more complex behaviour. The changes on themmysiay cause huge
effects on system behaviour and these effects @roldserved on the
simulation model rather than the real system. Tdpportunity gives the
researchers the chance of changing the designesudt in building more

accurate systems having more stable behaviour.

3. Detailed observation of the system being simulatead/ lead to a better
understanding of the system and to suggestionnfpraoving it, suggestions
that otherwise would not be apparent: Mechatronistesns should be
understood clearly and the developments may beise€alusing the

observations obtained from simulations.

4. Simulation can be used as a pedagogical devicéetmhing both students

and practitioners basic skills in theoretical asaly statistical analysis, and
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decision-making: In mechatronics teaching, somaukitions may be helpful
to demonstrate system structure to the students.

. Simulations of complex systems can vyield valuabisight into which

variables are more important than others in theesysand how these
variables interact: There are plenty of variablesniechatronic systems, and
to be able to solve the relationship between tivas@bles, simulation is an
appropriate tool. The most important variables da determined by
experimenting on the simulation model of the reakchatronic system, and

their relationships can be tested clearly.

. Simulation can be used to experiment with new 8na about which we
have little or no information so as to prepare Wirat may happen: This
opportunity leads the researchers to experience miehatronic system
entirely and gives ideas about the behaviour of ghistem in reply to
unexpected situations. Also, several scenarios beagxperimented on the
system model, and best fitting situations can lderdened using simulation

results.

. Simulation can serve as a “pre-service test” todwy new policies and
decision rules for operating a system, before mmnithe risk of
experimenting of the real system: If it is consatkethat mechatronic systems
are multi-domain, the risk of experimenting on ftieal system is higher.
Therefore, simulation can be run for a pre sertest and the experiments

can be done on the simulation model.

. When new components are introduced into a systenulation can be used
to help foresee bottlenecks and other problemsntilagtarise in the operation
of the system: This is an important point for meahac systems, because
mechatronic systems include several different danm@mponents which
should be well-integrated to each other. Therefitvere may be incongruities
between some of these components. Using simulatio®, incongruent
components can be determined and the problems eaedn clearly. Once
problems are cleared, the solution can be formedagplied onto the real

system.
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2.2. Related work

Modelling of mechatronic systems for the aim of @iation is a challenging issue.
There are plenty of works on this topic. Also, thare different methods for
modelling mechatronic engineering systems. In plaig, the main system modelling
methods that are used on mechatronic systems ilitéh&ture will be explained in

detail.

Firstly, the main methods will be mentioned in tlierature. Valasek (2010)

explains main modelling methods for multidisciplypaystems as follows:

1. Specialized tools for components and interfaces
2. Uniform modelling for uniform language

i. Equations

ii. Blocks

ili. Multipoles

iv. Bond graphs

The classification of the methods for modelling hmegconic systems can be
summarized as explained below. In the literatumeesy most of the studies can be

classified into the explained headings.

If it is necessary to take a look at the literatimsight of the multidisciplinary
systems, mathematical modelling has been a preféype of modelling for a long
time. In general, mathematical modelling is usedlock-oriented modelling. There
are many studies in literature using mathematicadietiing and blocks. Al-Sharif et
al. (2014) used this approach for building simolatmodel used in Simulink on an
elevator system as a mechatronic engineering mogelDh et al. (2009) used the
same approach for controlling a model ship. In gaost, it is necessary to indicate
that, most of the studies using this type appraactsider only the control modelling
part of the systems. For example, Zhou et al. (R01€ed the mathematical
modelling and block diagram approach for modellingy Feed Servo Control
System, based on torsion dynamics of lead-screvso,ADrumea et al. (2008)
developed a position control system based on arinariable inductor displacement

transducer using the same approach. Kalinski anthiBalz (2014) also used the
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same method for the development of a three-wheulgulle platform via hardware-

in-the-loop simulation.

It can be said that the Bond Graph Methodologynewn and has been used for
mechatronic system modelling from past to presesing this method, there have
been studies in literature in the mechatronics.areaxemplify these studies, Malik
and Khurshid (2007) state the Bond Graph Methodolag applicable on the
physical systems due to its property of showingttological and computational
structure simultaneously. They used the modellirghod on modelling the dynamic
of a car crash and simulated the model on softw&agani and Malik (2007) used
the same methodology and genetic programming fotonaated design of
mechatronic systems. Toufighi et al. (2007) modke#denechatronic actuator system
using Bond Graph Methodology. They designed antreldtydraulic actuator and

modelled the design using this methodology.

Coming to another main method, Unified Modellinghbaage, UML, is a strongly
used approach for mechatronic system modelling samailation. The structure of
UML provides the usability for multidisciplinary stems. Also, some other
methodologies developed based on the UML are ugatksigners. Tian and Wang
(2010) used UML on a case study and modelled atrabn. Also, they simulated
the model and achieved successful results. Thelyngstd approaches developed on
UML can be said as the SysML and Modelica. AbduhiRan and Mizukawa states
that SysML is a graphical language used to enaydéess engineering activities
(e.g. requirements analysis). It has been starmdddased on UML (2013). They
also implemented a SysML model on a mobile robsyistem. Using this method,
Mhenni et al. (2014) extended the SysML to achithee detailed model to make
safety analysis in mechatronic systems.

Modelica is another approach for researchers. Moalels an object-oriented
modelling language developed in past and came désept and has been popular
recently. Elmqgvist et al. (1999) states in Modelitee equations are used for
modelling the physical phenomena. This property esaklodelica appropriate for
mechatronic modelling without losing the physicapdlogy of the real system.
Regulin et al. (2013) used Modelica for modellindymamic valve-lift control in the

automotive area. In this study, the object-orientexthod is said to have lower fault
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rates by early identification of failure by gen@vatof physical models. The object
oriented modelling language enables the build-upytrid models which represent
physical and logical relations (Regulin et al., 2DHe et al. (2014) implemented a
model of a single-zone Heating, Ventilating and @onditioning (HVAC) system in

Modelica. He et al. states that, “We showed thatagqn-based object-oriented
modeling allows analysing problems that are beythad capabilities of traditional

building simulation programs.” Another study is éony Dizgah et al. (2013) who
modelled a hybrid renewable energy system (HRES}aadalone Wind-Solar Plant
using Modelica on the platform of OpenModelica. d@h et al. state that, the
developed mathematical model is declared by the dlical language that makes it

applicable for simulation.

Special tools for physical modelling of mechatromsigstems are also used by
researchers. Tatu and Alexandru (2012) studied ttheking mechanism for a
photovoltaic system. The system is designed usoigl\®orks for the solid model,

ADAMS/View for the dynamic model, MATLAB/Simulinkrad ADAMS/Controls

for the control system model. According to Tatu alexandru, the advantages of
the method are reducing the testing time by minimgizhe large number of physical
prototypes and various measurements can be pedommtne virtual environment

for different measures (force, motion etc.) in gmyint of the system. Another
research is done by Lesniewska et al. (2006) astticeed element study of the
fracture healing by a mechatronic external fixataevice was investigated using

CATIA physical model and simulation results areaitéd.

Some functional modelling approaches are also weith mentioning. Cabrera et al.
(2008) developed a project named Automatic Germratif Control Software for
Mechatronic Systems. In this project, researchetsoduce a proposal of a
framework of prototype tools that aim to supponbtcoller design for mechatronic
systems by providing control software generatione Tesearchers used Functional
Behaviour State modelling approach for high lewdtem modelling. In another
study, van Beek and Tomiyama (2008) used FunctiemaBiour State modelling
approach to connect different design aspect viewg. functional view, workflow
view, requirements view). Function-Behaviour Statpproach considers three
independent concepts of function, behaviour antk.sflso, the function modelling
provides the connection between high-level requenais and low-level details (van
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Beek, 2008). Another study that uses functional eflody is done by Zhang et al.
(2003). Zhang et al. proposed an object-orientedeldpment framework for

mechatronic systems. In their study, the functiomaldel is based on the flow of
information, energy and material. According to th&tudy, the realization of each
functional component involves both hardware andwsore. The study satisfies the
requirements for the systems.

There are some approaches that use integratiorffefethit methods. To exemplify
these types of approaches, Agdat al. (2011) proposed an integration of
mathematical modelling and physical modelling. Pgsical modelling is done on
SolidWorks platform on a Hexapod robot. The intégragives the advantage of
hybrid modelling. In another study, Schneider et(2012) used an integration of
physical modelling and mathematical modelling inreduced order, and a
behavioural model was obtained. Scherber and MBltdoer (1999) proposed an
integration platform for different type of modelijrand simulation tools to be able to
run mechatronic system models. A different intagrastudy is done by Qamar et al.
(2009). These researchers proposed to integratdlSsgad MATLAB/Simulink for
the usage of mechatronic systems. According togtudy, the resulting integrated
model is more comprehensive for the designer wheestigating various design
alternatives. They also implement their proposabamn industrial robot named the
semiconductor high speed precision laser pattanergéor.

Some studies can be said to propose relatively approaches for mechatronic
modelling. Some examples can be given in this garMlanhawy and Hammad
(2006) propose a new unified simulation approaahnfmbile robots control and
motion planning. Proposed approach uses VHDL-AMfglemge and the researchers
implemented their proposal onto Hexapod2 robotipéscu Jr et al. (2013) used
discrete modelling and Petri nets to model a mechat system, a flexible teaching
line for processing, sorting and storage. Accordinghe researchers, the chosen
modelling represents a good solution to accurdtailight the real process and to
show different properties of the discrete eventesys Miatliuk (2013) proposed a
conceptual model for mechatronic design in the shadi hierarchical systems
technology. Huang et al. (2007) developed a nevgdespproach for mechatronic
systems based on object-orientation. They used ll@ar®bject-Oriented
Specification Language (POOSL). Saleem (2010) dgneel a component-based
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modelling framework for mechatronic systems. Bin abt (2010) developed a
solution representation model based on design azatal and implemented as a

database model.
2.3. Simulation tools

There are plenty of simulation tools that can bedusy developers. However, their
aims of usage differ as well as their infrastrueturhe major seven simulation tools
used by the researchers are briefly explained im ¢hapter. These tools are also
criticized on whether they are suitable for meatatr systems modelling and

simulation in a short manner.
2.3.1. ADAMS

ADAMS (Automatic Dynamic Analysis of Mechanical $gs1s) is a powerful tool
for dynamic analysis on complex mechanical moddlin studies show that Adams
is used in co-operation with other tools. Wen et(2009) used Adams to simulate
the Manipulator of Welding Robot, used SolidWorksteate the mechanical model
and built the control model in MATLAB/Simulink uginblock diagrams, and used
the co-simulation method to bring the two modelgetber. Generally, the
mechanical part of the system is modelled in ADAMS®I the dynamic solution can
be made in this environment. However, coming todbwetrol simulation, Adams is
drawing an inadequate portrait. Although it hasefactive coordination with other
tools, when the requirements of a mechatronic sysanulation are considered,
Adams is not sufficient to simulate a mechatrogstam; it needs another simulation

tool.

2.3.2. COMSOL Multiphysics

Dickinson et al. (2013) expressed the main advastagnd disadvantages of
COMSOL Multiphysics clearly. COMSOL Multiphysicsl@alvs control of physical

equations and numerical settings, while providindigious automated defaults for
meshing and solver configuration. There are alssadliantages of COMSOL
Multiphysics. Like any discrete numerical method $olving a continuous PDE, the
finite element method introduces some numericabrerto minimise this, it is

necessary to use an appropriate mesh. Howevemadiredisadvantage of COMSOL

Multiphysics is the lack of control modelling. Theol is not suitable for control
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design and simulation. Therefore, considering ahagonic simulation, COMSOL
IS not a sufficient program, because the mechatrosystems require the

simultaneous realization of physical and controtlgiling and simulation.
2.3.3. MATLAB/Simulink

MATLAB/Simulink is an equation-based/control toathich is powerful for solving
engineering problems. The main reason is the codaiion power of Simulink. In
addition, Simulink also allows the choice of thmei step for the simulation and the
choice of different types of ordinary differentifjuation-solvers (Spiryagin et al.,
2012). George et al. (2011) used Simulink to imm@#at an Aircraft Landing
System. The energy functions used inside the bltiegrams, and as it can be

understood, they used the block diagrams to mbeal $ystem.

However, it has a main disadvantage of not haviregdapability of modelling the
whole system displaying the physical entities. MAB/SIimulink uses

mathematical modelling, but in mechatronic modglland simulation, the physical
system and the kinematic part carry a crucial ingrare. MATLAB/Simulink is a

powerful tool for control modelling and simulatidmt not for mechanical systems.
Physical modelling is needed in mechatronic moaglland simulation, however,
MATLAB/Simulink loses the physical topology of tldesigned system, therefore

does not provide the engineers this type of mauglli
2.3.4. AMESIm

Guangbu and Rugiong (200&odelled a belt conveyor dynamics model with a
finite unit model and used AMESim to simulate thewodel. AMESim is designed to
develop and analyse multi-disciplinary system med&lainly AMESIim provides
the advantages of simple combining validated coraptsfrom various libraries
covering different physical domains, and providragid and accurate solutions, also
a good interface with other simulation softwarecdh be said that the AMESim tool
has the physical modelling and signal modellingrapphes, as well as the equation-
based modelling. Therefore, AMESIm is suitable feechatronic modelling and
simulation. However, it should be considered tlhat performance is an important
point and AMESIim may need the help of another toomodel and simulate the

desired system.
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2.3.5. Modelica-based tools

Modelica is a highly flexible, open-source languégeneet the needs for modelling
and simulation. Thanks to open-interface structfréodelica, users can develop
their own libraries. Another advantage of Modelisahe “reusability” that comes

with the object-oriented feature amagausalmodelling. Acausal modelling means

that relationships between equations are not baesechuse and effect, and brings
direct usage of equations instead of assignmem¢rsémts. The structure of the
model naturally corresponds to the structure of ghgsical system in contrast to

block-oriented modelling tools such as Simulinkitéson, 2011).
2.3.5.1. SimulationX

SimulationX is software for valuation of interactiof all components of technical
systems. Wei et al. (2011) took the advantage ofuiitionX software platform.
Based on physical modelling, they built a vehictevprtrain model. The vehicle
transmission network-modelling method is based lon ghysical structures. The

model is composed of the connections and compoétte powertrain.

It is obvious that the whole system can be modeibggether in SimulationX. The
mechanical part and the control part can be impteeteand realized at the same
time; also the simulation of the two is done simndously. As it is mentioned
before, this is the core of mechatronic simulatiSimulationX tool uses all three
approaches of physical modelling, signal modellamgd mathematical modelling
together. That is the reason for SimulationX isappropriate tool for mechatronic

modelling and simulation providing all the easiness
2.3.5.2. Dymola

Dymola is a component based modelling and simuiaibol that has unique multi-
domain modelling capabilities (Dempsey, 2006). Dianlbas a wide-range library
preference. In Dymola, the physical network camexgressed in the model, and also
the control model can be built. Also, accordingd®mpsey (2006), it is possible to
define large, complex systems and re-use them fiiereint simulation problems

without having to change the system model itself.

20



Simic et al. (2007) used Dymola to model a cooystean for an internal-combustion
engine. They used object-oriented modelling to en@nt the physical parts with the
mathematical equations. According to Simic et a00F), the Modelica language
allows the implementation of ordinary and algebudiiterential equations of multi-
domain physical systems. This point also makes Dgnaoreally strong tool for
mechatronic simulation, as well as involving theygibal and control modelling

inside.
2.3.5.3. OpenModelica

OpenModelica is currently the major Modelica openrse environment. Based on
Modelica language, OpenModelica can perform the efiiogy and simulation of
dynamic systems. As it is mentioned in Dymola p@penModelica has the major
advantages of Modelica. OpenModelica is a powedal to perform mechatronic
system simulation, because of the flexible striectfrModelica and its own dynamic
environment that supports physical modelling andtr@d modelling at the same
time. Szolik and Zakova (2012sed OpenModelica to provide the remote control of
a thermo-optical plant. They used object-orientextietiing; however, the explained
system model is closer to information techniquégrdfore includes information

flow.
2.4. Tool selection

Tool selection will be done considering the pregiguexplained tools. These tools
can be grouped into three, according to their ptats. These groups are named as
multibody dynamics tools, block-oriented tools asigject-oriented tools. All these
have advantages and disadvantages. First, theapsgvall be explained in detail.
After that, the most appropriate group will be afosis the infrastructure. Then, the
tools included by this group will be given shortlyhe suitable simulation tool will
be chosen for the implementation of the system lwHias been studied and

explained previously.
2.4.1. Multibody dynamics tools

These are mainly based on the mechanical systenelhmgg and therefore the
simulation is done on the physical model. Genertilgse tools are used for co-

simulation with another tool, because of the ladkthee control modelling and
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simulation. On this type of tools, energy flow cha seen easily. Especially the
mechanical energy flow can be seen clearly becafisike structure of the model.
The physical model is a mechanical system modelveayer, this is only one part of

a mechatronic system.

Mechatronic system includes also the electronicthadnformation parts. Therefore,
the flow of information should be shown on the sanwel. The mechanical model
is insufficient to display the flow of these erd#i Therefore, these entities are
generally shown inside another simulation tool aftdr that the results (that means,
the output information of the other tool) is giveside the mechanical system model
as an input. This lack of information processing arformation flow is a handicap

for multibody dynamics tools, in the point of metrbaic view.
2.4.2. Block-oriented tools

Blocks are used in modelling of the real systenocB$ can be used to define the
entities for information, energy or material, bexawf the reason the mathematical
relations are embedded inside the blocks. Howetber,block diagram loses the
physical topology. The relations between the paftshe system and subsystems
cannot be shown clearly; in addition the physidalcture is lost. These parts are
defined only in an abstract level mathematicallysind block diagrams, the

differences and/or similarities between entitiesntd be displayed. This is the main
disadvantage of the block-oriented tools. Also, heck diagram only shows the

mathematical relations that include equations. H@wndt cannot be seen which kind
of input flows into the system and which kind oftput is observed. Also, the

conversion step cannot be defined clearly. Thaigxample of physical losses.
2.4.3. Object-oriented tools

This type of tools is the most suitable one for hatiwnic modelling and simulation.
This is the result of the clear definition of tharis. Whole parts of a mechatronic
system can be easily defined using an object-atetol. The inputs and outputs
can be created independently or relatively. Alsts not an obligation to define input
entities and/or output entities explicitly. An otfjenay include both input and output
entities. This type of tools provides the chancedefining all of the parts that a

mechatronic system includes. The physical domambzadescribed as well as the
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information domain. Therefore, the information fl@amd the physical flow can be
shown in required relations, using the importamapeeters, and this situation gives
the designer to follow the conversion, consumptiad the flow of the information,

material and energy. The mechanical part and tikraopart can be implemented

and realized at the same time; also the simulatidhe two is done simultaneously.

According to the structure of the systems that ngplemented by means of
mechatronics, one of these three approaches isechas most suitable for
mechatronic systems. The most appropriate typenailation tool for mechatronic

applications can be said to be the object-oriendeds. The reason for that is the
entities can be implemented easily inside the ¢fgdented tools. These entities are
not obliged to be in the same domain, different dos can be implemented in the
same model using object-oriented tools. The relatibetween different-domain
objects can be shown quite easily compared to tloekimriented tools and

multibody dynamics tools.

The SimulationX, Dymola and OpenModelica tools &fedelica-based object-
oriented tools. They all have advantages and desstdges. All three tools provide a
high opportunity for the implementation of complsystems due to their object-
oriented structures that use Modelica modelling gleage. However, the
OpenModelica tool is chosen due to its open soercgronment. This feature of
OpenModelica provides free access to the tool ang ieasy to get this tool.
Therefore, the implementation of The Rose Harvgsiobot will be performed in

OpenModelica tool for this reason.

In OpenModelica, first the objects are implementifier defining the objects, the
system process is attempted to be implemented.olitputs are observed from the
system model implementation. The relations betvwiberobjects are established and
the system simulation is executed. In this chaptes, study on Rose Harvesting
Robot using OpenModelica will be explained in detai

2.5. Conclusion

Simulation is an important tool for testing thetsyss not on the real system but on
the replica of it. The experimentation can be ssalion the system model and the

results may lead the researchers to more accuestigid solutions. Mechatronic
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systems are especially complex engineering systérasefore experimenting on the
real system is risky and costly, in addition to tieaviour of the system may not be
clear. Also, system structure cannot be clarifiedilg due to the multi-domain
components, and the appropriate components shauldhbsen for mechatronic
systems to provide the accuracy and system perfaxenalhese criteria can be
measured and clarified by using simulation metHodconclusion, simulation is a

significant way to find out, observe and develapechatronic system.
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CHAPTER 3

IMPLEMENTATION OF CASE STUDIES ON OPENMODELICA

In the scope of this thesis, two chosen mechatrepgtems are implemented on
OpenModelica tool. These two systems are respégtimgerted Pendulum System
and the Rose Harvesting Robot System. These systdhize explained in detail in
this chapter. The model constructions will be pded. After that, the
implementation on the chosen tool, OpenModelic#, e realised and the obtained

results will be provided.
3.1. Inverted Pendulum

Inverted pendulum is a simple mechanism basedpemdulum that is upturned with
respect to the x axis, and positioned onto a whlee#et to be able to control the

system. The pendulum must preserve its positiostant
3.1.1. Simple Inverted Pendulum

Inside OpenModelica, using the “writable” modellirgsimple inverted pendulum is

modelled and simulated. A simple inverted pendubam be seen in Figure 3.1.

—
M - F 5

T77777777777777777777777777777
Figure 3.1. Simple inverted pendulum system
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The simple inverted pendulum equations of moti@gwen below (Coller, 2015).

mgsiné = mkcosd —mlé
F +ml& —mlé?sind = (m+M)x

Here,

F: Force acting on the cart

M: Mass of the cart

m: Mass of the pendulum

x: Displacement of the cart

O: Angle of the pendulum

I: Length of the pendulum link

g: Gravitational acceleration

The model is set up using OpenModelica “writabl&tiorm. Model listing can be

shown in Figure 3.2.

model invertedPendul

constant Real PI = 22 / 7;

parameter Real m = 0.2, M = 0.5, L = 0.3, g = 9.81;
Real F;

Real ref = 0;

output Real x(start = 0), theta(start = 0.1 * PI /
180);

output Real vx, vang;
equation

m ¥ g * sin(theta) = m * der(vx) * cos(theta) - m *
L * der(vang):

F+m?*TL *¥ der(vang) - m ¥ L * vang ~ 2 *
sin(theta) = (m + M) * der(vx):

der (theta) = wvang;

der (x) = vx;

F=0.5* (ref - vang):;
end invertedPendul;

Figure 3.2. Simple Pendulum model on writable plaitf of OpenModelica

In this model, a proportional controller is usedttwe control of the pendulum angle.
The signal is given to the system according tar#fierence angle. Reference angle is

given as 0, thinking of the pendulum an@i¢o be 0.

The results for the simulation of this model carsben in Figure 3.3, Figure 3.4 and
Figure 3.5.
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Figure 3.3. The input force given to the system

=== theta

ref
0,002 —

0,0015 —

0,001

\
|
¥
1
|
|
|
|
|
i
I
|
1
I
414
0,0005 — =
i
|
1
1
|
1
1
1
|
1
|
1
i
1
1

-0,001 -~ ;

T T

Time (s)

Figure 3.4. Reference angle and actual theta

27

10

10



der(vx)

der(x)

Linear velocity (m/s), Linear acceleration (m/s"2)

Time (s)

Figure 3.5. Linear speed and acceleration of pemdul
3.1.2. Inverted pendulum with inertia of moment

Another reference for equations of motion for Ingdr Pendulum System is the
Control Laboratories webpage. These equations decinertia of moment, which
means reflect the real physical system better.skiseem and the free body diagrams
can be seen in Figure 3.6.

m,I
P
I
| X mg
’ N N
ol ]
—_—| M F friction
P = bx
Q Q
: O |—> X

Figure 3.6. Inverted Pendulum and the free bodgrdia
The equations are derived using the free body dragr

MZ+bi+N=F (1)
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N = mé# + mlf cos — mif*sin @ (2)

From (1) and (2), first governing equation:

(M + m)& + bz + mifcos @ —mlf®sind = F (3)

and

Psin@ + N cos@ — mgsin 8 = mlf + m# cos @ (4)
Plsin® — Nlcosf = I (5)

From (4) and (5), second governing equation:

(I + mlz)(')' + mglsin @ = —mlZ cos @ (6)

These equations are linearized about the verticgilyard equilibrium positiorj=x.
Therefore, the deviation anglé, should be referenced to 0. That s, © + ¢.

Linearization is done as follows:

cos 0 = cos(w + @) =~ —1

sin@ = sin(x + @) =~ —¢

02 = ¢ =~ 0

After the linearization, the equations for invertpdndulum can be written as

follows:

(I + ml?)@—mglp = mI%
(Mm+M)X+bx—mlp=F

Here, | is the inertia of the cart and b is thefftoient of friction for cart.
The listing for model is shown in Figure 3.7.

model InversePendulum
parameter Real m = 0.2, M = 0.5, b = 0.1, 1 =
9.81;
Real F, ref = 0, p =15, d = 0.3;
output Real x(start = 0.5), phi(start = 0.1 * 3.1415 / 180);
output Real vx, vang;
equation

o

.3, I =0.006, g =

(I +m*1"2) *der(vang) —m * g * 1 * phi =m * 1 * der(vx);
(M +m) * der(vx) + b * der(x) — m * 1 * der(vang) = F;

der (phi) = vang:;

der (x) = vx;

F=p * (ref - phi) + d * der(ref - phi);
end InversePendulum;

Figure 3.7. Inverted Pendulum model using inerigde the equations of motions.
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Angular position (rad)

In this model, a PD controller is used to conth@ pendulum. Reference angle is set
to 0 because of the angte is the deviation. The results for the simulatioh o

controlled system can be seen in Figure 3.8, FiguWend Figure 3.10.

0,02

"1

Force (N)
T
e
< )
(¢

-0,01 '\}»'

-0,02 4

-0,03 =1

T T T T 1
0 2 4 6 8 10
Time (s)
Figure 3.8. The input force given to the systenhwiertia
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Figure 3.9. Reference angle and actual phi foresystith inertia
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Figure 3.10. Linear speed ana dcceieration foresystith inertia

3.1.3. Modelling Using Object-Orientation and Graphical Interface

The inverted pendulum is also modelled using thaplgcal interface of
OpenModelica.

The pendulum is modelled using seven differentselas These classes are: Cart,
Pendulum, Link, Controller, AngularSensor, Senson@ctor and the base class

InvertedPendulum, which is the class where allabjare connected to each other.
The classes are explained in detail below.
3.1.3.1. Cart

This class includes the simple parameters for #repart of the inverted pendulum

(Figure 3.11). These parameters are given as:

- Input force

- Mass of the cart
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Force between the pendulum and the cart
Angle between the pendulum and the cart

Linear position of the cart

model Cart

constant Real pi = 3.1415, g = 9.81;
Real Mass = 0.5;

Real Angle(start = 1);

Real T, x, xdot, xddot;

Real F;

//pendulumForce, acceleration

//Link L;

//Signal signal;

Link L annotation(Placement (visible =
{24, 24}}, rotation = 0), iconTransform
40}}, rotation = 0)));

Signal signal annotation(Placement (Vi ———
{{-22, -22}, {22, 22}}, rotation = 0),
{27, 27}}, rotation = 0)));
equation

F = signal.signal;

T = L.Tforce;

Angle = L.angle;

xdot = der(x):;

xddot = der (xdot);

F - T *¥ sin(Angle) = Mass * xddot;

Figure 3.11. The graphical display for the cart

3.1.3.2. Pendulum
The pendulum class can be seen in Figure 3.12jdimg the parameters of

Pendulum mass,

- Link length,

Angle between pendulum and the cart,
Force between pendulum and the cart,

Angular acceleration.

jiodel Pendulum

constant Real pi = 3.1415, g = 9.81;

Real mass = 0.1;

Real angle:;

Real length = 0.5;

Real T, a, ax, ay;

//Link 1nk;

//AngularSensor sensor; N\

//pendulumForce, acceleration

AngularSensor sensor annotation (Placement (v
{{-56, -56}, {56, 56}}, rotation = 0), iconTr
{40, 40}}, rotation = 0)));

Link 1lnk annotation(Placement (visible = tru
{41, 41}}, rotation = 0), iconTransformation(
rotation = 0)));
equation

a = ax + ay;

T * sin(angle) = mass * ax;

(-T * cos(angle)) - mass * g = mass * ay;

1lnk.Tforce = T;

lnk.angle = angle;

sensor.Angle = angle; —

P
'~

'~

Figure 3.12. The Pendulum listing and the graprdcadlay
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3.1.3.3. Link

Link class is a connector type object. This clasthe main responsible class for the
connection between the pendulum and the cart. At@o¢common variables for these
two classes, the angle and force between cart andutum are shared using this
object. Figure 3.13 shows the Link class.
bonnector Link

flow Real Tforce;

Real angle;

annotation (Diagram

initialScale = 0.1, ¢
FillPattern.Solid, e:

100}}, preserveAspec: _

{0, 8}, fillpattern :
end Link;

Figure 3.13. The listing for the Link class and it@n used for it.

3.1.3.4. Controller

Controller class is the one that includes the adliig equations. A PD controller is

used inside the class. The desired theta anglefiised in this class. Also, this class
is connected with the Pendulum class and the dass éndependently. The needed
parameter (actual theta) is provided by the Pemdulass using the AngularSensor
class, and the desired signal is given to the €ass via Signal class. The Controller

class can be seen in Figure 3.14.

/ gnal s;

Real desiredTheta = 0.01;

Real Theta, e, u;

parameter Real Kp = 10, Rd = 0.3;

AngularSensor sensor annotation(Pl:

{{-47, -47}, {47, 47}}, rotation = 0]
37}}, rotation = 0))):

Signal s annotation(Placement (visil —~
{{-42, -42}, {42, 42}}, rotation = 0]
49}}, rotation = 0))):
eguation

Theta = sensor.Angle;

e = desiredTheta - Theta;

u=EKp ¥ e + Rd * der(e);

s.signal = u;

P
~

'~

Figure 3.14. The Controller class model and thelycal display.
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3.1.3.5. Angular Sensor

AngularSensor class is a connector class betweenP#ndulum and Controller

classes (Figure 3.15). This connector carries theable “Angle” and gives the

opportunity to use it in Controller class.

konnector AngularSensor

Real Angle;

annotation (Icon(coordina

initialScale = 0.1, grid = _—
lineThickness = 2, extent "' \\
{{-100, -100}, {100, 1003}

{Ellipse (origin = {1, \

-31}}, endAngle = 360)})): \/

end AngularSensor;

Figure 3.15. Angular sensor class and the icon fegat

3.1.3.6. Signal

The Signal class is mainly responsible for carrytimgcontrol signal to the Cart class

as the input force. This class is a connector gfass and only includes the “signal”

parameter. Figure 3.16 shows the listing for trgn8&li class and its icon used in the

graphical modelling.

connector Signal

Real signal;

annotation (Diagr:
initialScale = 0.1,
0}}, pattern = Line
100}}, preserveAsps
points = {{-59, 0},
end Signal;

Figure 3.16. The Signal class and the graphicalalys

3.1.3.7. Total Inverted Pendulum Model

The inverted pendulum system is set up in this rhotlee defined classes are

connected to each other inside this class. Thehgrapmodel setup is shown in

Figure 3.17.
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Figure 3.17. The connection between the elementsisystem.

After the connections are set up, the related émpmiare provided in the writable
part. Only the equations for motions are givendaghis model. All other necessary
variables and calculations are made inside the platses and the graphical
connection also provides the needed relation ab#ukstage of the OpenModelica
software. The listing for the Inverted Pendulum elod shown in Figure 3.18, as

well as the icon is shown in Figure 3.19.

hodel InvertedPendulum
constant Real pi = 3.1415, g = 9.81;
Real mp, mc, theta, thetadot, thetaddot;
Real x, xdot, xddot;

Real Lp;

Real F;

Cart Cart annotation(Placement (visible = true, transformation(origin = {4¢
-39}, {39, 39}}, rotation = 0))):

Pendulum pendulum annotation(Placement (visible = true, transformation(orig
{{-41, -41}, {41, 41}}, rotation = 0))):

Controller kontrol annotation(Placement (visible = true, transformation(ori
{{-32, -32}, {32, 32}}, rotation = 0)));
equation

connect (pendulum. sensor, kontrol.sensor) annotation(Line (points = {{8, 44}
-52}1}1)):

connect (kontrol.s, Cart.signal) annotation(Line(points = {{-23, -52}, {7,

connect (Cart.L, pendulum.lnk) annotation(Line (points = {{4S, -25}, {49, -2

F = Cart.F;

Lp pendulum. length;

mp pendulum.mass;

mc = Cart.Mass;

theta = Cart.Angle;
thetadot = der (theta):
thetaddot = der (thetadot):
X = Cart.x;

xdot = der(x):;

xddot = der (xdot):;

-mp * g * sin(theta) = mp * xddot * cos(theta) - mp * Lp * thetaddot:;

F + mp ¥ Lp * thetaddot * cos(theta) - mp * Lp * thetadot ~ 2 * sin(theta)

Figure 3.18. The listing for the Inverted Pendul@iass
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Figure 3.19. Icon for the Inverted Pendulum system.

Results for the system can be seen Figure 3.20ré-8)21 and Figure 3.22.

Angular position (rad)

-0,2
-0,4

-0,6 -

kontrol.desiredTheta

theta

Z

Time (s)

Figure 3.20. Theta and reference angle for objaerted modelled pendulum
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Figure 3.21. Angular speed and acceleration foeakpriented modelled

pendulum system
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Figure 3.22. Input force for owjtcrievteded moddlpendulum system



3.1.4. Conclusion for Inverted Pendulum System

The inverted pendulum system was modelled in Opeateiica using both writable
and graphical platforms. First, the system was rtedien writable platform and
equations of motions are used in only one clasterAliat, a more complex system is
modelled again in writable part. Lastly, the systsnmodelled part by part, using
different classes. The integration of the classegeovided inside another class. All
three systems follow the desired reference anconérol of the inverted pendulum

system is successfully modelled and simulated uSipgnModelica platform.

Inside the Control Tutorials for MATLAB and Simukrnwebpage, several dynamic
systems are clearly explained besides the invgréedlulum system. These systems
are also examined and DC motor system is implerdesieOpenModelica to clarify
the dynamic system modelling and simulation usirgdMica language. In order not
to destroy the integrity of the thesis, DC motordeiing and simulation results are

placed in Appendix part, and if required, can bense Appendix.
3.2. Rose Harvesting Robot

Rose Harvesting Robot is a robot which is used reeighouses for the aim of
harvesting rose flowers in order to sell in flowstiores. This robot has been
developing in Mechatronics Laboratory in Atihm Weisity by researchers. In this
chapter, the Rose Harvesting Robot will be examinedetail in functional model

and will be modelled. After modelling the systerhe tmodel will be adapted to
OpenModelica and simulated to observe the inpuliscartputs, as well as the system

behaviour.
3.2.1. System overall

Rose Harvesting Robot is a kind of robot that nee®ithe pots, which carry the rose
plants. After receiving the plants, the robot sernbe roses upside from the pot, in
other words, the sensors take the image of theplase from top view. After taking
the image, robot processes this image and deteetsose flowers’ positions and
ripeness. The ripe roses are determined to beAdtdr the decision making, the
mechanical part is run. The rose flowers which Wil cut are found by the arm.
After that, the cutting position is decided aftekihg the image of the stem and
processing the image. Then, the gripper holds tdm@ snd the shears cut the stem.
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The rose flower is put into a container. All ripgses are cut and after harvesting, the
trimmed rose plant will be sent to its place.

3.2.2. Inputs and outputs of Rose Harvesting Robot

Like every system, Rose Harvesting Robot has inmutputs and a process inside
the system. The inputs and outputs of the systdhb&iexplained below.

First input of Rose Harvesting Robot is the rosmplSecond input is thenage of
rose plant. The image is taken by the system usemgors. As said before, sensors
are chosen as camera for this system. The canlara the image of the rose plant
from top view. After receiving the input informatipthe related subsystem will
process on it. The required information can berdefias follows:

* The presence of rose flowers
* The ripeness of the rose flowers

» The positions of the rose flowers

Processing the image of the rose plant, the systaains this useful information in
two steps. First, the shape and diameter of the flosvers, the colour of the rose
flowers, etc. are determined by the system usiagdrttage. In second steysingthis

information the useful information written above ashieved. These are the first

outputs of the system.

This process can be named as the information csiover The beginning input
information is processed and converted. The coesglemiformation is used again
inside the system to make decisions to be abletfmmn the system task correctly.
The ripe rose flowers are detected and their in&tion is used. Correct information
enables system to send required signals to mediasubsystem and the cutting

system perform the tasks.

System task is realized in the mechanical part.s@hiasks can be clarified as

follows:

* Finding the ripe rose flower using the positiorormhation of the rose
flower

e Cutting the rose flower
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As it can be seen clearly, the mechanical part tieegput material. The input rose
plant possesses the rose flowers which are wapotddrvest. The mechanical arm
finds the ripe rose flowers one by one. Then, tieass cut the rose flower from its

stem.

Here, a material change is in question. The inpatenal, rose plant, undergoes a
change. The possessed rose flowers are cut fromo#e plant. Also, there is a
material production. There is a new material predichis is the rose flower. This
whole process is named as the material convergigide the system, also another

new material produced from the input, this is tiv@rmed rose plant.

A more detailed system structure can be seen iar&ig.23. In this figure, Rose

Harvesting Robot is shown by means of the inforamatmaterial and energy flow.

The information conversion and energy conversiom #he system process that is
the rose harvest can be seen in the same figure.

Also, the inputs of the image of rose plant, eleatrenergy and rose plant material,
and the outputs of trimmed rose plant, rose floveers feedback information can be

seen clearly.

ROSE PLANT IMAGE _____

e A
ELECTRICAL : Feedback | output
f 1 information
ENERGY X ! (COUNT OF
v b ! ROSE
Information (" ) - -FI-_QXVERS)
Tl conversion e >
(IMAGE | Energy System task
PROCESSING)| ! conversion performance
System | to N
Oyeration | i (ROSE Material
P H . | mecHANICAL| | cuTTing) [T (ROSE
— . | ENERGY FLOWERS)
DeCI.SIOI’l : Material
making I R »| conversion
Waste
Material
TRIMMED
ROSE
ROSE PLANT PLANT
— Energy Flow - - Information Flow Material Flow

Figure 3.23. The overall system of Rose Harved®abot
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3.2.3. Rose Harvesting Robot Function Model

The Rose Harvesting Robot system will be modellsitigi component modelling.
This type of modelling eases the understanding tatb@ucomponent structure of the
system. Sub models can be easily set up due tdutieional model; also the
relations between inputs and outputs can be seanl

On the other hand, system will be modelled in gpsitad form. The stem grabbing
and cutting position determination parts are omiftem the system which will be
modelled on the simulation tool to prevent the claxipy. Moreover, the
environmental objects will not be modelled and iempénted on the simulation
platform. Only the Rose Harvesting Robot and itsnponents will be the major
issue for this study due to the component modelllhgs useful for the writer to
indicate that the transportation of the pots is tw subject for this system,
especially in the context of this study. Therefongjther in modelling nor in

simulation parts the pot transportation will be lexped.

Now that, the Rose Harvesting Robot will be examiina the view of its

components.

Rose Harvesting Robot System consists of threeystdss. These are Robot
Vision, Operator and Cartesian Robot Arm subsystefhe component model of

Rose Harvesting Robot is shown in Figure 3.24.

\
Rose
Harvesting
Robot

A A A
Robot Vision Operator Rcoak';;issrr;
Subsystem Subsystem

Subsystem

Figure 3.24. Rose Harvesting Robot subsystems

Each subsystem will be examined in detail undearsgp headings. As preliminary

information, the system will be briefly explainedthis part.

* Robot Vision Subsystem:ls a type of electronic subsystem. The realization

of the rose plant will be performed using electcosolutions. In modelling,
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functional model will be used. Inside the modelis tsubsystem is also
assumed as the image processing part. Becausee ak#h system uses a
digital camera for information gathering, this q@uent is met using some
algorithms during the implementation. The inforroatiabout the input is

obtained with this method. Therefore, it can bed ghiat the information

process starts in this subsystem.

e Operator Subsystem:Is a type of Information subsystem. The important
decisions are made inside this subsystem as welpasational control. This
subsystem is a computer in real system. This coenpstused as a bridge
between the Robot Vision Subsystem and Mechaniadbsystem. In
modelling of Operator Subsystem, it will be in g@me position. Functional
model will be used for implementation and its miainctions will be defined
inside the implementation part.

e Cartesian Robot Subsystemls a type of Mechanical subsystem. This Robot
Arm is the processing part of Rose Harvesting Robbis part performs the
harvest. Therefore, this is a crucial part for fRebot. This mechanical
subsystem is modelled mathematically first. Afteatf it is implemented on

computer platform.

3.2.4. Rose Harvesting Robot Modelling in OpenModelica

In OpenModelica, first the objects are implementifier defining the objects, the

system process is attempted to be implemented.olitputs are observed from the
system model implementation. The relations betwberobjects are established and
the system simulation is executed. In this chaptes, study on Rose Harvesting

Robot using OpenModelica will be explained in detai

In real world, explained three subsystems are coetbinside a higher level system
(Rose Harvesting Robot). The subsystems are casuhect each other in this
platform and forms the top-level system. This asdgroombines different kinds of
systems and composes a mechatronic system. Inalvimhedium, these three
subsystems are implemented and they are connexteaich other in a higher level

system, establishing a mechatronic system model.

Some assumptions are made during the modellingseTare written below.
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RobotVision part will not consider the z-axis. Ttexognition of the stem is not

taken into consideration.

Input images include only one rose flower. Recagniis made accordingly. Also,
the images have a maximum size of 25x25 pixels.ifftages are assumed as taken

from the pot having a size of maximum 750x750 mm.

Mechanical part is assumed as showing the displecemf the robot arm. The
scissors and cutting procedure is omitted from niexhanical part. Only a CUT

command (1 or 0) expresses the cutting process.

The implementation of Rose Harvesting Robot on Qjmtelica is made as a class,
putting all three subsystem implementations togetRese Harvesting Robot class
can be seen in Figure 3.25. The classes of OpefRtdrotVision and Cartesian will

be explained in detail in next sections.

model RoseHarvesting
Operator op:; ®
RobotVision v; 55{]

\

Cartesian c; /
eguation

connect (v.p, op.q):
connect (op.xr, c.p): ,
end RoseHarvesting; S

Figure 3.25. Rose Harvesting Robot class and tyghgeal representation
3.2.5. General Structure of Robot Vision Subsystem

Under the Rose Harvesting Robot, a robotic visiar ps included. Robot Vision
Subsystem is the information source for Rose Haingg&Robot. The visualization is
realised by this part. A simple display for Robosign Subsystem is shown in
Figure 3.26.

inpat ROBOT VISION e
(Image of the ( SUBSYSTEM (Position of the
Rose Plant) Rose Flower)

Figure 3.26. Robot Vision Subsystem, input and wutp
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This subsystem should be separated into compon&hts.decomposition model
gives the needed objects while using the objeented modelling. The separation of

the Robot vision Subsystem is shown in Figure 3.27.

Robot Vision
Subsystem
1
| V |
Image Image
Acquisition Processing
Rose Rose Positionin
Camera Object Determining . 6
. Function
Function
Image . Value Matrix Coordinates

Figure 3.27. The Components included by Robot ViiSabsystem

As it can be seen in Figure 3.27, the Robot ViSobsystem has a hardware part for
image acquisition, and algorithms for two main fioas:

» Sensing the rose flower (Recognition)

* Finding the position of the rose flower (Localizat)

For meeting these two functions, first the hardwiamage acquisition part will be
setup. Secondly, algorithms for segmentation anchlipation are usedThe
hardware and software parts will be separatedignstiudy, because the algorithms to
segment the rose flower and positioning will beduseside the Operator, which is
the information subsystem of the Rose HarvestingdRolnside the Robot Vision
Subsystem, chosen hardware and the input informatith be explained. After that,
the components of Robot Vision Subsystem, the Camigject, Image object and the
Function objects, will be defined. After that, tgperator Subsystem will use the
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related image processing algorithms and hence Tdse Riarvesting Robot will

sense and segment the rose flower.

In real system, chosen alternative for image adipnsis using a digital camera
(Figure 3.28). The camera used on Rose Harvestgpthas the properties seen in
Figure 3.29.

Figure 3.28. The camera used in real system

Codec imoge see (Hx V) 1920 % 1440,1600 x 1200, 1680 x 1056, 1920 x 1080, 1440 x
1280 x 1024 1024 x 768,1024x 576,800 x 480, 768 x 576, 7
384 x 288 320 x 240, 320 x 192 (H.264 MPEG-4, JPEG)

Video compression format H.264, MPEG-4, JPEG
Codec streaming capability Dual streaming
Maximum frame rate H264:20 fps (1920 x 1440) /30 fps (1920 x 1080)

MPEG-4: 15 fps (1920 x 144D) / 20 fps (1920 x 1080)
JPEG: 10 fps (1 920 x 1 44D) /15 fps (1 920 x 1080

Figure 3.29. Specifications of the camera relatediage

It is obvious that the input information for imageocessing algorithm is the
photograph of the rose plant in real system. Howebased on the conceptual
design, while modelling the Robot Vision systene fhotograph input set will be
created by researcher and passed over to theddiatetion objects for the process

of Recognition and Localization.
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From this point, the input set should be createdfally. The assumed inputs should
be suitable for processing. Therefore, firstly thege properties of the real setup
should be known. Image definition should be caftgfahade. After that, related

implementations can be done in a healthy way.
3.2.5.1. Image Definition

As it is known the previous parts, robot vision sggiem obtains the images from
real world. In specific, the vision subsystem ofsBdHarvesting Robot takes the
photograph of the rose plant and image is processedhe Function objects.
Therefore, the objedimageshould be clearly defined just before the modelliig
the Robot Vision Subsystem. After this step, theepsteps for image processing can

be done in an easy way.

A digital image is formed of pixels and each pikak three values named R, G, and
B (Figure 3.30). The letters stand for Red, Greed Blue. Each of these has a
numerical value ranging from 0 to 255. Therefohe, mixture of these three values

expresses secondary colours (Figure 3.31).

Figure 3.30. Pixels of an image and the RGB disptagf one pixel

Figure 3.31. RGB colour space
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3.2.5.2. Input Image for Rose Harvesting Robot Mode

The image taken from the camera will be define@ asatrix of pixels, which have
own RGB values and this information will be usedimiy the image processing. In
physical system, the real photograph has the resolof 640x480 pixels. However,
in this study the Image object is defined in a denmanner in order to achieve
easiness and avoid unclearness. It is assumedhthaize of the image taken from
the Camera is approximately 20 times reduced. Ttvxrethe image has a matrix
value of less than 32x24. Because of not beingilples® use physical sources in
modelling, this minimization will help the imageqggoiuction for simulation from a
hypothetical resource. Another point is related hwiDpenModelica software.
OpenModelica platform cannot be able to cope withhér resolution images. This

issue will be mentioned later.

The actual images used in Rose Harvesting Robow gshe rose plant and rose
flowers. Therefore, while filtering, the RGB valukes rose flowers will be used. To
do this, a minimum and a maximum RGB value forserfiower will be determined.
An assumption related to this point may be saidsesl rose flowers will be a shade
of red (Figure 3.32).

Figure 3.32. Rose flower

3.2.5.3. Input data pool for images

A sample input data pool is created using 20 imdagken previously. For image
process, the RGB matrices of sample images wilused. Because of the lack of

necessary functions inside OpenModelica, these R@Bices are obtained as a

47



preliminary work by using MATLAB. Therefore, the pat space is previously

determined by the researcher with the help of MABL&nd arranged with the help

of Microsoft Excel before using in OpenModelica. sample input image which

obtained sing the rose flower image seen in Figusg is shown in Figure 3.33.

Figure 3.33. The small-size image obtained frorosz flower image.

The RGB matrices of related image are obtainedguglIATLAB, and the values are

seen in Figure 3.34.

28,75,58,89,55,37,82,155,88,160,103,78,171,202,93,228, 255,255,226

3 48,51,148,39,191,228,214,122,176,148,84,230,132,141,255,238,255

3 ,6,129,151,202,150,192,198,235,141,187,206,120,160,189,255,252
29,29,12,1,104,187,139,222,239,233,184,137,176,255,147,57,244,186,168
44,7,99,175,206,159,211,255,234,246,250,229,228,251,103,112,225,255,230
16,59,220,183,209,195,241,224,155,142,178,212,240,201,133,121,72,255,195
0,37,209,176,160,225,182,115,118,139,101,136,148,207,178,111,166,193,222
163,64,11,145,243,192,84,132,176,89,133,117,168,170,132,123,129,231,217
188,199,111,159,123,220,86,134,179,204,108,110,226,139,152,160,180,94,136
137,238,79,38,221,220,116,107,176,174,150,133,101,240,198,146,136,145,220
76,128,88,86,237,163,197,197,120,122,106,186,255,202,227,86,129,23,62
26,78,42,124,202,196,103,164,225,195,160,148,173,170,213,33,193,51,97
60,101,107,56,193,201,150,154,126,94,100,106,144,146,160,162,147,119,157
90,41,21,78,111,168,193,157,159,210,161,77,196,101,156,158,179,166,180
13,3,49,121,116,33,112,167,178,169,171,110,128,119,150,124,126,112,137

12,74,86,126,82,68,130,212,146,220,165,128,187,212,118,246,251,255,200
29,37,76,83,171,54,203,230,202,114,189,172,104,251,159,159,253,222,255
S 1,32,142,136,139,40,36,51,151,112,212,250,150,176,195,255,250
55,5%,34,8,84,124,14,49,24,25,31,41,143,255,162,74,251,191,173
55,18,107,154,129,31,41,81,43,55,57,49,76,154,88,131,230, 255,230
36,79,239,162,109,45,66,47,0,0,0,16,42,57,97,136,82,255,201
45,93,255,184,75,95,47,0,3,24,0,0,0,68,133,118,184,216,244
223,124,68,155,161,70,0,24,66,0,38,7,16,34,65,106,141,255,243
216,228,144,150,31,95,0,21,34,66,14,17,89,0,51,103,174,112,152
146,253,103,26,122,92,13,0,25,29,57,46,0,109,107,100,137,171,246
84,146,119,80,140,33,96,95,0,0,13,93,131,86,194,103,168,76,115
46,103,76,122,114,71,0,50,92,71,70,65,69,101,230,94,255,121,167
105,144,143,52,117,82,15,8,0,0,13,52,110,150,224,251,230,197,235
155,98,60,84,69,88,78,32,43,123,123,81,236,171,249, 255, 255,255,255
95,73,94,147,126,17,60,116,163,187,225,198,250,248,255,226,242,234,255

0,44,35,56,1,0,28,107,43,120,66,31,98,116,14,136,140,147,89

8, 6,93,0,117,147,128,41,110,88,17,156,56,51,145,111,150
25,8%),0,73,71,86,5,21,35,115,54,131,155,54,77,89,156,139
16,12,0,0,33,81,0,45,39,39,26,16,90,189,79,0,155,89,70
15,0,60,111,101,18,44,93,59,73,76,60,71,122,23,49,146,167,140
0,26,183,119,93,46,79,63,11,0,17,38,59,49,47,67,13,193,131
0,18,187,127,54,93,51,0,6,29,0,1,0,65,94,64,136,170,198
137,38,0,94,137,65,0,24,69,0,36,8,28,36,39,63,95,211,196
131,144,65,91,8,91,0,23,49,79,12,12,96,5,43,73,114,38,81
63,170,25,0,101,89,6,0,40,42,52,39,0,117,102,74,79,97,172
0,62,39,20,121,31,88,90,0,0,6,88,145,95,179,71,121,22,61
0,20,0,65,94,69,0,49,97,73,62,59,76,104,211,61,224,84,130
20,64,73,4,101,84,22,19,0,0,6,40,101,136,200,223,202,171,209

71,21,0,38,47,81,83,38,44,114,102,54,209,145,228,239,254,239,255
13,0,35,102,91,0,47,99,132,145,175,147,201,210,239,213,221,209,236

Figure 3.34. R matrix (left), G matrix (right) aBdmatrix (below).
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3.2.5.4. Implementation on OpenModelica

As previously explained, the Robot Vision Subsystefii be implemented on
OpenModelica platform, including the classes Camémsage, Recognition and
Localization and Robot Vision itself, as an uppevel class. In this part, these

classes will be implemented respectively.
a. Camera Class

Appropriately, in modelling, a Camera class is wda(Figure 3.35). Inside the
Camera class, there is an Image object which wiluged as an input. Also, the size
of the image is kept as attributes m and n, takimginformation by access of the

attributes of Image objeédto.

model Camera
Image foto;
Integer m, n;
equation
m = foto.rowsize;
n = foto.colsize;
end Camera;

Figure 3.35. The Camera class

b. Image Class

Input image is held in Image class (Figure 3.3&.eXplained previously, an image
has three components as R, G and B. Thereforejeingie Image class, three
matrices are created as Red, Green and Blue. Thasees are composed of the
data obtained by the preliminary work told befol®. Image object will also have

the size information in terms of pixels.

model Image]
parameter Integ

ger Red[15, 19
parameter Integer Green[1l5,
parameter Integer Blue[l1l5, 1
Integer rowsize, colsize;

eguation
rowsize = size(Red, 1):
colsize = size(Red, 2):
end Image;

Figure 3.36. The Image class
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c. Recognition Class

This class is a kind of Function class in OpenMmdelThe flowchart related to this

function can be seen in Figure 3.37. The implentemaan be seen in Figure 3.38.

Take RGB Find Mark Red Pixels
START —> Matrix of the Red as1, Othersoin |—>| END
Image Pixels Value Matrix

Figure 3.37. Flowchart for Recognition function

[function Recognition

input Integer Red[:, :];
input Integer Green[:, :];
input Integer Blue[:, :];

input Inte
output Integ
protected
Integer Value[m, n]:;
algorithm
for i in 1:m loop
for j in 1:n loop
if Red[i, j] > 100 and Red[i, j] < 255 then
if Green[i, j] > 0 and Green[i, j] < 80 then
if Blue[i, j] > 0 and Blue[i, j] < 80 then
Vvalue([i, j] := 1;
else
Value([i, j] := 0;
end if;
else
Value([i, j] := 0;
end if;
else
value([i, j] := 0;
end if;
end for;
end for;
Val := Value;
end Recognition;

Figure 3.38. Class definition for Recognition fuont

The RGB matrix is actually is in dimension [m, i}, Bere, m and n stands for the
size (resolution, pixel number) of the image. Thiedtvariable shows that this image
consists of three matrices named as Red, GreerBlaed Each matrix has values

range from 0 to 255.

To be able to process the image with respect tq Begen and Blue components,
some treshold values must be determined first.eStine red component is significant

for this study, the values greater than 100 in Reakrix will be taken into
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consideration in concurrence with the values inglte Green and Blue matrices,
which have the numbers less than 80. That meaaegixiels which have Red value
greater than 100 and Green and Blue values leas8thare subject for rose flower.
These pixels show the position of the rose flowwsd aill be kept inside &/alue
matrix, having a value 1. Other pixels will be keyst 0. This process is hamed as

digitizing. The Value matrix for the sample rose ¢e& seen in Figure 3.39.

00000000O0O0O0COOOOOQOOO0O
0000000O0OOOOOOOOOOOO
0000000111000000000
0000000111110000000
0000011011111000000
0000011100011100000
0000101011000100000
0000010110111110000
0000100111110010000
0000001011110000000
0000010000100000000
0000010101111000000
0000001100010000000
0000100110000000000
0000001000000000000O0

Figure 3.39. The digits 1 shows the red pixels.
d. Localization Class

The implementation of Localization Function is ddneusing two parts as XCoord
and YCoord functions. After digitizing process, twordinates of the rose flower are
found by using the Xcoord and Ycoord functions. Sehéunctions simply take the
Value matrix as an input and find the minimum arekimum values of the positions
of 1's and take the average for x-coordinate armbgrdinate (Figure 3.40). The
resulting value shows the position of the rose 8owith respect to x and y axes.

The implementation can be seen in Figure 3.41.

Find the Find Min and Max Calculate the
Take Value . END
START , ) Matrix Positions Positions as X and average Positionsas |—
of1's Y Coordinates X and Y Coordinates

Figure 3.40. The flowchart for Localization Functio
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function Xcoord

input Integer Valuel[:, :];
output Real xCoord;
protected
parameter Integer m = size(Value, 1);
parameter Integer n = size(Value, 2):;

Integer al[n]:;

Integer x[n]:;

Integer flag, point, isaret;
Integer min, max;

Real sum, ave([m];

algorithm

sum := 0;

isaret := 0;

for i in 1:m loop
flag := 100;
min := 0;
point := 0;
max := 0;
al[:] := value[i, :]:

for j in 1:n loop
if a[j] == 1 then
x[3] := 3;
if x[j] < flag and x[j] > O
min := x[j];
flag := j;
end if;
if x[j] > point then
max := x[j];
point := j;
end if;
else
x[3] := 0;
end if;
end for;
ave[i] := (min + max) / 2;
end for;
for i in 1:m loop
if ave[i] > 0 then

sum := sum + avel[i]:;
isaret := isaret + 1;
end if;
end for;
xCoord := sum / isaret;

end Xcoord;

Figure 3.41. The implementation of XCoord LocalizatClass

If it is necessary to look in a level deeper, Xabliunction takes each row of Value
matrix and finds the 1's positions. At the sameetikeeps the minimum position and
the maximum position of 1's. Then, takes the averaigthe two positions. For each
row, this process is done. Then, summation of w&drages is made and the final

average value is found for x-axis.

The same process is done for y-axis by using themts of the Value matrix. This
is a simple way for finding the x and y coordinatéshe rose flower. These two

functions are taken as Localization Object together
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e. Rose Area Class

This is a function class that returns the 1's nunihside the Value matrix. This

number implies the area of the rose flower. Thlisis shown in Figure 3.42.

[function Rosarea
input Integer Valuel[:, :]:
output Integer area;
protected
parameter Integer m
parameter Integer n
Integer a[n];
Integer sum;

size (Value, 1);
size (Value, 2):;

algorithm
sum := 0;
for i in 1:m loop
af[:] := value[i, :];
for j in 1:n loop
if a[j] == 1 then
sum := sum + 1;
else
sum := sum + 0;
end if;
end for;
end for;
area := sum;

end Rosarea;

Figure 3.42. Area Class

f. Robot Vision Class

This class is an upper-level class, representiagutole of Robot Vision Subsystem.
The Camera (and hence, the Image) object, funatibjects Recognition and
Localization are combined in this frame class. thplementation of Robot Vision

Class can be seen in Figure 3.43.

Camera cam;

Integer m, n;

Integer Value[1l5,19];

Integer R[:,:] = cam.foto.Red;
Integer G [:,:] cam. foto.Green;
Integer B[:,:] cam. foto.Blue;

model RobotVision| I

Real XC;
Real YC;
equation

m = cam.m;
n = cam.n;
Value = Recognition(R,G,B,m,n);
XC = Xcoord(Value) ;
YC = Ycoord(Value):;
end RobotVision;

Figure 3.43. The Robot Vision Subsystem Class hedjtaphical representation
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3.2.5.5. Simulation results

There are three images for each sample. Thesbaredl image, the small-size of
the real image and the digitized image. Each rioseef is also positioned by the
algorithm written in OpenModelica.

Sample 1 Sample 2

First image: First image:

Smalled to the size of 8x13: Small-size image (19x15):

After RGB Filter:
After RGB Filter:

X-coordinate: 6.75
X-coordinate: 9.19231

Y-coordinate: 5.25
Y-coordinate: 8.54545
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Sample 3

First image: Small-size image (22x17):

Digitized image: Found coordinates:
X-coordinate: 8.42857

Y-coordinate: 6

While transferring the pixel coordinates into plegdiworld, it is assumed that the
size of the pot is maximum 750x750 mm, and bec#usemage is downscaled 30

times, pixel coordinates are multiplied by 30.

Using OpenModelica, the Robot Vision Subsystenmiglemented. The algorithm to

detect the rose flower and the algorithm to finé ttoordinates of that rose are
developed. However, OpenModelica is insufficienthwimage processing, because it
cannot manage big-sized matrices. Bigger matriaesemore time to calculate, and
sometimes program gives error and shut down bdf@erocess is completed. To

overcome this situation, MATLAB is used as a hdlpfaol. Consequently,
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OpenModelica can be said as not very suitablenfiagie processing; however, it can

provide results at average.
3.2.6. Operator Subsystem

Operator Subsystem is core part of Rose Harve®iigot. Operator subsystem is
the part responsible for the information procedsatTmeans, in fact, the developed
algorithms related to Mechanical Subsystem and Rdlson Subsystem are run on
this subsystem. It may look simple; however, thibsystem is elementary. The
connection between the Robot Vision and Mechar8adisystems is set by Operator.
This subsystem decides the ripeness of rose flawersends the related information

to Cartesian Robot Arm (Figure 3.44).

Operator
Subsystem

1

1

Control
Cartesian Robot

I
Decide the
Ripeness of

Rose Flower

Figure 3.44. Operator Subsystem functions

In real system, the Operator is a computer. In rhiade this part will be shown as a
class in OpenModelica. As the real system, thisr@ipe Class will connect the
Robot Vision Class to Cartesian Class. Previoudissushow that Cartesian Class
needs input coordinates to go that position and thet rose. This coordinate
information is generated by Robot Vision Class. €ated coordinates are updated
inside the Operator to have the correct propoffiiorCartesian Robot. After that, the
coordinates are submitted to the Cartesian Robot. Atherefore, Cartesian Robot
arm can reach the desired position viewed by Rabsion part. The input and

output relation of Operator Subsystem can be seé€igure 3.45.

Input Output
OPERATOR
g SUBSYSTEM I >
Flower Position Flower Position
And Flower Area And Cut Command

Figure 3.45. Input/output relation of Operator Sigbsm
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The rose cutting is also covered in Operator SubsysThe related algorithm can be
seen in Figure 3.46. Area information is providgdagain Robot Vision Class. If the
rose has Area more than 15 pixels, this flower adsumed as ripe. This treshold
value is only and assumption to be able to reaehrthin aim. Treshold value can be

easily changed according to desired values.

START

l

Take the
Area of

Rose Flower

Is Area N Rose
greater than —>| Floweris
treshold? not ripe

[

Rose Send Cut
Flower is command
ripe as FALSE
Send Cut Send Position
command and Cut
as TRUE command
END

Figure 3.46. Determination of ripe roses to be cut
3.2.6.1. Implementation of Operator Subsystem on GmModelica

Inside OpenModelica, an Operator class is credteglife 3.47). This class has two
variables for Coordinates of the rose flower ancghaable to keep the rose flower’s

area. The graphical representation of Operatos@as also be seen in Figure 3.47.
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model Operator
Port q, r;
Real cut, tru;
Real xpos, ypos;

eqguation
cut = g.cut;
Xpos = g.X;
ypos = g.ys
algorithm
if cut >= 30 then
tru := 1;
else
tru := 0;
end if;
equation

r.x = xpos * 30;
r.y = ypos * 30;
r.cut = tru;

end Operator;

Figure 3.47. Operator Class definition and the lgicgl representation

Also, a Port class, which is a connector type,reated to be able to connect the
other classes to Operator class (Figure 3.48).0lpects of Port class, g and r, can
be seen in Figure 3.47.

connector Port
Real x;
Real y:
Real cut;
end Port;

Figure 3.48. The Port Class and the graphical sgortation

The algorithm section inside the Operator claseidgding the ripeness of the rose.
The output value will be sent to the Cartesian Ra&ban together with the Position
information.

In conclusion, Operator class is implemented on ®jmelelica, to be a bridge

between the Robot Vision class and Cartesian clilss. information transfer is

realized via Operator class. This class also usesaken information and makes an
important decision for Cartesian class, which thirmation of the rose is ripe

enough for harvest. This decision controls the €sah Robot Arm.
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3.2.7. Cartesian Robot Arm Subsystem

The mechanical part of the Rose Harvesting Robaisists of simply a three-
dimensional cartesian robot. In this report, thedeliing and simulation of a three-
dimensional cartesian robot arm will be demonstkaieo be able to do this, the
implementation will be made in OpenModelica and $imaulation results will be
provided.

3.2.7.1. Mechanical Subsystem Implementation of Resdarvesting Robot

Using OpenModelica, the mechanical arm is modedied the equations of motions
are embedded in this model. Specifications of e motors on the Cartesian
Robot are given below and can be seen in Figui@ 3.4

ny = 4100 rpm, M; = 2.29 Nm, i = 360 V
Mo =2.56 Nm, § =2.96 A, hax=10 A

Nominal Speed: 4100 rpm

Figure 3.49. Servo motor on the cartesian robost(*®)

Also, used 3-axes cartesian robot arm’s linear ¢dee each axis can be seen in
Figure 3.50 (Festo Specifications Manual for 3Dt€sian Robot Arm).
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Z-axis Y-axis
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Figure 3.50.a. Z-axis linear positionFigure 3.50.b. Y-axis linear position
change change
X-axis
~ 3'5
3,0
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E
S| 20
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0,0
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Figure 3.50.c. X-axis linear position change

Calculation for linear equations:

Linear speed for z-axis:

linear displacement 200-25 _ 175

1.2-02 1

time

=175mm/s

Linear speed for y-axis:

linear displacement 5000-1000 _ 4000

3.2-0.8 2.4

time

= 1160 mm/s
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Linear speed for x-axis

linear displacement 1000-300 _ 700

time T 0.75-0.4 0.35

= 2000 mm/s



Using these calculations, the axis for the cartesabot could be modelled using
OpenModelica. The results for linear speeds foy &and z axes are used inside the
model of Cartesian robot. The equations of motmmtiie axes can be shown using

the relation between position and velocity:

CurrentPosition=Linear velocity*time

For x axis: CurrentPosition=1160mm/s*time
For y axis: CurrentPosition=1160mm/s*time
For z axis: CurrentPosition=1160mm/s*time

a. The class Axis:

First, the Axis class is defined to be able to us¢éhe upper class Cartesian. The
three axes X, y and z share the common propettiessfore one class of all axes can
be used to calculate the movement and simulatentii®n of Robot Arm. After the

creation of Axis class, the three axes X, y andezirsstantiated as objects inside the

upper class Cartesian.

Inside the Axis class, the linear equation of moti® written using the calculated
speeds. Also, the axis can go to the desired pasitiat taken from the upper class
Cartesian. The algorithm is written inside the Axisss and after the desired

position is reached, the related arm stops. The Alsiss can be seen in Figure 3.51.

1 jodel Axis
Real vel;
t;
desired;
pos;
d_pos;
current_position;
1 velocity:;
equation
d_pos = desired + time * 0;
pos = vel * time;
algorithm
if pos < d_pos then
current_position := pos;
velocity := der (pos):;
else
current_position := d_pos;
velocity := der(d_pos);
end if;
when current_position == d_pos then
t := time;
end when;
end Axis;

W W W W
) ot ot ot et

®oOoOOO®0
W
F

I

W
k

Figure 3.51. The description for one axis
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b. The class Cartesian:

The x-axis, y-axis and z-axis of the cartesian taye created using the Axis class.
All axes are combined to each other inside the upfsss named Cartesian. The
model for 3-axes Cartesian Robot is created aS€lart class. The variables needed
inside the Axis objects x-axis, y-axis and z-axie defined inside the Cartesian
class. Also, the conditions for motion are includeside this class. The listing for
the Cartesian class can be seen in Figure 3.5% dlass is used to have the

simulation for the mechanical system.

1 model cartesian
Axis x, Yy, z;
Real xpos, ypos, zpos;
Real xvel, yvel, zvel;
Real desired x 3000;
Real desired y 2500;
Real desired_z 30;
equation
xvel 1160;
yvel 2000; /czx
175;
xvel;

zvel
x.vel =
.vel = yvel;
.vel = zvel;
.desired = desired_x;
.desired desired_y;
.desired desired_z;
Xpos = xX.current_position;
ypos = y.current_position;
zpos = z.current_position;
end Cartesian;

N X N

Figure 3.52. The Cartesian class for Cartesian Rabu and the graphical
representation

3.2.7.2. The results for the simulation of CartesrmRobot Arm

The desired position defined in Cartesian clasgursed into a line for easy
readability of the current position of the robotarThe desired x, y, z positions for
the robot arm are parameterized inside the Cartesiass. Therefore, desired
positions can be changed several times after omalaiion of Cartesian. The
parameters that can be changed are seen at thaidghof Figure 3.53.

After the other components of Rose Harvesting Rabet modelled, the position
information will be provided by the Operator. THere this Class will be updated
with simple changes while linking the component®ote Harvesting Robot to each
other.
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Figure 3.53. Desired position line, velocity andreat position for x-axis of Robot
Arm

As it can be seen in Figure 3.53, Figure 3.54 agdrE 3.55 the 3-axis robot arm
can be implemented in OpenModelica using the limeation equations for the real
system. The velocity is constant during the opernatf displacement. After the arm
is stopped, the velocity will be zero. Also, theglacement line can be seen clearly.
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Figure 3.54. Desired position line, velocity andreat position for y-axis of Robot

Arm
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Figure 3.55. Desired position line, velocity andreat position for z-axis of Robot

Arm

The results after changing the values for desiredesired_y and desired_z can be

seen in Figure 3.56, Figure 3.57 and Figure 3.58.
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Figure 3.56. X-axis values after input change
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Figure 3.57. Y-axis values after input change
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Figure 3.58. Z-axis values after input change
3.2.8. Connection of the classes in an upper-level clagRoseHarvest
After the three subsystems of Rose Harvesting Risbdé¢fined, the graphical model

can be setup inside an upper level class. This medamed as RoseHarvest inside
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OpenModelica. The graphical icons of Camera, Operahd the Cartesian Robot
Arm can be dragged and dropped from the object itisiele the OpenModelica.
Then, the Ports can be connected to each otheeatesgly. This means, it is not
necessary to define anything inside the RoseHamlass; OpenModelica does it
instead of the researcher. Also, the physical wgpplbf the Rose Harvesting Robot
can be easily seen in this model. Using this mettiwe graphical representation and
the coded implementation of Rose Harvesting Rolsplayed in Chapter 3.2.4 is
reached readily. The object tree window in OpenNiodeand the graphical model

are shown in Figure 3.59.

Libraries

+ | Complex

G i

+ 0 ModelicaReference

* [:I ModelicaServices

+ P OpenModelica
o] RoseHarvest
@ RobotVision
ﬂ Cartesian

[(® ] Operator

0 Port

Figure 3.59. The object tree in OpenModelica anthegtion of different classes on

an upper-level class

3.2.9. Simulation for Rose Harvesting Robot

After the Simulation model is established, the datian setup is done on
OpenModelica. The start time, simulation duratiom ahe method of the solution
can be chosen in this setup. Also, other necesslugnced adjustments can be easily
chosen in the simulation setup such as determithiagstep size of the simulation,
changing the launch type, or saving the simulasettings. Also, there are some
other beneficial tabs to determine the output prigee and simulation flags, and
access to the previous simulation archive. Theodislox of simulation setup can be

seen on Figure 3.60.
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General | Output | SimulationFlags | Archived Simulations |
Simulation Interval

Start Time: Io

Stop Time: |1

Integration

Method: |dassl

Tolerance: | 1e-6
DASSL Options

Jacobian:

Root Finding
Restart After Event
Initial Step Size: (

Maximum Step Size: (

Maximum Integration Order: 5

Compiler Flags (Optional): |

Number of Processors: 2—@ Use 1 processor if you encounter problems during compilation.
Build Only

Launch Transformational Debugger

Launch Algorithmic Debugger

Save simulation settings inside model

Figure 3.60. The Simulation setup dialog box in @yedelica

For the simulation of Rose Harvesting Robot, théadé options are used in
simulation setup and the simulation is run. Runrsimgulation can be seen in Figure
3.61 and Figure 3.62.
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Figure 3.61. The simulation is running by OpenMazel

— A = ——
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Simulation of RoseHarvestingRobot is finished.
1|, Conce Simuiation
Output Compilation

i~ C:/Users/Acer/AppData/Local/Temp/OpenModelica/OMEdit/RoseHarvestingRobot.exe -port=52364 -
logFormat=xml -
override=startTime=0,stopTime=1,stepSize=0.002,tolerance=1e-6,solver=dassl, outputFormat=mat,variableFilter=.*
dassl)acobian=coloredNumerical -w -lv=LOG_STATS

[+ #=2 STATISTICS #==

- Simulation process finished successfully.

Figure 3.62. The simulation run by OpenModelicaamplete.

The simulation results for RoseHarvesting class ardy include the rose flower

information, but also provide the results aboutdiistem such as the position of the

rose, the ripeness information, the position obtaddrm and the process result. This

system can perform an entire process from sensiegdse flower to the cutting.

There are some results for this process from sidmish (Table 3.1).
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ROSE SIZE |RECOGNIZED ROSE RIPE XPOS AS YPOSAS |CALCULATED| CALCULATED cuT
AREA PIXEL PIXEL XPOS YPOS
m 22*17 YES 14 NO 8.4 6 252 180 NO
ﬂ 19*15 YES 61 YES 9.19 8.54 275.7 256.2 YES
m 8*13 YES 10 NO 6.75 5.25 202.5 157.5 NO
= 14*20 YES 24 YES 10 7,81 300 234.375 YES
o
N ’;. 4 17*23 YES 50 YES 18.91 9.86 567.5 295.909 YES
17%24 YES 30 YES 18.7 7.444 561 223.333 YES
‘ 18*24 YES 57 YES 10.961 7.571 328.846 227.143 YES
x 20*20 YES 61 YES 10.6 10.5 318 315 YES
18*24 YES 8 NO 3.75 13.5 112.5 405 NO
l 23*16 NO 0 NO 0 0 0 0 NO

Table 3.1. The results for various runs for différese flowers

Graphical results for some roses are provided helowrigure 3.63, the simulation
result for 17x24-sized input image is seen as S#lxfposition and 223 for y-
position, meaning the rose flower is in these coates. The rose is decided as ripe,
that results in CUT command as 1. Also the moveré@artesian robot arm can be
seen clearly in the chart. Similarly, Figure 3.64ws the simulation result for 18x24
sized input image with the same variables, withvllees of 328 and 227 for x and y
positions, and the CUT command as 1. Figure 3.6plals the x and y positions as
318 and 315 and the rose is ripe and can be ctti(cdor the input image sized
20x20.
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Figure 3.63. The simulation result for the inputge 17x24
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Figure 3.64. Simulation result for the input imddgx24

70



C.Xpos c.ypos c.zpos

[ Expand Al ] [ Collapse All
350 T — = -
Er———
300 -] B e
- I [T cut 1 I
250 - [l desired x 318
] ["] desired_y 315
= |l desired_z 300
E 200 —: +p
'Jé 150 N r/ I [¥] xpos BI;I
A ) = Txvel 11
J T +y
100 p ,-*"”fru-’l I ~ @] ypos 315
e =Tyve 3000
50 B 2
] I [¥] zpos 175
] = Clzvel 175
= e # op
oA Time (s) - - e (T— R

Figure 3.65. Simulation result for input image sizs 20x20

Coming to the examples for not ripe or not recogairoses, the simulation results
for different input images can be shown as suitaalmples. An 18x24 image is
given to the system as an input and it actually dvas rose flower. However, the
decision mechanism determined this rose as not Tiperefore, in spite of finding
the coordinates as 112 and 405 for x and y axesCthTl command is decided as 0,
and the Cartesian robot does not go to the catifadsitions and the rose is not cut.
The result can be seen in Figure 3.66.
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Figure 3.66. Simulation result for the input imd@sing an unripe rose
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The 23x16-sized input image has a rosebud whichatdpe recognized easily. The
shape of the bud is not a circle and there aresuofiicient red pixels inside the
picture. This situation makes the rose flower uogeizable for the system. The
simulation results can be seen in Figure 3.67. Beedhe rose flower cannot be
recognized by the system, the coordinates are awdf and the cut command

remained as 0. Therefore, Cartesian robot arm nloeEsove.
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Figure 3.67. Simulation result tor iInput image mavan unrecognizable rose flower
3.2.10.Conclusion for Rose Harvesting Robot System

The Rose Harvesting Robot system was modelled ien®pdelica using both
writable and graphical platforms. First, the subsys were modelled in writable
platform as different classes using subclasses. ifitegration of the classes are
provided inside another class both in writable fptat and the graphical platform.
All three subsystems follow their desired functiamd the entire system is

successfully modelled and simulated using OpenMca@latform.
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CHAPTER 4

DISCUSSION AND CONCLUSION

In this study, object-oriented simulation modelschbsen mechatronic systems are
developed. The related language for modelling iglistl before the application.
Also, the simulation tools are investigated anda@propriate simulation tool is
decided and the developed models are implementtddthis simulation tool. The
results of the simulations are gathered and theethind and the simulations are
evaluated. In this chapter, the discussion abasitsthdy is given and the thesis is

concluded including the future work suggestions.
4.1. Discussion

In this study, Modelica Language is used via Opeddlioa Platform. Therefore, the
evaluation of Modelica Language for this study viaé specific to OpenModelica
platform. First, the evaluation of the languagel wi¢ done in sight of the case
studies. Difficulties and simplicities during molied the Inverted Pendulum and
Rose Harvesting Robot Systems will be explainecenThhe evaluations will be
generalized to the Mechatronic Systems. The adgastand disadvantages will be

provided and the study will be concluded.
4.1.1. Modelica Language specific to case studies

During the modelling, there have been many problévtest of the problems were
able to be solved. However, some of the problemasnacessary to mention. Also,

some of the advantages are well worth saying.

Inverted pendulum is modelled using mathematicabéqgns. Differential equations
of motion are used to model the pendulum. Firg,rttain advantage of Modelica is
the ease of use. As part of object-oriented stractthe variables and motion
equations are directly placed inside a class. Opmeldliica uses the equations
without distinction of order. Thiacausalstructure makes the modelling easier than
conventional block diagram method or causal (reaseunlt) assignment statements.

73



Also, the system has easily been designed as sbjébe cart, pendulum and
controller were able to be designed and combinedstraightforward way.

On the other hand, a PD controller is designedrfeerted Pendulum. The equation
for controller is placed inside the controller daslowever, the values for related
coefficients are given manually. There is no autiiertaning, which is an important

property for complex systems.

Rose Harvesting Robot is a more complex system aosdpto Inverted Pendulum.
This system is modelled using component method.chnmeponents (subsystems) of
the system are modelled as objects. These subsy/sisrappropriate methods inside

the classes.

First, the mechanical subsystem is modelled usiathematical equations. These are
linear equations for motion. These simple equatamesplaced into the class and the
movement of the Robot arm is shown. This modelllnguite easy. Reusability of
created classes and multiple instantiation easentbgelling, for example, for each

axis only one class is used. Also, simulation igkjand reliable.

Secondly, the Operator Subsystem is modelled. Wnibglelling this subsystem,
function modelling is considered. Although the abjeodel is simple, this class had
some problems. Because this class combines twa syiséeems to each other, there
have been connection problems. Two different typéssystems may not be
compatible with each other. However, it is diffictd understand the reasons for the
errors. Some of the error messages are difficulinderstand, because they do not
indicate the exact place where the error occurgnB¥ the system is modelled
regularly, the background solution platforms mayih@mpatible and simulation
crashes.

Third, the Robot Vision Subsystem is modelled cadesng function modelling. This
system modelling is crucial for this study. There eeally serious difficulties during
this modelling. One of the main problems is the&klata specialized tool for Image
Processing inside OpenModelica. This shortage sawasting time and may be the
reason for unclear results. For example, therenseal for image reading and image

writing, however there are no such ready functidxrsother disadvantage related to
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this problem is the lack of special image procegsiommands such as RGB value

obtaining, RGB to binary or vice versa.

Second main problem can be said that data impadrtdata export cannot be done at
file level. Therefore, the required matrices wemautted by the researcher manually,
and the output matrices were written in file byeagher herself. This may cause

mistakes and data losses.

The third point related to this system is aboutrirgirocessing. Matrix processing is
rather slow. Therefore, the matrix inputs are ledito small indexed ones. In this
study, maximum processed matrix is a size of 26pi@cessed in approximately 10
minutes. Another reason for limitation of the nmatsize is memory allocation.
OpenModelica cannot allocate bigger sized matndeiée processing, and exits the
program giving memory error. The simulation cannm¢ done. Therefore,
OpenModelica can be said to be not suitable forimarocesses. In other words,

OpenModelica does not have a proper platform farioes.

In this class, not dependent to particularly thibsystem, there is one problem that
function classes cannot return more than one vatuefficial tutorial sources, it is
said to be, however, despite using indicated syntaxas not able to get more than
one return value. This problem caused the writing éunction for each desired
value. If a large-scale model is done on OpenModelihis will lead to redundant
classes, duplications and complexity troubles. Rndther hand, if this problem is
overcome, the function structure is seriously bersf In Modelica, functions are
specialized classes, that is to say, functionsadge objects, which use needed
algorithm sections inside. These properties briagyewriting and usage. Function
classes are practical, especially if the mathemla¢iguations and algorithms need to
be separated; because, algorithms are needed rewdject-oriented modelling and

Modelica provides this advantage.

4.1.2. Advantages and disadvantages of OpenModelica spalcto mechatronic

systems

In sight of these studies, some advantages andvdistages of Modelica can be

deduced for Mechatronic systems.
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First advantage is the easy use of equations irelimogl In general, mathematically
modelled systems can easily be implemented in OpeleNta, due to the “acausal”
modelling. That means, equations are not baseaosecand effect relationship, and
can be written directly into the classes withoubhsidering the order of equations.
Therefore, mathematically implemented systems, @m@chl or electrical, can be

modelled using the Modelica language.

Second advantage of the Modelica language is thrcehof using different domain
models in one platform. The example for this cansh&l as mechanical systems
using controller systems. Controller systems camafygied to mechanical systems

which are operated by embedded systems with sataaelectronic systems.

Algorithms are the third advantage of Modelica oedilatronic systems. To develop
mechatronic systems, decision making mechanismddlbe included. In Modelica,
algorithms can easily be developed and used by amécdl, electrical or information

systems. Decision making is covered within theeysttogether.

Another benefit of Modelica language is the widensgtard library. There are ready
libraries and tools consisting of various ready ponents and objects. Also, the
researchers are free to develop their own compenantl classes, not being
dependent on the ready tools. Thinking of mechatra@ystems, this flexibility

provides customizing standard components in linéh whe requirements of a
mechatronic system. The special goals of a meadhatreystem may be met by
customized classes, components or libraries; oeetled library is able to written

from beginning to end.

Last but not least, Modelica has the advantagebggcb-orientation to be able to
apply top-down approach for Mechatronic systemse Threrarchical structure of
Modelica allows the application of top-down apprioaasily. Low-level classes can
be merged in higher-level classes due to the olggentation, and the top level
system can be decomposed until the endpoint systeiffisrent domain systems can
be implemented in lower level classes and can leboted in a top-level class,
which is the most characteristic property of Meob@ac systems as a

multidisciplinary approach.
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Free from any doubt, Modelica language also haadgientages. Some drawbacks of
the Modelica language should be written consideNrmgghatronic systems. First of
all, there are some ready tools of Modelica, primgjdease of use and wide
application area. However, these tools are noicseifit. Some of the tools such as
the ones for Image Processing are absent. Thaspertant for Mechatronic systems,
because robot vision plays an important role inymaechatronic systems and image
processing is a widely used method for roboticorisiAfter all, Modelica does not

provide even fundamental image processing functyens

Modelica has another disadvantage. Mechatroniesystconsist of systems from
different disciplines. While modelling differentstgms, Modelica can easily be used
and each system works excellently in itself. On thieer hand, combining such
systems may cause compatibility and robustnesgsssao OpenModelica. Properly
working systems may start to give errors based ackdround differences. This
problem may be relevant to combining the varieditsmh methods of OpenModelica
for solving different-discipline systems in one tfdam. Therefore, while modelling
large-scale mechatronic systems in Modelica, eaocmponent increases the
complexity and the risks arise. Therefore, whilgadeping such systems, developers

should be careful about this risk.

In conclusion, Modelica is a highly-effective aridxible modelling language. It is
simple and powerful for modelling Mechatronic syste There are many advantages
of Modelica in Mechatronic modelling. Even if it haisadvantages, the favours
outweigh the drawbacks. The ease of use, the mhgkiplinary usability, the ability
to solve critical problems, easy accessible platbbas OpenModelica, flexibility of
development make Modelica a powerful language favdeling Mechatronic
systems. In case of elimination of deficiencies,délaca is a quite convenient

language for Mechatronic systems modelling.
4.2. Conclusion

The first step of this study is the modelling methdarification. The proposed
method for this thesis is the modelling based geatkoriented modelling language
Modelica. This basic method is shown that it camjbglied on Mechatronic systems.
To do this, two case studies are performed. Twecsatl systems are modelled and

implemented using Modelica Language.
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First system, Inverted Pendulum was modelled usithg mathematical
characteristics of each component. The componeetisbare defined individually

and the characteristic features are implementéukeise objects.

Next, the second mechatronic system, Rose Hargefobot is applied with the
same procedure. That means the system of the nsbalecomposed into its
components, which means, objects of the systemselmibsystems are also
modelled individually, considering their charactéids. The Rose Harvesting Robot
model is easily established via this method. Thera simple and effective model

obtained using component decomposition method.

Finally, the developed models for the two seledgstems are implemented on the
chosen simulation tool, OpenModelica. The reasancfwosing this tool is the
Modelica-based infrastructure of OpenModelica. €hare, the developed models of
Inverted Pendulum and the Rose Harvesting Roboeasdy implemented in terms
of class representation using the Modelica langu@ge components of the systems
are defined in the simulation model. The simulatisrrun in the OpenModelica

platform and the results are achieved.

The results of the simulations show that, the dbpeiented modelling method is
implemented on the mechatronic systems in an easy. Whe results of the
evaluation of Modelica language show that Modeiga convenient language for
mechatronic systems. However, there were some @rabl during the
implementation, which are explained in the evabratection. On the other hand,
most of these problems were not related to the madeaicture or the
implementation. The reason for the problems is @pmenModelica Environment.
Due to its restricted platform about the acausag@mming, the implementation
may take a long time. Also, the tool has some misl and shortages in itself. The
reason for these problems is that OpenModelicanigen-source environment,
developing platform and it is still developing.

System modelling and implementation on simulatiowi®nments are important
parts for engineering design. Therefore, the systedelling in an effective way is
crucial. The simulation tools use the developed efl®tb make simulations and aim
to result in correct deductions. Therefore, desigmman set up desired real physical

systems in an accurate way.

78



Main goal of this thesis is applying the effectmedelling method known as object-
oriented modelling on the mechatronic systems amaguhe developed models in a
chosen simulation tool via using Modelica modelliagguage. The study shows that
the method can be easily applied on mechatroniesygsand simulation modelling;

and Modelica is an appropriate language for mechatisystems.
5.3. Future work

In this study, the mechatronic systems are shoanhdén be implemented by object-
oriented modelling method using Modelica. The faturork related with this study
may be the change on the simulation tool speaifiméchatronic systems examined
in this study. The developed model of any mechatrepistem can be implemented
by changing simulation tools as Dymola or AMESimsé@ on again Modelica
Language. The change on the simulation tool enablesesearchers to have the
opportunity to compare the tools with each othes, well as compare the
applicability of Modelica language in different sitation platforms. Especially,
other tools based on Modelica can be investigatetnms of the libraries such as
Image Processing. The future work also will shoes éldvantages and disadvantages
of the presented method, depending on the advatage disadvantages of the

simulation tools while simulating mechatronic madel
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APPENDIX

Some of the systems in CTMS webpage are simpleimpdrtant examples of
mechatronic systems. These systems consist oléb&anic parts, mechanical parts
and controller parts. Therefore, three main comptmef mechatronic systems are
covered inside these simple systems. One of theterss, Inverted Pendulum, was
chosen and modelled in the scope of the thesis.ederyin a brief manner, one of
these systems are chosen and modelled on Openagéditform; and the results of
the simulation are shared. This study is valuatealiscussion on Modelica language
if it is suitable for mechatronic systems.

All information related to system models of theldaling are derived from CTMS

webpage.
A.1l. Motor Speed System and Motor Position System

These two systems are actually the same systemM&Gr. The only difference is
one of them controls the speed and the other doesposition of the motor.
Therefore, the physical system is in common, arfh# an internal electrical circuit

and a rotor (Figure A.1).

Fixed
field
R L
NN—rr T
X
. <+> An_nan{re o @
- circuit
A
bd
Rotor

Figure A.1. DC Motor physical system
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Parameters of the system are given as follows:

- J: moment of inertia of the rotor

b: motor viscous friction constant

Ke(electromotive force constant) = Kmotor torque constant) = K
- R: electric resistance

- L: electric inductance

The equations can be derived and represented Ngwtpn’s 29 law and Kirchoff's

voltage law.

J6 + b6 = Ki

di .
L—+Ri=V-K0O
dt

Motor Speed System is a DC motor which is contdobg the input voltage; and the

output of the system is the rotational speed.

The input and output relation can be seen in Figuge

vV DC MOTOR SPEED P
——— >  CONTROL SYSTEM _—

Figure A.2. The input and the output of DC Motoe8g Control system

Motor Position System is a DC motor which is colha by the input current; and
the output of the system is the angular positidme hput and output of the system
can be seen in Figure A.3.

DC MOTOR
i e
s POSITION CONTROL ;
SYSTEM

Figure A.3. The input and the output of DC MotosRon Control system
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For both systems, the modelling in OpenModelica loardone in three ways. First
way of implementation of this system is using thetimematical model directly inside
the writable platform and creating a DC_Motor objégside this system, again it is

really simple to add a controller to the system.

Second method is implementation of the electrical mechanical parts as separate
objects and placing the related differential equrediinside related classes, and also

designing a controller object discretely.

Third way is using the ready libraries inside Mackel (Figure A.4.). Modelica
provides the electrical and electromechanical etgméside the standard library,

which means the physical topology can be repredesdsily by using the elements.

Libraries - ~upusaus
~+ 53| Electrical *~+ Inductor
= |4 Analog sw=e SaturatingInductor
+ | | Examples 3 Transformer
=+ |--| Basic =3 M_Transformer
= Ground Gyrator
*> Resistor vf)‘ EMF
'(2.'-')' HeatingResistor é‘ TranslationalEMF
*= Conductor I8 vev
4+ Capacitor I3 vcc

Figure A.4. Electrical library in OpenModelica

A.2. Implementation on OpenModelica

A model is constructed using writable platform qgdedModelica (Figure A.5).

90



model DC_Motor

Real J = 3.228 * 10 ~ (-6):;
Real K = 0.0274;

Real L = 2.75 * 10 ~ (-6);
Real R = 4;

Real b = 3.5077 * 10 ~ (-6);

Real i, di;
Real th, dth, ddth;
Real V;
parameter Real p, ref;
equation
dth = der(th);
ddth = der (dth):;
di = der(i):
J * ddth + b * dth = K * i;
L *di+R%i=V - K * dth;
V =p * (ref - dth):
end DC_Motor;

Figure A.5. DC Motor Speed Control

This system can also be implemented using the ridadyies inside OpenModelica

and the model can be seen in Figure A.6.

P add1 stepl

Ne—ral L

-1
T ’ startTime=0

resistorl inductor1

L=2.75%10 ~ (§)

1 spes b vlenpiz

groundl £
v

Figure A.6. Graphical model for DC Motor Speed CohBystem
A.3. Simulation Results

It can be clearly seen that both writable class MGtor and connection class
DCMOT reaches the desired values and speed canob&oked easily. The

simulation results for the two classes are giveRigure A.7.
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Figure A.7. Speed result for wn'auresdnbdel (lefegiand for graphical model

(rightside) for proportional controller constantK. and step input reference

A.4. Conclusion for dynamic systems
In this study, one system provided in CTMS webpad®iefly evaluated in terms of
applicability on Modelica. The study shows thatstidynamic system can be
implemented using Modelica easily. To illustrate tapplicability, this system is
implemented in OpenModelica in two different wayhe results indicate that

OpenModelica is suitable for dynamic system modglland simulation. Also,

different domain systems can be set up easily.
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