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Sammanfattning 
Detta examensarbete är utfört på företaget Mycronic på deras mekatronikavdelning, vilka är 

ansvarig för utvecklingen av den inbyggda mjukvaran i deras ytmonteringsmaskiner. I 

dagsläget kan den inbyggda koden köras och testas i en PIL simulering, där kontrollkoden 

körs på det inbyggda systemet medan dynamiken av systemet är modellerad och uttryckt med 

matematiska ekvationer implementerat i en C-funktion. Uppgiften är att hitta ett sätt att köra 

en simulering med den riktiga inbyggda koden på en dator. Syftet med examensarbetet är att 

utreda och undersöka hur denna simulering kan förbättra utvecklingsprocessen för den 

inbyggda koden hos Mycronic. 

 

För inbyggda system och reglerteknik syftar Model-based Development (modellbaserad 

utveckling) oftast på att modeller och simulering av styrsystemet och det dynamiska systemet. 

Ett modellbaserat arbetsflöde startar med Model in the loop (MIL), sedan Software in the loop 

(SIL), Processor in the loop (PIL) och sist Hardware in the loop (HIL). Software in the loop 

simulering betyder att det dynamiska systemet är modellerat men styrsystemet är 

implementerat i en lågnivå programmeringsspråk så som C. Resultatet från undersökning som 

innefattade att hitta ett sätta att implementera en simulering var en SIL simulering som 

representerar en av axlarna och körs på två olika sätt. Simuleringen kör styrsystemets kod 

tillsammans med en modellering av det dynamiska systemet där skillnaden är 

implementeringen av denna modell. För den första metoden implementeras dynamiken på 

samma sätta som PIL simuleringen och för den andra metoden implementeras dynamiken i en 

modell i Simulink. 

 

Resultatet från detta examensarbete är att SIL simuleringen har visat sig vara väldigt 

användbar och har många fördelar. SIL simuleringen ger en möjlighet att köra och testa koden 

och regleringen innan den köra på det inbyggda systemets processor. Problem och fel kan på 

sätt upptäckas tidigt. En stor fördel är att SIL simuleringen inte är beroende av någon 

hårdvara eller annan mjukvara. Det blir enklare att felsöka koden med SIL simuleringen och 

längre loggningar kan göras då minnet inte är så begränsat som på det inbyggda systemet. En 

väldigt viktig fördel med SIL simuleringen är att den inkluderar interaktionen mellan den 

mekaniska, regler och mjukvaru designen. Den bidrar även till att kunna köra huvud 

mjukvaran ihop med det inbyggda systemets simulering, vilket hjälper till i 

integrationsprocessen.  
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Abstract 
This master thesis is performed at the mechatronic department at the company Mycronic, 

which are responsible for the embedded software in their pick and place machines. Today the 

embedded code can be executed and tested on a PIL simulation, where the control code runs 

on the actual target processor and the dynamic of the system (plant model) is modeled by a 

mathematical equation implemented as a C-function on the target board. The task is to find a 

way to run the simulation with the real embedded code on a desktop computer. The aim is to 

investigate and examine how this simulation can be achieved and the advantages and 

opportunities it brings to the development process of the embedded system.  

 

For embedded system, Model-based Development usually refers to control and plant models 

and simulations and in the loop simulations. In a model-based workflow it starts with Model 

in the loop (MIL), then Software in the loop (SIL), Processor in the loop (PIL) and finally 

Hardware in the loop (HIL). Software in the loop simulation means that the plant is modeled 

but the control is executed in a low level language such as C and the simulation runs on a 

desktop computer. The investigation on how to implement a simulation resulted in a prototype 

SIL simulator, representing one of the axes. The simulation executes the control C-code 

together with a z-axis plant model on a Linux desktop computer. It is realized in two ways, 

where both are based on compiling the control code for a Linux computer and the difference 

is the implementation of the plant model. For the first simulation method, the plant models is 

represented in the same way as the PIL simulation and for the second simulation method the 

plant model is represented in Simulink. 

 

The result from this master thesis is that the SIL simulation has shown to be very useful and 

have a lot of advantages. The SIL simulation gives an opportunity to execute and test the code 

and the control before it is integrated with the target processor. Problems and errors can thus 

be detected early. One of the big advantages is that it is not dependent of any hardware and 

any other software/tool. With the SIL simulation the code gets easier to debug, longer logs 

can be achieved and the simulation gets closer to reality than when modeling the control. A 

very important part of the SIL simulation is that it includes the interaction between the 

mechanical design, the control design and the software design which is very important in 

mechatronics system. The SIL simulation contributes to be able to run the main software 

together with the simulation, which helps in the integration tests.  
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Nomenclature

Abbreviations

SMT Surface Mount Technology
MIL Model in the loop
SIL Software in the loop
PIL Processor in the loop
HIL Hardware in the loop
M&S Modelling and Simulation
SE Systems Engineering
MBD Model-Based design
UML Unified Modeling language
SysML System Modeling language
DSMLs Domain-Specific Modeling Languages
CAN bus Controller Area Network bus
HWI Hardware interface
FIFO First in first out
TRL Technical Readiness Level
CF Concept & Feasibility
PD Product development
DSP Digital Signal Processor
FPGA Field-programmable gate-array
UDP User Datagram Protocol
TCP Transmission Control Protocol
IV&V Integration, Verification and Validation
TPSys Test and Place System
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1 Introduction

This master thesis is performed at the company Mycronic, at their mechatronic
department. This chapter include the background to the problem to be solved
with the problem description, the purpose of the thesis and the research ques-
tions, the limitations and finally the method.

1.1 Background and Problem Description

Mycronic develops and produces among other things pick & place machines for
SMT equipment, which places surface mount devices onto printed circuit boards.
This master thesis is focused on their machine MY200 which can be seen in Fig-
ure 1(a). The mechatronic department is responsible for developing the embedded
software in these machines. The machines are for example equipped with motors
that translates rotational motion to linear motion. These will control different
axes on the machine to be able to make the movement and place the devices onto
the circuit boards. The mechatronic department develops the control system for
each of the axes. The z-axis system MIDAS that is designed to pick up and place
big components can be seen in Figure 1(b).

(a) MY200 [1] (b) MIDAS [2]

Figure 1: Mycronics pick and place machine MY200 and the z-axis MIDAS.

When developing one of these machines, Mycronic uses the methodology Systems
engineering (SE) [3] together with Product Lifecycle Management (PLM) which
states the processes taken step by step. The process will start by identifying the
market and finding the stakeholders needs. A concept study will be performed,
which will translate the needs to technical requirements and explore feasible con-
cepts. A concept will be chosen and the requirements and concept will then be
further refined in the development stage. The systems elements will then be real-
ized and the mechatronic parts will be designed. Last the system integration and
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verification will take place. [4]

Today, the mechatronic department will start their development with a model of
the control and a model of the dynamic system in Simulink. The code that is
going to be executed on the target processor will be hand-written from the control
model. Currently, simulation of the movement of each axes is executed on the em-
bedded system with the encoders and motors disconnected. This simulation has
made the testing of the code and the control partly independent of the hardware
such as the motors, encoders and the mechanics. It makes it possible to do test
easier before running them on the actual machine. [5, 6]

A simplified model of the dynamics of the system (the plant model) has been
made and is represented by mathematical equations implemented on the target
servo hardware as a C-function. The control will feed the control signal, the cur-
rent, through the plant model which will return the calculated encoder position.
The plant model uses a mass for the load and the DC-motors inertia translated
via the gear to a mass. There is no suspension or damping considered between
the motor and the load.

According to Bouissou et al [7], this kind of simulation can be referred to as Pro-
cessor in the loop (PIL) simulation where the control code runs on the actual
target processor but the dynamics of the system is modelled. Another simulation
described in Severa et al [8], is Hardware in the loop (HIL) simulation which is
very similar to PIL, but the interaction between the plant and the controller is
through proper IO signals. Both these have the advantages of testing the code on
the actual target.

This PIL simulation is today used during the development phase of the code
executed on the target processor. It is used to test the code related to the control
and to test the logic in the code. It will give an opportunity to find errors and
problems before applying the code on the actual machine. This simulation mode is
dependent of the target board hardware to be able to test the actual c-code. It can
be hard to debug the code in this stages and the memory is quite limited. It also
takes a long time to compile and download the code to the target processor and
if the simulations get heavier by introducing more detailed models, it is probably
not possible to run them on the target board.

1.2 Purpose

The task of the master thesis is to find a way to run the simulation with the real
embedded code on a desktop computer (Linux) to improve Mycronics development
process. The expectation is that the development and support for the software
will be substantially faster and the software more thoroughly tested before the
introduction in a real system. The hope is that the development of the code and
the control system will benefit from this simulation. The aim of this master thesis
is to investigate and examine how the simulation with the real embedded code on

13



a computer can be achieved and the advantages and opportunities it brings to the
development. This includes answering the following questions:

1. How can modeling and simulation and Model-based Design/Development
(MBD) enhance the development process for mechatronic systems?

2. What kind of methods (techniques) can, in the case of Mycronics system for
the mechatronic group, be used to run a simulation on a computer?

3. In the development process of Mycronics system for the pick and place ma-
chines, what can be the purpose of the different simulation methods?

4. How will the simulation with the real embedded code executed on a desktop
computer improve the development process of Mycronics system? What are
the advantages and disadvantages for the different methods for simulation?

Question 4 is the main question to be investigated, where question 1-3 needs to be
answered to be able to answer it. To summarize the questions, the master thesis
will answer how the simulations can be done and what the gain and opportuni-
ties such a solution will give. To prove the validity of the answers, a prototype
simulator has been developed.

1.3 Limitations

The master thesis has focused on the z-axis in one of the machines. The focus of
this master thesis will be on the method for achieving a simulation with the real
embedded code in a Linux environment. The plant models won’t be developed
further and the control law and dynamic equations are not presented.

The expectation of enhancing the development process refers mostly to the devel-
opment process of the mechatronic department and the embedded code.

1.4 Method

First, work related to the topic was reviewed. A thoroughly literature study was
conducted on current research and articles. The focus of the literature study was
on model-based development and in-the-loop simulations and how modeling and
simulation can enhance the development process.

Second, interviews with relevant people at Mycronic was conducted to find out
their approach to development of a product. These resulted in information about
their development process from the starting point of a need to deployment, with
focus on the mechatronic department. The reason for this part was to find out
how their development process can be improved. A thoroughly analysis of how
they can benefit from models and simulations and software in the loop simulations
in their development was carried out.
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In parallel, a prototype simulator, representing one of the axes, has been devel-
oped. The simulation executes the control C-code together with a z-axis simulation
model on a Linux desktop computer. According to Bouissou et al [7], when the
control is implemented in a low-level language such as C and the plant is modelled,
it is called Software in the loop Simulation. The interpretation of a Software in the
loop simulation in this case was implemented in two ways. The literature study
gave inspiration to the solution of the simulation and the benefits and advantages
Mycronic could get from it. This master thesis focus on the implementation of how
this simulation can be achieved and what it would contribute. Measurements on
the actual machine and the simulations was performed and is presented in Section
4, Results ans Analysis.
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2 Frame-of-reference

In this section, relevant obtained knowledge is presented for this master thesis. Ini-
tially an introduction to modeling and simulation (M&S) is presented. Then will
follow a thoroughly review of Systems Engineering (SE) and model-based develop-
ment, and the impact modelling and simulation have. The second chapter is about
Systems Engineering and Systems Engineering together with agile methods. The
third chapter will bring up model-based Systems Engineering and model-based
design/development specifically for control systems and embedded systems which
includes in-the-loop simulations. Then follows a chapter on simulation techniques
and MBD implementation with focus on mechatronics.

The first part of this section, the focus is to answer the first question in Section
1.2, which is to answer how can modeling and simulation enhance the develop-
ment process for mechatronic systems. It will look closely on how model-based
development and in-the-loop simulation can improve the development process for
embedded systems, which will help in answering question three and four that
specifically focus on Mycronic’s systems. The literature studied is applied to dif-
ferent mechatronic systems and it will answer what kind of techniques there is to
run a simulation on a computer for those systems. This is used as reference and
inspiration to the implementation of the simulation for Mycronic systems that will
help in answering the second question.

Finally the two last chapters explain how Mycronic’s pick and place system work
today and how the development process for a product development in Mycronics
case is performed, focused on the mechatronic part and the embedded code. To
be able to develop and implement a simulation with the real embedded code on
a desktop computer, the existing system needs to be investigated. To be able
to answer how the development process can be enhanced by this simulation, the
existing development process needs to be investigated as well. These chapters will
be used as a base to be able to answer question two-four.

2.1 Modelling and Simulation

A model represents the key characteristics, behaviours and functions of a physical
or abstract system and is similar to the system but simpler than the system itself.
A good model is a judicious trade-off between realism and simplicity. The model
represents the system itself, whereas the simulation represents the operation of
the system over time. [9]

A model can be physical, for example a wind tunnel or prototypes, or graphical,
for example different charts and diagrams, mathematical, for example dynamic
motion and eigenvalue value calculations or statistical. [3] A mathematical model
is a representation of the system using mathematical concepts and language. To
understand and accurately predict the behaviour of complex systems, mathemat-
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ical models are critical. Computer simulation is a simulation run on a computer
which has become a useful part of mathematical modelling of many systems. [10]

2.1.1 Modelling language

A modeling language is any artificial language that can be used to express infor-
mation or knowledge about systems. Modeling language is applied in different
disciplines such as computer science, information management, business process
modelling, software engineering, and systems engineering. Different languages
could for example be graphical modeling languages, textual modeling languages,
architecture description languages, Object-oriented modeling languages and many
more. [11] An example of a modeling language is the Unified Modeling Language
(UML) which is a visual language for specifying, constructing and documenting the
artifacts of systems. [11] Another example is Simulink that uses a graphical pro-
gramming language with a block diagram environment which support simulations.
[7, 10] When it comes to different disciplines, the guidelines and recommended type
of languages, design rules, modeling methods and analysis techniques differs and
the modeling language should be decided depending on the context of the design.
[12]

2.1.2 Modelling and Simulation in Control Theory

Regarding the discipline of control theory, the dynamic system is usually repre-
sented by a transfer function, which also can be called the plant model. This
plant model is determined by the physical properties of the system. When de-
signing embedded systems, they are usually based on tool from the control theory
area, where these tools make a mathematical representation of the plant generally
with differential equations. A mathematical model of the controller is then created
based on this plant model. [7]

If you go back in time, engineers and researches needed to build prototypes of
their system to be able to test and investigate their control laws. This prototype
was used many times until a new one needed to be built because of the wear
and degradation. Also a new prototype was needed to be built every time some
change in the hardware was made and wanted to be tested. This is where the
models and simulation can be of help and a very common simulation technique is
the in-the-loop simulations to evaluate control systems, explained in the section
2.3.1. The advantages of the in-the-loop simulations are among other things the
ease to change the models instead of the prototype which gives faster and easier
development. [13]

2.2 Systems Engineering

According to the book Systems Engineering Principles and Practice, the function
of Systems Engineering is to guide the engineering of complex systems. [14] It is a
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interdisciplinary field of engineering that focus on a system as a whole and how a
project should be designed and managed. [14, 15] Each system has a life-cycle and
according to Systems Engineering Handbook, there is 7 life-cycle stages explained
in Table 1. [3]

Table 1: This table shows the different life-cycle stages of a systems life-cycle. [3]

Life-cycle stages Purpose
Exploratory research Identify stakeholders’ needs

Explore ideas and technologies
Concept Refine stakeholders’ needs

Explore feasible concepts
Propose viable solutions

Development Refine system requirements
Create solution description
Build system
Verify and validate system

Production Produce systems
Inspect and verify

Utilization Operate system to satisfy users’ needs
Support Provide sustained system capability
Retirement Store, archive, or dispose of the system

The SE Handbook also define several processes and activities for specific areas that
will meet the objectives of the life-cycle stages. For example, there are technical
processes which are defined as: "The Technical Processes are used to define the
requirements for a system, to transform the requirements into an effective product,
to permit consistent reproduction of the product where necessary, to use the prod-
uct to provide the required services, to sustain the provision of those services and to
dispose of the product when it is retired from service." [3] The technical processes
include Stakeholder Requirements Definition Process, Requirement Analysis Pro-
cess, Architectural Design Process, Implementation Process, Integration Process,
Verification Process, Transition Process, Validation Process, Operation Process,
Maintenance Process and Disposal Process. [3]

There are methods that cut across the different technical processes, such as mod-
eling and simulation. The benefit from using models and simulation is to predict
the systems behaviour before moving on with the development of the system. The
advantage is to present a clear view of the system. By using this method, errors
and faults can be detected early and avoid higher costs. [3]

There are several life-cycle models trying to describe the processes and activities
concerned with the life cycles, such as waterfall, spiral and V-model. The V-model
are specially focused on the concept and development stage and both V and the
waterfall model takes a sequential approach while the spiral is more iterative. The
traditional Systems Engineering V-model approach can be seen in Figure 2 and
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the V-model is very common to use for mechatronic and embedded systems. Ac-
cording to Systems Engineering Handbook [3], the approach to follow a sequential
approach, has the strength to be predictable, stable, repeatable and with high
assurance. But Systems engineering can also be combined with agile development
explained in Section 2.2.1 which takes a more iterative approach. [3]

Figure 2: Two different pictures of the V-model. The one to the right is interpreted
more for software development. [14, 15]

During the concept phase, which is an extension to the exploratory research stage
studies and experiments, explained in Table 1, the refinement of the stakeholder
needs and concepts is executed. An in-depth study will take place to find a sys-
tem concept that is proved to be useful and fulfil the requirements. To prove the
validity of the concept, models and simulations may be executed and prototypes
may be built, both hardware and software. They will help to verify the feasibility
of concepts, to understand the user needs and to explore risks and opportunities.
[3]

In the development stage, detailed planning, refinement of requirements and solu-
tion, development and Integration, Verification and Validation (IV&V) activities
are performed. [3]

The production stage means that the system is produced and the utilization stage
means that the system is operated in its intended environment and fulfils its ser-
vice. [3]

2.2.1 Systems Engineering and Agile Methods

By applying agile software development to systems engineering, some argue that
it will enhance the development process by increasing efficiency. [15] Agile de-
velopment is focused on iterative and agile methods, seeking a faster and better
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approach to software and system development and one important part of agile
methods is the flexibility. [3]

According to Turner [16], the view on Systems Engineering from people using
agile methods are that its is rigid, linear and process bound but agile methods
are seen as promised land that will fix all problems with development. It is very
hard to define perfect requirements and solutions since all knowledge beforehand
is impossible to know. Instead it should be seen as a learning process whereas
the agile iterative way is good to seek answers to gaps in the initial description.
The systems engineering V-model is usually interpreted as going through once,
but with an agile approach it is passed through more than once and feedback is
used. One way to do Systems Engineering more iterative is by using prototyping,
modeling, demonstrating and testing. [16]

A proposal from Frey et al [15] is to use modeling and simulations to enhance sys-
tems engineering to make it more agile. The view on SE is that the requirements
are locked early in the process and development of hardware and prototypes are
executed early, which could be expensive. By using M&S instead, questions re-
garding the system can be answered early and different solutions can be explored.
The development in computer technology has made better models and simula-
tions possible to achieve. By introducing this, an iterative solution to systems
engineering can be accomplished. [15]

2.3 Model-Based Systems Engineering

As the name describe, model-based Systems Engineering uses models as its base
to the development process. The development process is centred around a sys-
tem model, from requirements development, through design, implementation, and
testing. [17] model-based Systems Engineering refer to creating common system
models at an abstraction level that is relevant for integrated analysis. [18]

Usually when referring to model-based Systems Engineering, it means models of
the whole system that goes together with Systems engineering viewpoint of fo-
cusing on a system as a whole. It means that there often is a modeling language
like UML or SysML in the picture. The Unified Modelling language (UML) is a
general purpose language for software engineering and it is designed to provide
a standard way to visualize the design of a system. System Modelling Language
(SysML) is also a general purpose language that extends the UML model and is
a standard language for modeling of complex systems. [19]

Usually when doing simulations, it means designing customs system models and
using corresponding simulations environment and tools. SysML does not include
simulation models and execute simulations, but there has been different efforts
to simulating SysML models and the translation to make it possible. SysML is
very good for describing a complex system, but it does not support all the model-
based engineering activities, for example system validations that is very common
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executed through simulation. [19]

2.3.1 Model-Based Development for Control Systems

For embedded software development for control systems, model-based develop-
ment/design (MBD) is a methodology commonly applied and usually refers to
the development and application of control- and plant models and simulations.
[20] It is an effective and efficient way of develop embedded systems and rather
than relying on physical prototypes, MBD uses models as executable specifications
throughout the development. [21] A common scenario is to use Systems engineer-
ing traditional V-model and apply MBD that focuses on in-the loop simulations
as in articles [22, 23, 24, 25], but MBD can be used without applying the V-model
as well as in articles. [8, 26]

To manage systems that are very complex, models has been used in a big extent
by a lot of engineering disciplines. This is usually the case to bridge the conceptual
gap between requirements and implementations. When it comes to the software
engineering discipline, the interest in model-based development has grown very
fast. As described above, a model represents the system in an abstract way, and
depending on the purpose of it, the abstraction level will differ. Today, many soft-
ware engineers applies UML-based models, but they are general-purpose models
and not always suited for describing and analysing systems. Instead, mathemat-
ical based models has been applied throughout the design of embedded systems.
[27] As explained above, to be able to run a simulation, custom system models
needs to be designed for that specific simulation environment. [19]

In a model-based work flow, the first step is the Model in the loop (MIL) simu-
lation/testing. MIL means using a model of the plant and a model of the control
algorithm. [7]

The next step is the Software in the loop (SIL) simulation/testing which means
that the plant is still modelled, but the control model is transferred into a low-level
language such as C. A very common way of transferring the model to code is to
auto generate the code using tools that support that function but it can also be
hand-written. [7] When thinking of model-based development, there is a lot of
articles [20, 21, 22, 23, 25, 27] focusing on the auto-generation of the code . The
simulation tool or environment will compile the source C-code and execute the
code in the simulation and handle the interface to the plant model. [21] In the
case of SIL the control is slightly more real than in MIL and when moving to SIL
it comes closer to the software development rather than control development. [23]
Several articles [8, 24, 26, 28] say that SIL can include running the control algo-
rithm in a native environment specifying the target processor specifics, amount of
memory, target OS, proper sampling time and so on.

The next step is Processor-in-the-loop (PIL), where the code is deployed on
the actual processor (target) and the plant is still modelled. [7, 8] This is a test to
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see if the control loop works good in the embedded environment and one example
would be to check code related to timing.

With the MBD approach, the Hardware in the loop (HIL) simulation/testing
is the last step before the actual machine/real system. HIL means that the plant
under control is added to the target platform and the model of the plant interacts
with the control through the proper IO of the controller (IO emulator), where the
IO simulations will fool the controller into believing that it is installed on the real
plant. [8, 25]

To following table shows the summarized explanation of model-based development.
Table 2: The four simulation steps when it comes to MBD and the explanation of
each of them.

In-the-loop Explanation
MIL Model of the controller

Model of the plant
SIL Model of the plant

The controller is translated to C-code (either hand-
written or auto-generated) or slightly more real than
MIL.

PIL The controller runs on the actual processor
The plant is modelled

HIL The controller runs on the actual processor
The plant is modelled and interacts with the control
through the proper IO. (IO emulator)

Figure 3 shows two interpretations where in the development the different in-
the-loop simulations will enter when it comes to the V-model. But the steps of
model-based development can also be used even if the V-model is not used.

(a) Interpretation 1 [23] (b) Interpretation 2 [24]

Figure 3: Both these pictures shows the interpretation of the V-model together with
MBD. It shows where in the V-model the different in-the-loop simulations are.

MIL will help during the starting point of the design, in the concept and require-
ment stage. [23] The purpose of MIL is to test the designed control function in a
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simplified version of the real world. [22] It gives an opportunity to evaluate how
the control algorithm functions together with different set of mechanic solutions
since the model of the plant can be changed easy. This gives an opportunity to
find problems with the control and that interactions with mechanical design in an
early stage. MIL can be used to evaluate different concepts and solution and for
validation and verification of the designed control application. [22]

When using MIL, the development is very fast, small changes can be made and
tested immediately. When moving to SIL, the design iterations get a little bit
slower but the coding can now be tested. The SIL environment will enter during
the implementation and development of the code, either by translating the code
by hand or auto generated. [23] It can be used in the software module(subsystems)
tests and also in the software integrations tests. [24] The purpose of SIL is to test
the code and because of the advances in plant modelling techniques and the com-
puting power in desktop computers, it is a very good alternative to do testing. [23]

When auto generate code, Vitkin [29] argue that the time for coding will be re-
duced and the focus will instead be on the architecture of the software. The
software engineers can then focus on monitoring the code and make adjustment
to the MBD environment, resulting in efficient code generation. This follows the
lean thinking principle in the point of eliminating waste. [29]

Validations ensures that the right things are done, whereas Validation ensures the
things are done right. When it comes to software development, validation includes
techniques like unit testing, integration testing, static code analysis, design and
code inspection. Each of the in-the-loop testing will add value to the verification
process because of the testing parts. [27]

2.3.1.1 Advantages and Purpose for in-the-loop Simulations

This section will explain all the advantages and purposes of the in-the-loop sim-
ulations. This will help to answer question 3 and 4. Most of the advantages
and purposes with SIL will apply to the SIL simulation prototype created and
explained in Section 3 and therefore the answer to question a and 4 can be based
on this. The first two following lists will summarize the purpose and advantages
with MIL and SIL.

The purpose and advantages of MIL:

• The purpose of MIL is to test and develop the control algorithm and test it
in a simplified version of the real world. It gives the designer a chance to
design and test in an early stage. [22, 25, 26]

• Test the effect different mechanical solutions have on the control. Test the
interaction of the control and the mechanical solution in a early stage. [30]

• The development is very fast, small changes can be made and tested imme-
diately.
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The purpose and advantages of SIL:

• The purpose of SIL is to test the code. It gives an opportunity to test the
code in an early stage and before it is integrated with the target processor.
[22]

• Stated by Li et al [21], the approach of SIL enables the detection of faults
of syntax and semantics in the code. Also Muresan et al [24] explain that
SIL will help in finding erros in the first stage of the code which will lead
to fewer error in the following stages, thus reducing costs. Additionally
Chabaan et al [22] addresses the detection and elimination of errors in an
early development stage and hence reducing risk of failures.

• If the code is either hand-written or auto-generated, SIL gives an opportunity
to test the code to see that it behaves like the intention of the controller
model design. [26]

• The articles [23, 24] says that SIL simulation/testing requires no physi-
cal hardware, neither any electronics, target board/processor or mechanical
hardware. This makes it possible to test the code early before any hardware
is available which brings a level of confidence in the implementation of the
software before it is executed on the target hardware.

• The time and the cost will be reduced when using SIL for new software
development. [23]

• An advantages is that the control algorithm and the C-code (either auto-
generated or hand-written) can be tested in the native environment. The
possibility to test the target hardware specifics like the target processor,
amount of memory, target OS, proper sampling period, etc will arise with
SIL if the SIL simulation include the function of simulate/emulate the target
specifics properties. This is discussed in the articles [8, 24, 26, 28]. In Section
2.4 there is a lot of SIL simulation techniques explained that include target
specific properties.

• Stated in Muresan et al [24] the cost of implementing SIL is much smaller
than the cost of implementing HIL, around 60 times. This is an advantages
if only SIL is needed.

• Since the SIL is independent of hardware, it can be available for all de-
velopers. Compare to HIL, this is an advantages, since you need separate
equipment. [24]

Then the HIL and PIL will enter during the testing phase. The PIL and HIL
will give a way to test the hardware specifics of the target processor, for example
timing or processor load. The HIL will be more specific on testing the actual
electronics and IO pins. [22] By analysing different articles, it can be seen that
some of the advantages and benefits are shared between PIL and HIL.

The pupose and advantages of PIL and HIL:

• PIL allows to test the capabilities of the chosen control hardware. This also
applies to HIL. [8]
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• PIL gives an opportunity to test the software with the chosen target hard-
ware, like the processor. [8] The purpose of HIL is to test the functionality
and performance of embedded code on the actual target processor and also
to see that it works with the hardware specifics of the processor. [26]

• The purpose for both PIL and HIL can be to verify that the software be-
haviour on the target acts the same as the MIL and SIL. [22]

• HIL can execute simulations of extreme situations where it is dangerous
(both for people and equipment) to run the real machine. [26] This can
apply to PIL as well, but sometimes it can be good to test on HIL since it
is more real.

• Reducing costs and finding errors earlier, before applying it on the actual
machine, which applies to both HIL and PIL. [8]

• When running the HIL simulation, all the I/O modules can be tested to-
gether with the control algorithm. [8]

It seems like one of the advantage with PIL over HIL is that it is simpler to
implement.

2.3.1.2 The advantages of MBD in embedded control systems

The overall advantages and purposes of MBD in the context of modelling and
simulation of control systems would be:

• Reduce time to market because of faster development. [22]
• Decreases the final cost of the project. [13]
• Detection and elimination of errors in early stage of development. [22]
• Chabaan et al [22] addresses that MBD will help in producing reliable and

better quality products.
• There is no requirement of the hardware in an early phase since the control

algorithm and the code for the control can be run in simulation mode.
• Easy to make changes to the model instead of a prototype, so all stages of

modeling and simulation will enhance the development. [13]
• Increase safety because it minimizes the experimental test on the actual

machine. [13]
• For early validation and verification, in-the-loop testing is a suitable ap-

proach.

2.4 Simulation Techniques and MBD Implementation with
focus on Mechatronics

This section will bring up different ways and tools of implementing simulations
and the connection of them to MBD. It emphasizes these techniques and the MBD
approach to mechatronic systems.

According to Chaaban et al [22], the tool Matlab/Simulink from Mathworks is one
of the most widely and commonly used development tools at research centres and
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universities in model-based development, simulation and auto-generation of code.
It provides a graphical environment and a customisable set of block libraries for
design, simulation, implementation and testing of control algorithms. [22] Accord-
ing to Bouissou et al [7], Matlab/Simulink is one of the standard tools used for
design of embedded systems.

In the research today, there is a lot of emphasizing that the mechanical design
and the control needs to be considered together as one optimization problem and
designed in a co-design view. One very common way to develop mechatronic sys-
tems is to follow the sequence of first designing the mechanical parts and then the
control. Reyer et al [31], examines different techniques to combine the mechanical
design and the control design to see the possibilities to get a optimized solution,
since the mechanical design will affect the control, but the control will also affect
the mechanical part. By following a sequential strategy by designing the mechan-
ical first and then the control, and adding an iterative part where it repeatedly
finding optimal design and optimal controller, the result will be improved com-
pared with just one iteration.

da Silva et al [32] discuss simulation-based design in mechatronics. For mecha-
tronic system design, it usually deals with the integrated design between the me-
chanical system and the embedded control system. A typical example of a mecha-
tronic product is pick and place robot with a gripper on a flexible beam where the
control and structural parameters will affect each other. Not only to get faster
development and reducing cost has simulation-based design been used in mecha-
tronics, but also to enhance product performance. To achieve this, simulations is
a effective tool for the engineer to use, and it is used through simultaneous sim-
ulation of the mechanical part and the controller part and the integrated design
and optimization. da Silva et al [32] suggest a simulation of a mechatronic sys-
tem with co-simulation. The plant model is modelled as a multibody model in a
flexible multibody simulation environment and the control model implemented in
Simulink. This gives a way of trying different design techniques and optimization
methodologies for the control. [32]

Explained by Törngren et al [12], Mechatronic products is an integration between
multiple technologies like mechanical design, control design, software and hardware
design that often uses different tools. To capture the relations between different
tools and areas, tool integration models can be used. A very common tool for
mechanical design is CAD tools, for control design is Matlab/Simulink and for
software design IBM Rational Rhapsody (A UML tool). The design choices made
by each discipline will affect the other, for example, a good mechanical solution
satisfying the goals of the mechanical requirements might have bad controllability
or a control system with very good control might not be computationally possible
in the selected embedded computer. To overcome these problems, communication
are very important and to understand each others requirements and demands.
One way of overcoming the integration between different disciplines and tools is
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to use co-simulation which will help in the coupling between dynamic, mechanical
and control system properties. The co-simulation support early evaluation of the
integrated behaviour. [12]

When developing mechatronic systems, which is a synergistic combination of me-
chanical and electrical engineering, computer science and control engineering [33],
Brezina et al [30] proposes to use a co-simulation technique. Co-simulation is a
way of integrating different simulation tools by "exchanging informations in a col-
laborative manner". [34] The co-simulation technique is suitable for mechatronic
systems with a complex mechanical structure and a dynamic behaviour with a con-
trol system. It can be used in the development when starting by creating a model
of the dynamic system and a model of the control, as been called MIL above. The
co-simulation gives a opportunity to test the mechanical design, test the control
of the system and the whole system behaviour. The co-simulation proposed by
Brezina et al [30] is realised by using ADAMS, which is a 3D CAD software, for the
mechanical part and Simulink for the control model where Simulink supports the
interaction with Adams by including the Adams block into Simulink. This gives
synergistic effect between the mechanical design and the control design. This ap-
proach is shown in Figure 4. [30] Another way of accomplish this, proposed by
by Hadas et al [35], is to use ProMechanica or SimMechanics for the mechanical
plant model.

Figure 4: Co-simulation approach between ADAMS and Simulink. [30]

Bittar et al [13] investigate the solution to implement a simulation for unmanned
aircraft by using the X-plane simulator for the plant model of the air plane and
the control algorithm in Matlab language. X-plane can exchange information with
the external environment through UDP (User Datagram Protocol) and MAT-
LAB/Simulink can also implement this communication. [13] One way of imple-
menting either UDP or TCP connections with Matlab is to implement C-code for
it in a S-function. [10] This is a kind of co-simulation and the solution by Bittar
et al [13] could be called MIL since it uses a model of the plant and a model of
the control.

An example for a SIL simulation is proposed by Muresan et al [24], where the
plant under control is modelled in Simulink and then a S-function in Simulink
is used for control code under test and the emulated OS. Everything related to
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processor aspects are emulated inside the S-function. [24] Another axample of
SIL simulation is brought up by Li et al [21], where the model of the control is
designed in Simulnik, then extracted to the tool Modal and then exported to the
tool Ptolemy II for performing code generation. The SIL simulation is executed in
Simulink, where the C-code is encapsulated in a S-function. [21] Both these shows
that a very common way of implementing SIL simulations is to run the C-code in
a S-function in Matlab.

Jaikamal et al [23, 26] proposes to use a homogeneous tool created for the purpose
of MIL and SIL. This tool will be able to use new models as well as integrate them
with legacy code. This tool is a integration tool, that can be used together with
other simulation tools. It can also include the target processor specifics, such as
real-time info and the OS.

Severa et al [8] describe that when developing new machines, many software tools
are used for different engineering issues (CAD design , simulation, control sys-
tem design, visualization system). When it comes to modelling, tools like MAT-
LAB/Simulink/SimScape and Mathematica/Mathmodelica/Modelica are very known
and when it comes to model-based development, Simulink is a very common tool
to use. An example of MIL is to use SimScape, which is a tool that extends
Simulink when it comes to systems for mechanical, electrical, hydralical, or their
physical domains, for the plant model. For the control, RexLib, a control library
compatible with Simulink can be used. As the next step is SIL, the plant can con-
tinue being in SimScape, but the control can now be moved to the REX control
system core, which let the control algorithm run in a native environment. The tar-
get hardware can be chosen with specification regarding target processor, amount
of memory, target OS, proper sampling period, etc. Rex has also developed their
tool to be used for PIL and HIL. [8]

Ishikawa et al [36] proposes a CPU model-based co-simulation which includes the
plant model of the dynamic system and the control including the code but also
the microcontroller/processor hardware and specifics. By using this approach, the
control engineers can also validate their software program towards the embed-
ded hardware chosen together with validating their control and the interaction
with the mechanical system. A co-simulation view is chosen since the control
and the plant require different simulation tools. The plant is implemented in
MATLAB/Simulink and Saber [36], a multi-technology simulation environment
well-suited for mechatronic systems and uses an interface to Simulink [10].The
controller model is in a tool called CoMET together with a CPU behaviour anal-
ysis tool. The communication interface from the Simulink side is handled through
implementing C in a S-function for named pipes. Figure 5 shows the place in the
V-model where Ishikawa et al [36] wants to apply this simulation step, where it
will evaluate the target hardware together with the control. This simulation will
enhance the model-based development since it also capture the specifics of the pro-
cessor/microcontroller. [36] It is like SIL simulation since the plant is modelled
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but the control is slightly more real.

Figure 5: The place in the V-model where the CPU model-based co-simulation will
be applied. [36]

Explained by Resmerita et al [28], when simulating real-time behaviour of an em-
bedded system, the functionality and timing of the execution platform together
with the plant under control including the sensors and the actuators needs to
be simulated. Resmerita et al [28] proposes a SIL simulation with the plant in
Simulink and a tool called the Validator tool for the control. The Validator will
execute the compiled application code and simulate the functional behaviour of
the operating services and hardware components of the target. Simulink imple-
ments a S-function for the TCP/IP communication with the Validator Simulation.
The Validator is a independent simulator which enables it to interact with other
simulation tools like Simulink and Modelica which gives it flexibility. [28]

Simulink Real-Time [10] and dSpace [8] are examples of tools for HIL simulation.
Muresan et al [24] explain a HIL setup with the plant model of a DC-motor is
implemented in MATLAB/Simulink and compiled using Real-Time Workshop and
xPC Target for xPC Real-Time Kernel on the host PC. The motor model then runs
using real-time constrains on the target PC. The simulated signals are translated
to physical signals using an interface board. The control algorithm is executed on
the embedded system under test. [24]

2.5 System Description

This section describes the system of the pick and place machines, focused on the
embedded systems that controls the motion of the axes.

The pick & place machines have a system software called TPSys (Test and Place
System) which is the main software of the whole machine and runs on a Linux
computer. It uses the HWI, hardware interface, to send out commands on a
CAN bus. These messages are sent to the different embedded systems (different
nodes) called CMOT or the servo system. The servo system controls the motion
of the axes and various other hardware. The focus has been on the z-axis where
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the motor controls the axis via a rack and pinion that translates the rotational
motion to linear motion. The z-axis can be seen in Figure 1(b) in Section 1. The
overview of the system can be seen in Figure 6. The hardware of the embedded
system CMOT is explained in Appendix A.

Figure 6: The overview of the system. The main software TPSys is in charge
and communicating with the embedded system through CAN via the HWI. The
embedded system CMOT controls the motion of the axes.

2.5.1 The Control System

When running the servo system, the output from the control is the current. The
current is recalculated to the voltage applied to the motor to keep that specific
current. The position is measured with the encoder and used as the input to the
control algorithm to get a closed loop system. This is illustrated in Figure 7(a)
which shows the servo system in more detail. TPSys will send CAN messages to
the nodes with the target position. The servo system uses a trajectory planner to
calculate the trajectory.

Today, the system have a simulation mode where the motors and the encoders
are disconnected. The embedded control code and surrounding code will run on
the target, but the dynamic systems (the plant) with the motors and encoder are
replaced by a mathematical representation in a C-function. The control signal
from the control code is the current, which is the input to the plant model. The
calculated encoder position is the output from the plant model. This is illustrated
in Figure 7(b). The plant model is a simple mass-force model that calculates the
position depending on the current. The inertia of the motor is translated to a
mass and together with the mass of the wagon and the tool it is the total mass
to move. The motor torque constant for the motor is also translated to a motor
force constant. The forces acting on the mass will be the gravitational force, the
friction force and the force from the motor. A more detailed representation of the
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calculation can be seen in Appendix C.

(a) The overview of the control on the real system.

(b) The overview of the control on the simulated System, PIL.

Figure 7: The overview of the control on the embedded system.

The system have an interrupt every 510 µs that will handle the reading of the
position, the calculation of the control algorithm and then apply the voltage over
the motor. The steps in the interrupt are as followed:

Step 1: Read the encoder position.
Step 2: Calculate the current with the control algorithm based on the position.

The current is recalculated to the voltage needed to keep that specific cur-
rent.

Step 3: Apply the voltage to the motor.

When being simulated the following steps will be applied in the interrupt:

Step 1: The function for simulation will be called upon, which will return the
position. The mathematical representation of the plant will use the value of
the current from the previous interrupt, imitating that it have been applied
since that time, to do the calculations.

Step 2: Calculate the current with the control algorithm based on the position.
Step 3: Save the current for usage in the calculation of position in the next

interrupt.

The simulation executed today can be referred to as Processor-in-the-loop (PIL)
simulation, as explained in Section 2.3.1. The embedded system, CMOT, control-
ling the servos is running with the target processor and the plant is added as a
model in a mathematical representation. In this case the motor, encoder and the
mechanical parts of the machine is the plant under control.
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One of the drawbacks with the simulation today is that the PIL simulations are
dependent of the target hardware. There is also quite a long compiling for the
processor and slow download to the target processor. Another drawback is that
the debugging is quite hard and tedious.

2.6 The Development Process at Mycronic

This chapter will explain how the development process is applied for a product
development in Mycronic’s case. First to be described is the development process
as a whole and then comes a deeper investigation on the mechatronic part. This
section will help in answering how the development process is applied today to
be able to make suggestions for improvements and answer question 3 and 4. The
focus of how the SIL implementation will enhance the development process is on
the mechatronic part and the development of the embedded system and code, and
therefore there is the deeper investigation on that part. The first part is included
to get a overview and to understand where in the whole process the SIL simulation
can be used.

2.6.1 Overview of the Development Process

Mycronic are using System Engineering (SE), explained in Section 2.2, together
with Product Lifecycle Management (PLM) [37], where Systems engineering is
a methodology and PLM is the processes taken step by step. [4] The definition
according to Mycronic of PLM is “Product Lifecycle Management is the process
of managing the entire lifecycle of a product from inception, through engineering
design and manufacturing, to sustaining the product during its operational phase
and finally disposal”.

A business process is a specific ordering of work activities across time and place. It
is necessary to divide the complex processes at Mycronic into smaller parts, where
the first level is Business Processes and consists of Product Portfolio Management,
Business Opportunity, Market needs, System concept, Development, Industrial-
ization and Sustained and under these there will be the Business Sub-Processes
and Sub-Sub-Processes. This can all be seen in Figure 8 and 9. The sub-process,
opportunity development, overlaps both the Business opportunity and Market
Needs process which means that it contributes to both.
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Figure 8: Business processes and sub-processes. [38]

Figure 9: The sub-sub-processes under the business process development. [38]

The Business Processes are described in Table 3 and the sub-processes are de-
scribed in Table 4.

Table 3: The description of the Business Processes.

Product Portfolio Man-
agement

Plan, forecast, order, and launch products on mar-
kets.

Business Opportunity Identify market and products where the organiza-
tion could leverage its technology and knowledge.

Market Needs Identify stakeholder’s needs.
System Concept Define the requirements for a system, explore fea-

sible concepts and propose viable solutions.
Development Refine system requirements, create solution de-

scription, build system, verify and validate system.
Industrialization Prepare system for manufacturing.
Sustained Provide sustained system capability and continu-

ous improvements.
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Table 4: The description of the Business sub-processes.

1. Idea Generation Systematically generate business ideas.
2. Opportunity Devel-
opment

Explore ideas and technologies.

3. Stakeholder Needs
Definition

Define stakeholder needs for a system that can pro-
vide the services needed by the users and other
stakeholders in a defined environment.

4. System Require-
ments Analysis

Transform the stakeholder needs into a technical
view of a required product that could meet those
needs.

5. System Design Synthesize a solution that satisfies the system re-
quirements.

6. Implementation Realize a specified system element.
7. System Integration Assemble a system that is consistent with the de-

sign.
8. System Verification Confirm that the specified design requirements are

fulfilled by the system.
9. Transition Transfer custody of a system from one organiza-

tional entity to another.
10. Validation Provide objective evidence that the services pro-

vided by the system comply with the stakeholder’s
needs.

The Strategic Product Marketing department (market department) will start with
an idea, analyse it and see if there is a market for it. They will do an investigation
that results in a product roadmap where they will state the date for introducing
the product on the market (launching the product) and how long it will be on
the market. On this time axis, there can be many different product showing their
plan for their product portfolio. This analysis will result in stakeholders needs for
the specific product. This is connected to the Business process, Bussiness Oppor-
tunity and Market Needs and the sub-process of Idea Generation, Opportunity
Development and Stakeholder Needs Definition. The next step is to do a concept
and feasibility (CF) study, which is the same as the process of System Concept. [4]

The Concept and Feasibility study is conducted as a project, where a project
team is created including different disciplines, such as mechanics, mechatronics,
electronics, software, physics, integration & verification. [4, 39] The needs are then
translated into requirements. One or many concept descriptions will be produced
that will fulfil the requirements. When doing the CF, they have to dig a little bit
deeper except the needs from the market department, which can include consult-
ing with the production department or the service department to find out more
needs. [4] As can be seen in Figure 8, the sub-process of stakeholders needs defini-
tion extends into System Concept They use a way of measure the readiness of the
concept produced which is called technical readiness level (TRL). This will give
a indication on how good the concept is and how sure they are that it will work. [4]
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During the System Concept, the sub-process of Systems Requirement Analysis is
conducted. The purpose is to translate the stakeholders view of the desired service
into a technical view of a required product that could deliver those services.
“In the concept and preliminary design phases, if reliable models and tools would
exist, a lot could be gained by a possibility to better and more accurately predict
product properties and behaviour.” [40]

The next process is the Product Development (in Figure 8 it is called Develop-
ment). This will also be conducted as a project consisting of different disciplines.
[4] The System Concept process will deliver the requirement specification (system
requirements) and one or more concepts to the development team. [4] From these
different design concepts, one will be chosen. [37] Both the requirements and the
concept will then be refined to a more detailed level. [37, 39] The requirements
needs to be broken down into subsystems requirements, which is done by the sub-
system itself. [4] For the mechatronic team, this could mean requirement regarding
the force and torque for the motor, the velocity and acceleration for the different
axis and motors that the mechatronic department will use. [5]

An example is the precision for the whole system, which is a system requirement.
That requirement will be broken into precision for each of the sub-system. During
the development of the system, it could be realised that a subsystem can’t achieve
it’s precision. This results in an iteration where the precision for that sub-system
is changed. Instead, the precision for another subsystem will be reduced to still
keep the total precision in the system requirement fulfilled. This is a collaboration
between the different subsystems to come up with the right requirements. [4]

During the development process, the implementation process of subsystems and
functions will be executed and a specified system element will be realized. [37]
There are four different sub-sub systems called Mechanics design, Electronics de-
sign, Software Design and Optics design, which each will develop systems elements.
[4] The mechatronic department and the development of the embedded system falls
under the Software Design. In the implementation process, the system element
will be designed, integrated, documented and verified.Verification means that it
needs to meet the specified requirements, and each subsystem/system element will
be tested and verified.

During the development process, there will be the System Integration and the
System Verification of the whole system. Each of the system elements will be
integrated together and in the end, The Integration & Verification group will do
system testing. [39] The system testing means that it will test the whole system
functionality. [37] There will also be the verification, proving that the system will
meet the stakeholders needs.
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2.6.2 The mechatronic part

This section will examine and analyse the mechatronic part and the development
of the embedded system and code. This part needs to be examined in order to be
able to answer how can this development process be improved which is related to
question 3 and 4.

To start, a Simulink model will be made of the dynamics of the system and the
control. At this point the controller is designed under the interactions and in-
fluence of the mechanical design. [5, 6] As explained in section 2.3 this is called
Model-in-the-loop (MIL), where both the plant and the control is modelled.

This will start during the concept phase and is done in parallel with the mechanic
design. It will help in developing feasible concepts and to answer if a solution is
possible or not. This model will also give a chance at the beginning to answer
if the requirements are fulfilled. It is easy from this model and simulation to see
what a change in the hardware/dynamic system will affect the control of the sys-
tem and also easy to see how the control can affect the hardware design. It will
for example check if it will be stiff enough, check stiffnesses in bearings, check if
the placement of the encoder and motor is good. The model will also give an idea
of what risks/weaknesses there possible can be, which gives a good indication on
what to test later when the actual hardware is present. Even after the hardware
is decided, it can be good to keep on working with this Simulink model. More
risks and weaknesses can be found that needs to be tested and measured later. It
is also good for further development and design of the controller and to see the
effect of new hardware changes. When the hardware is present, real and measured
parameters can be used in the model, which will help in further development of
the control. [5]

The purposes and usage of the their MIL simulation in todays development pro-
cess is summarized in table 5.

36



Table 5: This table shows the purpose and usage of MIL in today’s development
process.

The process The purpose and usage of MIL
Concept Process MIL will help designing the controller.

MIL could help in deciding the concept and see if
the requirements are fulfilled.
MIL could help finding relations between hardware
and the control to decide what is good or not.
MIL helps in finding risks that have to be checked
late when the actual hardware is present.

Development Process Help to develop/design the controller.
Evaluate hardware changes
Update the model with real and measured param-
eters, to make it more accurate and helpful when
designing the control.
Keep on checking risk that need to be checked on
the real hardware.

The code will be devloped, usually before the actually hardware are present, both
electronics and mechanics, that it will be executed on. [5] The code for the con-
troller is manually transferred from the model in Simulink to the C-code. [6] The
code can’t be tested on the actual processor before the electronic is completed.
In many cases, a lot of code is reused from earlier products and the new code is
integrated into the old code. This can be tested on an old processor before having
the actual new electronics. Sometimes, when developing a new machine, the old
processor is still used, and then it is easy to test on an old target board. [5] The
model for the plant will also be made at the same time to be able to run the PIL
simulations.

The PIL simulation is the first to execute the regulator code when it is finished. [6]
Problems regarding the code and the control can now be detected. The translation
from the control model to C-code can be evaluated. Also the logic in the code can
be tested. When the test on the PIL simulation is satisfied, the test will then be
executed on different rigs that might be prototypes with almost finished hardware
or the exact finished hardware. It could also be tests in a complete machine, but
testing different parts, testing different axis. [39] The code and the control can
now be tested even more and timing regarding the processor can be tested. The
regulator needs to be tuned if the model in Simulink is not perfect. It can be
errors in the model and friction is for example really hard to model. The tuning
is done when running it on the actual machine or a test rig. [6]

By running the code on the PIL simulations before the actual machine will result
in saving time. If the code is executed only on the machine the process by step
will be, run the machine, find a problem, fix the problem and run it again on
the machine. This procedure will be repeated until the solution is satisfied. By
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running it on the PIL before, problems will be found in an early stage and fixed
before running on the actual machine. Another advantage is that problems that
are critical to be executed on the machine that can harm the machine can be
found before that happens.

An example when running the machine is that the friction will differ a little bit
from machine to machine depending on how the machine is put together. The
mass of different parts might also differ a little bit but it is negligible. The torque
constant (the force constant) can differ quite a lot, ± 10%. The code for the regu-
lator have to be run on many different machines to make sure that the marginal is
enough for these differences in each machine, that the control algorithm can han-
dle it. The friction and the force constant could be changed in the PIL simulations
and checked how they will affect the control algorithm. This could possible result
in finding some changes that have to be made to the control code before running
it on a prototype/actual machine. But it also have to be executed on the actual
machines to see if it actual works and maybe find more changes that have to be
made to the code. [6]

All the steps taken when doing the development of the control code is summarized
in Table 6.
Table 6: This table shows the different steps when developing the control code.

The action The purpose
Step 1: Translate the model of the
control to C-code
Step 2: Run the code on the PIL Test the control and see if it is the same
simulation as in the MIL. Here it can be seen if the

translation of the code from the control
model is correct.
Test the code related to the control
Test the logic in the code related to the
control
Save time by testing it on the PIL first.
Problems found in an early stage.
Can find dangerous problems that can
harm the machine before that happens.

Step 3: Test the control code on Test the code and the control.
rigs/prototypes/actual machine. Test timing related to the processor.

Tuning of the control.
Step 4: Test the control code on many
machines

Test if the control code can handle
changes in friction and in the motor
constant.

When developing the code around the control code, functionality tests are also
executed to see that the desired functionality is fulfilled. One function could for
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example be a movement instruction or a read position instruction. These func-
tionality tests will be executed when developing a new functionality to the existing
code as well. When something is changed in the code, regression test will be exe-
cuted. These functionality tests and regression tests are first run on the PIL and
then on the actual machine or test rig. After this, test on the machine will be
executed for a long time, a couple of days, under normal operation. The goal of
the long tests are to achieve to test as many cases as possible since the machine
is event-driven. This is also to see that the changes that have been made to the
code haven’t affected other parts. When doing the functionality test the logic in
the code will also be tested. [6]

39



3 Design & Implementation

To be able to show that a SIL simulation with the real embedded code running on
a computer is possible to achieve, such a simulation has been created. This is what
earlier has been called a prototype simulator and it is implemented for the z-axis.
This simulation will show one possible technique to implement a simulation for
this system on a computer, implemented in two ways. It will also contribute to
show that a simulation will enhance the development process. This section will
explain what was needed to be done in order to reach the goal.

First comes a description on how the simulation has been implemented and the
two ways it was executed in. It will explain the different things needed to be
fixed in order to run the simulation. This section will try to answer the second
question in Section 1.2, the technique used in this case for the simulation on a
computer. Then in the Section 4, Result and Analysis, all the advantages and new
opportunities given by this implementation will be presented along with where in
the development process they will be used and the purpose of them.

3.1 The Implementation of the Simulation

There is a lot of different ways to implement and execute a SIL simulation, as
explained in Section 2.4. This section will explain and demonstrate the solution
chosen for the simulation in this case, executed in two ways. The goal is to run
the simulations in a Linux environment and the idea is to compile the code with
the GCC (GNU Compiler Collection) compiler [41], which is a compiler system
produced by the GNU Project and it supports various programming languages and
C is one of them. It is a free software and the standard compiler for many Unix-
like operating systems, including Linux. The overview and idea of the simulation
is shown in Figure 10, where the SIL Simulation will replace the CMOT parts.
The implementation is a own designed SIL simulation that is not dependent of a
specific model-based development tool. Some of the implementations in Section
2.4 makes you tied to a specific tool, but this implementation here is easy to
maintain and not tied to any other tool/program. Ideas and inspiration has come
from Section 2.4 when it comes to the implementation of the simulation, mostly
for the second way of implementing it. To be able to implement it, a replacement
for the CAN messages was needed and the module for the simulations that are
able to handle the CAN messages.
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Figure 10: The overview of the simulation. There is a need for a replacement of
CAN so the SIL simulation on the computer can be executed. The SIL simulation
will replace the the CMOT part.

The simulation in the Linux environment is implemented in two ways. They are
based on compiling the surrounding C-code and the C-code for the control with
the gcc compiler [41] and then executed on the Linux computer. The simulation is
called SIL simulation, as explained in Section 2.3.1 since it will run the real code
for the controller but run a model of the plant. The difference between these two
ways are how the plant model is implemented. The first is that the plant model
is implemented as a mathematical representation in a C-function and compiled
with the rest of the code with the gcc-compiler. The second way is that the plant
model is replaced by a model in Simulink and the interface between the control
and the plant is handled by network sockets. The concept is visualized in Figure
11. The replacement of CAN messages is explained in Appendix B.
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(a) The concept of the SIL simulations with a mathematical representation of
the plant model in a C-function.

(b) The concept of the SIL simulations with the plant model in Simulink.

Figure 11: The concept of the SIL simulations.

3.1.1 Replacement for Interrupt

As explained in Section 2.5.1 the control of the axes is handled in the interrupt.
The interrupt code is specific for the Texas processor used on this target board
and therefore a substitute was needed to be found when running the simulation
in a Linux environment. The solution for this is that a timer functionality is used
specified by the POSIX standard. [43] It is used together with a signal handler,
where the timer functionality will count to a top value and when the top value
is reached it will generate a signal. A signal handler will handle this signal and
make sure that the code connected to the interrupt will be executed. This looks
very similar to the interrupt of the target board.

When running the SIL simulation, the interrupt time can easy be changed to run
faster and slower. When running on the target, the distribution between the in-
terrupt code and the rest of the code will depend on the processor used. This will
be different when running on the Linux computer, which is very hard to compare
and get exactly the same.

When running the SIL simulation, the gdb debugger can be used to be able to step
through the code. But when having the signals from the timer that interrupt all
the time makes it it impossible to do that. This is solved by stopping the signals
when stopping the code, and then when resuming to run the code, the signals are
continued. This makes it possible to still have the function of interrupt together
with the gdb debugger.

3.1.2 Logging

When running the servo code on the target, there is two different logs, one for
saving the error code and one to save data from a motion of an axis, for example
position and velocity. When running the servo, the information will be saved on
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the target which have a limited amount of memory. When the execution is fin-
ished, the logs can be transferred to another computer. The event log where the
errors are saved can be parsed and the data of the motion can be plotted in a graph.

When running the SIL simulation, the logging data can be saved to a file instead.
The event log and the motion log are saved to two different files. This gives the
possibility to do longer logs, since the memory is not as limited as on the target.
When running on the target, the logs needs to be transferred when finished to be
able to get the information, which is executed through a command. If there is a
problem with the servo code that make it crash, the logs can’t be obtained. This
problem won’t arise when writing to a file directly in the SIL simulation.

3.2 The two simulation techniques

As explained above the two ways implementing the simulation on the Linux com-
puter are:

1. All C-code including the C-function for the plant model, are compiled with
the gcc compiler and executed on the desktop computer.

2. The background C-code and the control code are compiled with gcc, but the
plant model is replaced with a Simulink model.

This answers the second question in Section 1 by showing that these two simulation
techniques can be implemented and executed. When doing tests and development,
there are now 5 different ways of running the code.

1. The MIL simulation implemented in Simulink/SimMechanics.
2. SIL simulation with the plant model as a mathematical representation in a

C-function.
3. SIL simulation with the plant model in Simulink.
4. The PIL simulation with the plant model as a mathematical representation

in a C-function.
5. The real machine.

3.2.1 Simulation 1

The first simulation was implemented as the PIL simulation explained in Section
2.5 but compiled and executed on a Linux computer. The communication between
the control code and the plant model is handled by function-calls. First it will
make a function call to get the position, calculate the control and then yet another
function call to save the current, imitating applying it to the motor.

The PIL simulations used today are used a lot for checking the logic in the code
and how the code works. When implementing a new feature or improving the
code, the PIL is used in a lot of situations. Section 2.6.2 explain the development
process when it come to the mechatronic part and the usage of the PIL simulation
in their case. The PIL is a very good tool to use, but to overcome some of
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the difficulties with the PIL simulation, the simulation is wished to run in a Linux
environment. Simulations 1 is the first step towards being independent of hardware
and help make the development faster. Since the PIL is working very well, the
idea of running the same implementation in a computer is a good substitute and
extension. The benefits from the SIL simulation and the new opportunities it
opens up is explained in the Result in Section 4.1.

3.2.2 Simulation 2

To develop the simulation even further, the model of the plant was implemented
in Simulink. This gives a lot of new and other benefits compared to simulation 1,
a lot of them focused on the interaction with the mechanical design. All the bene-
fits, advantages and reasons to use this simulation are explained in the Results in
Section 4.1. The inspiration to this solution comes from the idea of co-simulation,
which gives a good way of the integrated behaviours of different disciplines such
as the mechanical design and the control design.

To be able to run the plant model in Simulink, communication between Simulink
and the servo code needs to be established. This communication is set up by
network sockets with a client and a server. They will each create a socket and the
client, in this case the servo code, have to know the socket address (combination
of IP-address and port number) of the server, which here is the Simulink model.

The first step is to set up the connection, which will be initiated in the beginning
of the servo code. The client will try to connect to the server, and the implemen-
tation of the simulation makes it possible to fill in the socket address manually
when starting the simulation. The server part is implemented in Simulink with
a S-function that includes the C-code for the socket connection. When the client
will call the server for a connection, the server will accept and after that, bidirec-
tional communication can be performed.

On the servo side, the following steps are implemented in the interrupt of the servo
code:

Step 1: Fetch the position from the Simulink model through the socket connec-
tion.

Step 2: Calculate the current with the control algorithm.
Step 3: Send the current to the Simulink model through the socket.

The Figure 12 shows the Simulink side of the connection, where the Simulink
model calculates the position and send that to the servo code. After that it
will wait for the servo code to send the current back for it to calculate the next
position. This is handled by the block SIL socket in a S-function, and after that
comes the block that recalculates the incoming current to voltage, then the block
of the motor model and then the block of the z-axis mechanical parts implemented
in SimMechanics. The models for the simulation that are used here are made by
Jonas Walther. They were made for another similar machine but have been used
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here for the purpose of testing the SIL simulation together with SimMechanics.
Some changes have been made in the models to make it more accurate to the
specific z-axis used in this case.

Figure 12: The Simulink block diagram for the plant model which is the block
of the motor and the MountHead, and the SIL socket block which handles the
communication with the control code.

As explained above, when starting the simulation the socket address can be filled
in manually. This makes it possible to set up connections to different plant mod-
els by letting them use different socket addresses. This could be different plant
models on the same computer or on another computers. It could even be the same
Simulink model, but with different SIL socket blocks that have different socket ad-
dresses. For example, this could give an opportunity to have the Simulink model
on a server that could handle heavy computational models.

It also gives an opportunity to have the plant model in another simulation pro-
gram that supports socket communication, which gives the SIL simulation some
flexibility. As mentioned in Section 2.4 Simulink is one of the most widely used
simulation tools and was chosen to be used here since it is a very good simulation
tool and easy to interact with.
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4 Result & Analysis

This section will start with all the benefits and new opportunities that the im-
plemented SIL simulation will bring to the development process of Mycronic. It
will answer how the development process can be enhanced by the SIL simulation.
This is focused on the answer to question 3 and 4 in Section 1.2.

The next section will then show some graphs and comparison from different SIL
simulations compared to the PIL simulation and the real machine. This is to prove
some of the opportunities and advantages brought up in the section before. It is
also to prove that the simulation works.

4.1 Advantages and new opportunities opened by the SIL
simulation

I will propose that the SIL Simulations in the Linux environment are used in the
scenarios or reasons in the following list. An explanation for each item in the list
will follow.

Reason 1 The SIL simulation is good in the concept phase. It will give an op-
portunity to test the control code and the mechanical design effect on each
other early, which will lead to faster and cheaper development.

Reason 2 It can be good to start using SIL as early as possible, since it is easier
to generate the right input reference value to it since it can use the trajectory
planner. It is hard to generate input to the MIL setup which is similar to
the reality.

Reason 3 In the beginning of the code development when there is no electronic
present.

Reason 4 During development of the control code: After translating the model
to C-code. The control can be tested and the translation of the code can be
checked. Also the logic in the code can be tested and other problems with
the code that might arise.

Reason 5 During development of the control code: Tuning.
Reason 6 During development of the control code: When testing the control

code on many machines, the simulation can help before that.
Reason 7 Even if there is electronics present and other hardware, it is proposed

to use Linux simulation during the code writing/development anyway. When
changing something in the already implemented code it can be tested with
the SIL simulation.

Reason 8 When doing functionality test after a new function is developed. Also
when doing regression tests.

Reason 9 If a change in the hardware for an upgrade is desired, it can be tested
with the SIL simulation

Reason 10 When the main Software (TPSys) runs their test, they can use the
SIL simulation to imitate the servo. It can also include more than one
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axis in the simulation and the SIL simulations can then be good to use for
integration.

Reason 11 When the interaction between the different mechanical parts and the
different axes are desired to analyse, the SIL simulation together with Sim-
Mechanics is very good. This is useful both in the concept phase, the devel-
opment, the integration and the testing.

Reason 12 The SIL simulation will give an opportunity to do longer logs.

Reason 1, During Concept phase

When developing this system, the MIL setup will make it able to see the impact
of the dynamic system on the control and vice versa. If a new machine is going to
be made and they start “from a white page”, the MIL simulation is a very good
tool during the concept phase.

The SIL could be used at this time as well, but the balance between the gain
from it and the time and effort into coding need to be considered, since the coding
might not start until later. If a lot of code is reused, which usually is the case for
Mycronic, that code can be run in the SIL simulation in the concept phase. At
this point, it is easy to test and make changes to that code to see the effect of the
changes. As said in Section 2.2.1, where SE is combined with agile methods, that
using modeling and simulation early can give answers to questions regarding the
systems and different approaches can be tested.

When running the SIL with the plant in Simulink/SimMechanics it makes it pos-
sible to test the different choices of mechanical hardware for the dynamic system
in an early stage together with the control code and surrounding code. This is
good to detect problems for the control related to the hardware, like the motor,
encoders or mechanical parts. This is good since the earlier problems relating to
hardware is found, the more easy and cheap it is to change it. As explained in
Section 2.4, the integration between the hardware and the control is very impor-
tant to consider.

It can also be good to run the SIL simulations with the plant in the C-function
to test different concepts when it comes to the coding. Errors regarding the code
can in this case be found. If the SIL simulation together with the C-function is
executed, there is no dependency of any other software.

The SIL Simulations, if used in the concept phase, can help deciding the concept
and see if the requirements are fulfilled. Since the SIL is closer to reality than the
MIL, it is good to use that in the concept phase as well.

Reason 2, Easier to generate right input to SIL

When running the MIL simulation, the input reference that resembles the real
input is hard to generate. It is easy to generate a step input, but the SIL simulation
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makes it possible to include the trajectory planner. So if it is possible to include
the SIL simulations in the concept phase, it is a huge benefit. The earlier, the
better, since the SIL simulations are closer to reality than the MIL. The controller
might be easier to change the MIL setup, so when developing the controller, the
MIL is a good start. Even if the SIL simulation is not included in the concept
phase, the enabling of using the right input reference is an eminent advantage.

Reason 3, During development without hardware

During the start of the development of the code (both the surrounding code and
the control code), before the actual electronics and target board has been devel-
oped and produced, the simulation will give an opportunity to still be able to
run and test the code. As explained in Section 2.3.1.1 one of the purposes and
advantages of SIL is that it requires no physical hardware.

The opportunity to use the gdb debugger will give an easy way of debug the code
in this stage. Since the code is running on a Linux computer, printf can be used
and the logging of the system will be made longer since the memory is much bigger
compared to the processor of the target. The logic in the code can be tested with
the SIL simulation with the plant model in a C-function. The code can also be
tested with the model in Simulink, it depends on what the developer feels is best.

Problems and errors that might arise can be caught early. As stated in Section
2.3.1.1 the first and second item in the purpose and advantage list for SIL brings
up this matter. It shows that the code can be tested with SIL and that error and
faults can be caught early which results in faster development, cheaper develop-
ment and that the code is better and more thoroughly tested.

As the implementation is today, the time for execution of instructions in the code
is not included. The SIL simlations don’t incorporate any of the target specifics.
Problems might arise because of this, when it is working in the simulation but not
on the actual target. This is one of the drawbacks with the SIL simulation.

Reason 4, Developing the control software C-code

When developing the control software and after the plant model have been trans-
lated into C-code, the SIL simulation can be used. The intent is to check if the
control is good, which can be executed both with the plant in Simulink or in the
C-function.

The SIL simulation can be used to see if the translating of the controller model
from Simulink to C-code is correct, because then it should work the same as the
MIL setup. Here it is good to use the SIL simulation together with the plant in
Simulink, so the same plant is used. This is supported by Section 2.3.1.1 where
one of the purpose and advantages of SIL is to see that the code behaves like the
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intention of the controller model design.

Reason 5, Tuning of control

The SIL simulation might be used for the tuning of the control. The simulation
under Linux with Simulink can be used which might lead to the tuning coming
closer to the actual solution than the MIL setup. The reason for using the SIL with
Simulink instead of the C-function, is that the model of the plant can probably
be better in Simulink and therefor be a more realistic picture of the real machine.

Reason 6, Testing control code on many machines

Since the friction might differ from machine to machine, the control code needs to
be tested on many machines, as described in Section 2.6.2. It takes a long time to
set up the machines, to compile and download the code to them and to run the
tests. If there is some problem and some change need to be done to the code, the
tests on the machines have to be re-executed. These tests might be iterative until
the perfect solution is found. The SIL simulation with Simulink can make a huge
impact here. The friction and the force constant in a Simulink model can easily
be alternated which might lead to finding some problems before running it on the
actual machines. It is a very easy way of finding out how the change in friction
and force constant will affect the control code. This will result in saving a lot of
time. It still needs to be tested on the machines, but not in the same extent as
before, because less iteration might be needed.

Reason 7, Development of the code

During the development of the code, when electronics are present or not, the Linux
simulation will be a huge help. The code can easily be tested without download-
ing it to a target board, so it can be developed without using any hardware or be
dependent of hardware. As stated in Section 2.3.1.1, one of the huge advantages
of SIL is the independence of hardware.

This approach is better than to use the PIL simulations all the time since it will
save time because it takes a long time to compile for the target processor and to
download the code. Things can be developed and tested in the Linux simulation
for a while, and then tested on the actual hardware after some time saving a lot
of time. The Linux simulation will make the debugging of the code easier and
error are more easy found. As in Reason 3, it gives a opportunity to use the gdb
debugger, to use printf and longer logs. When running PIL and the real machine,
if the program crashes, the logs cant be accessed. This problem won’t arise in the
SIL simulations. Also described in reason 3, errors and faults can be caught in
the SIL simulation with makes the code more thoroughly tested, which applies in
this case as well.
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The above applies too when changing something in the already implemented code,
during further development of the code. One drawback with this approach is since
it will be longer between it actual is running on the actual machine, a lot of things
will be changed. And if it doesn’t work on the machine, it is hard to know what
is not working, since everything was working in the SIL simulation.

One of the drawbacks with the SIL simulation implemented here is that it is miss-
ing to include target specific properties. In Section 2.4 a lot of the implementations
of SIL included this and as mentioned in Section 2.3.1.1 one of the advantages of
SIL is to run the code in it’s native environment if it is possible.

Reason 8, Testing

As said in Section 2.3.1 and seen in Figure 3(b), SIL simulations is very important
for testing. In the testing phase for Mycronic, the SIL simulation will contribute
to a new way of doing tests. Before doing the functionality tests and regression
tests on the PIL rig, it can first be done on the SIL simulation. By doing these
tests on the Linux simulation, problems can be found and fixed before running on
the PIL and actual machine. These will lead to fewer tests on the actual hardware,
where the tests take longer time. As said in Section 2.3.1 and seen in Figure 3 SIL
simulations is very important for testing.

Reason 9, Change mechanical hardware

If there is a desire to change the mechanical hardware in the machine, maybe to
do an upgrade of the already developed machine, then the simulation on Linux
together with Simulink can be usable. That is because it is easy to change the
hardware in a Simulink model and see how that affect the control code. Also, if
a new machine is designed but with the same base, so a lot is reused, then the
simulation on Linux is good to be able to see what different changes can affect.
The integration between software, control and mechanical design is hilighted a lot
in Section 2.4, where it states that it is important to consider their impact on each
other. It gives a good explanation on why the SIL together with Simulink is good
to use in that matter.

Reason 10, Integration with main software

Today, when the main software (TPSys) runs their test they have there own servo
simulator, which is an image of the trajectory planner. The SIL simulation will
replace this servo simulator since the main software can instead run towards the
real servo software. The test possibilities will be enhanced since tests can be
executed on the main software together with the servo software before running it
on the machine. Depending on what to test from the main software, the simulation
with either Simulink or the C-function can be used. Today, the SIL simulation is
implemented only for one axis. But in the future, the implementation is expected
to be implemented for all the axes, and then the integration tests can be run for
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the main software together with the servo in a simulation mode before the actual
machine.

Reason 11, The mechanical connection between different axes

When being able to run the SIL simulation with Simulink, an opportunity that
will arise is the effect of connection in mechanics. It is possible to do a model in
Simmechanics of more than one axis, and when running the simulation, the affect
the axis has on each other will appear.

An example is that the z-axis (MIDAS) is attached to the x-wagon. To be able to
see the impact they have on each other, they can both be included in the SimMe-
chanics model. When running the SIL simulation with the plant model in C or
the PIL simulation, the interaction and influence between the axis is not possible.

The SimMechanics model with many axis can be included in the MIL simulation.
With the MIL simulations it is easy to generate a step response, but it is harder
to generate run sequences. The SIL simulations with SimMechanics gives an op-
portunity to run the trajectory planner and see how the code interacts with many
axes. It is easier to make it like the real machine in the SIL environment with
SimMechanics than in the MIL simulation. The code can be tested with the cross
connections of the mechanics. One example could be the interaction between two
axes depending on their settling time.

Another opportunity it will give is to be able to check how the components will
be placed. It will be with the real code and many axes at the same time, so that
could be tested before it will be executed on the real machine.

This could also be used in the concept phase if the goal is to make a new z-axis
for example. Then it could be used to see how the z-axis interacts with the rest
of the axes and how it will affect the x-wagon it will be put on.

Reason 12, Logging

Whenever the logging needs to be done, the SIL simulation will give an oppor-
tunity to do longer logs. This logs can be either movements logs which include
the position, velocity, acceleration etc and see how they are effected by different
changes. The logs can also be Event logs to see where in the code things went
wrong.

4.1.1 Summary of the advantages of SIL

The benefits and advantages are summarized in the following list which applies to
the two SIL simulation solutions. The two lists that come after will describe the
benefits each of the solutions have that is not common for both.
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• Independent of any hardware.
• Makes it possible to do tests early, which lead to cheaper and faster devel-

opment.
• Problems and errors can be caught early.
• Can use the gdb debugger and printf.
• With the SIL simulation, the code can be more thoroughly tested.
• Can do longer logs, better event logging with printf.
• Be able to see if the control is good before applying it to the actual machine.

Test the control and all the code before running it in the PIL and actual
machine.

• Can during the simulation include the trajectory planner so the input is
more real than on the MIL setup.

• Good for integration tests with the main software.

The above items apply to both simulations. The following two list apply to the
each of the two different simulations.
Advantages when it comes to the SIL simulation together the plant model as a
mathematical representation in a C-function:

• No dependency of any other software or simulation tool.
• One possible way to implement simulations and testing could be to use

Texas instruments own tools, since their processor in this case is used. If
there is another processor used, their manufacturers simulation tools could
be used. This could for example be a hardware emulator. But usually, to use
a specific manufacturers own tool is very expensive and sometimes tricky.
The SIL simulation explained above that has been implemented is easy to
maintain and use, cheap and it doesn’t require any extra tools.

Advantages when it comes to the SIL simulation together with Simulink or Sim-
Mechanics

• Include mechanical changes in the simulation easy with the SIL together
with SimMechanics.

• Can easily see the impact the control and mechanical solution has on each
other.

• Many Simulink models for different machine configurations, easy to change
between them by changing the socket address (IP&Port)

• The implementation of the SIL with sockets makes it possible to change the
plant model simulation tools to something else. It doesn’t necessarily need to
be in Simulink/SimMechanics, it could be changed to some other simulation
environment that supports network communication through sockets. This
makes the SIL simulation modular and flexible.

4.2 Comparison between the different simulations and the
real machine

This section will show some of the comparison done on the SIL simulations, the
PIL simulation and the real machine. To start, the SIL simulation with the C-
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function is compared to the PIL simulation. The expectation is that they should be
exactly the same since they are implemented the same but compiled and executed
on different processors. The second comparison is between the real machine, PIL
and the two SIL simulations. This shows that the simulations are possible to
execute, also with the plant in Simulink. The last comparison is between the real
machine and the SIL simulation to shows that the logging is improved since the
memory is not as limited on the Linux computer. The last comparison is about the
time for the compiling of the code. The measurements are done for the compiling
for the target processor and for the Linux computer. This is to show that the
compiling for the Linux computer is much faster than for the target.

4.2.1 Comparison SIL-C-function and PIL

Figure 13 shows a graph over the movement from position 0.010m to 0.084m run-
ning on the PIL simulation and the SIL simulation with the plant model in a
C-function. The y-axis shows the position in meter and the x-axis shows sample
points. When the graph is compared, they are very similar as seen in Figure 13
(a). There is a little difference in the reference trajectory and also in the com-
parison between position, and the difference in position can be seen in Figure 13
(b). The Figure 13 (b) is zoomed in and the difference in steps on the y-axis is
0.000005m = 0.005mm.

The difference could possible be because different libraries for the math functions
are used for the different processors which lead to the difference in the trajectory
calculations that in turn leads to the small difference in position. But this shows
that the possibility to run the servo code in the SIL simulation with the C-function
for the plant is possible. Another target position could have been chosen but it
will have the same outcome regarding the similarities as the movement to from
0.010m to 0.084m.

(a) The whole movement (b) Zoomed in around the target

Figure 13: The graph of the position for the SIL simulation together with the plant
in a C-function and the PIL simulation. The one to the left shows the whole
movement, and the one to the right is zoomed in around the target position.
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When the SIL simulation has been developed and executed, the gdb debugger and
the function of printf has been used. This has made it possible to see that it
executes the right code, and that it follows the logic in the code. This indicates
that it is easier to debug the code on the SIL simulation than in the PIL simu-
lation. When debugging the code running on the PIL simulations and the real
machine, the technique is to use the logs and read the error messages in the event
log. When using a debugging tool such as the gdb debugger and being able to use
the function of print gives a much easier way to debug.

4.2.2 Comparison Real machine, PIL and the two different ways of
SIL

When comparing the outcome from the SIL simulations with the outcome from
the PIL simulation and the real machine, the position has been measured. The
reference input comes from the trajectory planner that calculates the trajectory
to follow. The reference to the real machine and the PIL is exactly the same,
and for the SIL simulations, it is almost the same. As explained in Section 4.2.1,
the trajectory might differ slightly, because of how the processor do calculations.
Figure 14 shows a movement to position 0.084m for the real machine, the PIL
simulation and both SIL simulations. As above, the PIL and the SIL simulation
with the C-function is very similar. The SIL simulation with Simulink differs a
bit, but that is because the model in Simulink/SimMechanics is not adapted to
this specific z-axis as explained in Section 3.2.2.
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(a) The whole movement. (b) The movement zoomed in a little bit.

(c) Zoomed in around the target position. (d) Zoomed in around the target position.

Figure 14: The graphs over the movement to 0.084m for the real machine, the PIL
simulation and the two SIL simulations.

4.2.3 Logging

When running on the real machine, the logging is limited as can be seen in Figure
15 (a) where the logging only can include around 4 movements. It could include
some more movements, if the logging of other things were excluded, for example if
the current or the velocity or something like that were excluded. The Figure 15 (b)
shows the logging when running in SIL simulation with the plant in a C-function
(would work fine when running the plant in Simulink aswell). The logging can
now include many movements and even more than in the graph since the memory
is not as limited as on the target. The Figure 15 (c) show the both loggin together
were it is very eminent that the logging in the SIL simulation is longer that in the
real machine.
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(a) The logging executed by the target board.
There is only memory for approximately 4
movements.

(b) The logging executed when running the
SIL simulation. This could be even longer if
that is desired.

(c) The comparison between the logging. The
blue represents the logging on the target borad
which is much shorter than the read repre-
senting the logging in the SIL simulations.

Figure 15: The graph over the logging of many movements.

4.2.4 Measurements of the compiling

The compiling for the target board takes about 170 seconds and the compiling for
the Linux computer takes approximately 2,5 seconds. This is 68 times faster for
the Linux computer which makes it much faster to develop and test the code.

56



57



5 Discussion and Conclusion

This section will bring up the conclusion reached in this master thesis, together
with discussions about the subject and findings.

5.1 Question 1

How can Modeling and Simulation and Model-based Design/Development enhance
the development process for mechatronic systems?

As shown through this whole report, a lot of gain and advantages can come from
using modeling and simulation during the development process. The literature
study in the Frame-of-Reference part have brought up the many advantages of us-
ing models and simulation. The Frame-of-reference has addressed that by following
model-based development for a lot of different products, especially for embedded
system and control theory, can give a lots of advantages. The frame-of-reference
chapter gives a good answer to first question. This has then been applied and eval-
uated for the specific system of Mycronic’s pick and place machine, as explained
in the Design & Implementation and Results & Analysis chapters in Section 3 and
4.

One of the advantages of modeling and simulations are the ease to change models
rather than real prototypes, which gives a faster and easier development. The
benefit of using modeling and simulation is to predict the systems behaviour. It
presents a clear view of the system and errors and faults can be caught early.
Modeling and simulations will make the development process more iterative and
different solutions can be explored. As explained in Section 2.3.1, model-based
development is usually applied to embedded software development and then refers
to control- and plant models and simulations. With this model-based work flow,
the in the loop simulations are applied, and the advantages are many. To a
start, the MIL will contribute to being able to test the control in a early stage.
It gives an easy way to develop the control and an opportunity to evaluate the
interaction between the control and the mechanical design. The SIL setup gives
an opportunity to test the code, to see that the control act the same as the MIL
design and that it is a good design and help with finding error and faults early.
Both the MIL and SIL setup requires no hardware which is a big advantages when
it comes to modeling and simulations. Both the PIL and HIL gives a good way
to testing on the real target hardware and verify that the control still acts as
its intention. The overall advantage of MBD is the faster development and the
decrease if final cost. The detection of faults and errors early is a big advantage
and the independence of hardware.

5.2 Question 2

What kind of methods (techniques) can, in the case of Mycronic’s system for the
mechatronic group, be used to run a simulation on a computer?
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Section 3 explains how the simulation was executed for Mycronic system. This
was based on inspiration from Section 2.4. This shows that it is possible to create
a simulation with the technique of compiling the C-code and run it on a Linux
computer. The first simulation method runs the simulation without being de-
pendent of any tool, which shows the possibility of that. The second simulation
method has showed that it can be flexible by including another simulation tool
like Simulink as well.

5.3 Question 3 and Question 4

In the development process of Mycronic’s system for the pick and place machines,
what is the purpose of the different simulation methods?

How will the simulation with the real embedded code executed on a desktop com-
puter improve the development process of Mycronic’s system? What are the ad-
vantages and disadvantages for the different methods for simulation?

These two questions has been addressed in the Result & Analysis chapter in Sec-
tion 4. It discusses when and for what purpose the SIL simulation can be used. It
also addresses when it is appropriate to use SIL simulation 1 with the C-function
and when it is appropriate to use SIL simulation 2 with Simulink.

The SIL simulation created have shown to be very useful and enhance the de-
velopment process. Today, Mycronic is already using their interpretation of both
MIL and PIL simulation before running it on the actual machine and the SIL
simulations will be a good complement to that and in some cases even replace the
old simulation completely. All the advantages and opportunities coming from the
SIL simulations are explained in Section 4.1 which clearly shows the benefit from
it.

5.3.1 Independence of hardware and other software tools

One of the main advantages is that the SIL simulations are not dependent of any
hardware and can be executed very easily on the computer. This is explained in
Section 4.1 in Reason 3 and 7.

The SIL simulation together with the C-function is completely independent of any
other software or tool, which makes it easy to use and maintain. The second im-
plementation of the SIL simulation is flexible and is not that dependent of other
tools either. Today Simulink is used for the plant model since it is a very good
tool and easy to integrate.

As said in reason 1 and 2 in Section 4.1, the SIL simulation is good to start using
as early as possible and already in the concept phase. Since the SIL simulations is
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more real than the MIL simulation it is a good addition and enrichment already
in the concept phase.

5.3.2 The interaction between different disciplines

Among the literature regarding mechatronic systems, there is a lot of them high-
lighting the importance with interaction between different disciplines, such as the
mechanical design, the control design and the software design. A lot of research
and literature emphasize this integration to get a synergistic and holistic view of
the system. This is especially brought up in the Chapter Simulation Techniques
and MBD Implementation with focus on Mechatronics, Section 2.4. An example
of accomplish this integration is the idea of co-simulation where the reason for
using it is to integrate different disciplines and different tools. This interaction
is an important part in Mycronic’s development process which is implemented in
the created SIL simulation. It has already been considered in their development
process today to a certain extent when running the control- and plant models in
Simulink. When running this MIL simulation in Simulink, the integration be-
tween the control and the mechanical part is introduced in an early stage. The
SIL simulation will extend this to also include the software design and also a bet-
ter way of integrating the trajectory planner as the reference. When running the
SIL simulation together with the Simulink, the interaction of the control and the
code with the mechanical part is one of the top advantages. When running the
SIL simulation with the C-function, the interaction between the software and the
control is one of the advantages. The interaction with the main software TPSys
can also be included together with the SIL simulation, both with the C-funciton
and the Simulink part. To be able to use the simulation in the integration is a
huge benefit and opportunity, explained in Section 4.1 Reason 10. In the future
when running the plant model in Simulink for more than one axes, the impact
between the different axes will be included.

Explained in Section 2.2.1, an iterative approach can be reached with modeling
and simulation. In the proposal to include the SIL simulation, and also use the
MIL in the beginning, a good way of iterating and combining the mechanical so-
lution with the control is achieved. With the SIL simulation, even the software of
the embedded system is combined with those as well, which is even better than
just include the mechanical and the control solution and a step closer to the final
solution.

5.3.3 Testing of the code and control

Before running the code on the PIL simulation and then the real machine, the
SIL gives an extra way of running and testing the code and the control. The
control will be compared with the control in the MIL setup and the SIL gives an
opportunity to see if the control behaves as intended, as described in Section 4.1 in
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Reason 4. The code is more thoroughly tested and errors and problems are found
easy and early, as explained in Section 4.1 in Reason 3 and 7. The SIL simulation
enables an easier way of debugging and also logging. An advantage of MBD is
the time it saves when developing the code, but an other important benefit from
MBD is the enhancement of the product performance. This better product per-
formance is achieved through better and thoroughly tests that the SIL simulation
contributes with. More problems and errors can be found with the SIL simulation.

5.3.4 The Implementation

The focus of this master thesis has been on the implementation and execution of
the simulation in a Linux environment, rather than expanding and develop the
models for the plant. The simulation runs on the computer in the two ways with
satisfactory results. The methods and techniques from the literature has been
adapted to the problem and given inspiration to the solution which has resulted
in a suitable simulation.

When designing mechatronic systems, it is very important to apply the right
methods and tools. The model-based flow have given inspiration to the created
SIL simulation, to involve this simulation before the actual target and the real
machine. There is a lot of focus in the literature and research on auto generating
code, but that doesn’t seem appropriate in the case for Mycronic. Mycronic has a
lot of code that usually is reused and it can be hard to combine the auto generated
code with that. That is one of the reason the SIL simulation created in this master
thesis is a good match for the development process of Mycronic. Another property
characterizing SIL is the ability to include target specifics. One of the drawback
with the SIL solution here is that it doesn’t include the target specifics.
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6 Recommendations and Future Work

The SIL simulation today is only implemented for the z-axis. This simulation must
be further developed to run all the axis. First of all to be able to simulate each axis
separately. But when implementing the plant model in Simulink/SimMechanics,
one opportunity that would rise is the interaction between the different axes and
the benefits that would give to the intergration tests. This is explained in Section
4.1, Reason 11.

Today, the support to be able to use MATLAB/Simulink with socket communica-
tion is implemented. But the model uses in the simulation is a old model that was
not originally made for this axis. To use the SIL simulations in the future with
Simulink, the models need to be made for this machine to get a more accurate
result. If it is desired, the models could also be implemented in another simulation
program that can interact with sockets.

The comparison between the SIL simulations and the real machine/PIL has used
almost the same trajectory. But as explained above in section 4.2.1, the calcula-
tions of the trajectory can differ due to the calculations of the processor. This is
one thing that could be evaluated even further, and to see how to make the calcu-
lations on the Linux computer exactly like the calculations in the target processor.

A lot of the advantages has been based on the simulation being used during the
work of developing a SIL simulation. They have also been based on the literature
study and the analysis of the system today. In the future, it is good to evaluate
the use of SIL simulation when developing a new machine, from the beginning to
the end.
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Appendices
A The CMOT hardware overview

The embedded system, CMOT, consists of two Digital Signal Processors (DSP)
and a Field-programmable field array (FPGA), that has a FIFO (first-in first-out)
and Application specific IO, as showed in the Figure 16. The Postmaster DSP will
handle all the CAN messages. When a CAN message arrive, the Postmaster DSP
will save it in the FIFO for the servo to fetch. When the servo wants to send out
a CAN message, the servo will save it in the FIFO and the Postmaster DSP will
make sure it will be sent out on the CAN bus.

Figure 16: The overview of the embedded system, CMOT.
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B Replacement for CAN messages

When sending out messages on CAN a device driver is used, called CAN driver.
The device drivers are accessed through devices (device nodes) located in /dev
and they can be opened and closed, read and written to which enable the com-
munication with the hardware device [42].

When initializing the CAN driver, it will create a device node called can0. When
the HWI want to send something on CAN, it will use the operation write to that
specific device node, can0, and the driver will make sure it will be sent out on
CAN. The CAN driver will also make sure that the messages on CAN will be read
and stored in a buffer, and the HWI can obtain those messages by doing a read
call to the device node can0. This is illustrated in Figure 17.

Figure 17: The sending and receiving messages from/to the HWI on CAN.

The replacement for CAN is solved by changing the CAN device driver to another
device driver called CAN dummy driver. This CAN dummy driver was already
implemented by Mycronic. When initializing this driver both the device nodes
can0 and can2 will be created. To imitate sending messages on CAN, the HWI
will still use the operation write to can0 as before. But now, the CAN dummy
driver will save the data in a buffer instead of sending it out on the physical CAN
bus. This is fetched from another process, the simulation, by using the operation
read on the can2 device node. To imitate sending something back on CAN to the
HWI, the simulation uses the operation write to the can2 device which will save
the data in a buffer, and the HWI can obtain the information by doing a read on
the can0 device, just as before as well. This is illustrated in Figure 18.
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Figure 18: The sending and receiving messages from/to the HWI when the CAN
driver is replaced by the dummy CAN driver. It shows how the simulation interacts
with the HWI.

When the real CAN messages are sent on the bus, the embedded system uses the
FIFO to save the messages as explained in Appendix A. The replacement for the
FIFO is an array where the messages will be saved. The servo code implements a
task-list which the main will go through, where the task to check the FIFO will be
added in the initialization of the servo code. When running the SIL simulation,
the array will be checked instead of the actual FIFO hardware. When a message
is arriving on CAN, the saving of the message by the Postmaster DSP is imitated
by reading the device node can2 and saving it in the array that replaces the FIFO.
When sending out an CAN message, the task of the Postmaster DSP is imitated
by checking the FIFO array and writing to the device node can2.
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C Model of the dynamic system of the z-axis

The motor controls the z-axis via a rack and pinion, which translates the rotational
motion to linear motion. The gear ratio, n, from an angle (rad) to distance (m)
is n = 1/r, where r is the pitch radius of the pinion. The inertia of the motor,
Jmotor, is translated to a mass, mmotor, which is shown in equation C.1.

mmotor = Jmotorn
2 =

Jmotor

r2
(C.1)

The total mass to move is the mass of the translated inertia of the motor, the
mass of the wagon and tool. The motor torque constant, Kt, for the motor is also
translated to a motor force constant, Kf , as seen in equation C.2.

Kf = Ktn =
Kt

r
(C.2)

The model that is used is shown in Figure 19.

Figure 19: The model of the mass with all the acting forces.

where Fm is the motor force, Ff is the friction force and Fg is the gravity force and
included if the axis is tilted and m is the total mass. The motor force is calculated
according to

Fm = Kf i (C.3)

where i is the current. The gravity force in the direction of the axis, Fg,axis is
calculated according to

Fg,axis = mgsin(α) (C.4)

where g is the gravitational acceleration and is put to 9.82 m/s2 and α is the tilted
angle. The friction is calculated according to

Ff = Fstat + Fdynv (C.5)

where Fstat is the static friction and has the sign of the velocity. But when the
velocity is really low, between -0,001 and 0,001, the sign of the static friction has
the sign of the external force. Fdyn is the dynamic friction and is dependent of the
velocity, v, of the mass.
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At low speeds, between -friclimit and friclimit, where friclimit = 0,01 m/s, there is
a conditions that the friction need to keep to. Let’s say that the calculated friction
is be bigger than the external force pushing on the mass. But that is physically
impossible, so if that is the case, the model puts the friction force equal to the
external force which results in no acceleration.

The total forces on the total mass is according to

ma = Fm + Fg,axis − Ff (C.6)

where a is the acceleration of the total mass in the direction of the axis, which
also can be written z̈ for the z-axis.

The control system uses an interrupt every 510µs to sample the encoder value of
the position, calculate the control signal and send out the control signal. Instead
of taking an sample of the encoder, the model will use the control signal from the
control algorithm and calculate an encoder position.

In the interrupt:
First it calculates all the forces on the mass, which uses the current from the
previous interrupt where the control signal was calculated. This means that the
control signal, the current, has been put out to the motor between last sample
until this sample, resulting in a force during this time. By using equation C.6 the
acceleration is calculated and the new velocity is calculated according to

vnew = vold + z̈T (C.7)

where vnew is the velocity at this sample, vold is the velocity at the previous sample
and T is the sample time of 510µs. The position is then calculated according to

snew = sold + (vold + vnew)0, 5T (C.8)

where snew is the position at this sample and sold is the position at the previous
sample. The value of the encoder position is then calculated using the resolution
of the encoder.
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