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Abstract 

In recent years, the University of Skövde (HiS) is carrying an advance research in Virtual 

Commissioning and Emulation. The main goal of the research is to test and verify the control logic of 

an industrial system virtually before implementing it in the real industry. Literature shows how 

higher modeling detail level is needed taking into account aspects such as geometry, kinematic, 

behavior and interfaces. That makes an interesting branch of research for the university and that is 

the reason why the university is focusing on creating models in component level, where a complete 

emulation data model is being expanded. The aim of this thesis is to develop a way of modelling 

electric, hydraulic and pneumatic connections in order to create independent models that can be 

connected between them for creating systems. Furthermore, an energetic analysis of the system has 

been done. In the first part of the thesis, a frame of reference and a literature review has been done 

in order to learn about the fields that the authors are going to work. After that, the simulation 

models of different electric, pneumatic and hydraulic components have been created with a method, 

inspired by the producer/consumer concept, which provides a generic solution that allows energy 

flow in different domains between components in a simple way. Then, different component 

simulation models have been connected in order to emulate more complex systems. Once the 

models are done, there have been some test in order to know if all perform as expected. Finally, a 

discussion of the failures which have been during the project have been done. The experiments done 

have shown that the proposed and then implemented system has fulfilled all the objectives, 

unlocking the next step of the emulation development. 
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Abbreviations and Terminology 

Continuously a point will be made regarding the abbreviations and technical terminology used in this 
report: 

AC Alternating Current. Electric current that periodically exchanges direction. 
 

Bit Unit of information used in communication and computing. This value only 
can have two possible values, a 0 or 1. 
 

Byte Digit made by 8 bits. 
 

C language A procedural programming language. 
 

CAD software Computer-Aided Design. Software program to create two-dimensional and 
three-dimensional models of physical components. 
 

DC Direct Current. Electric constant current. 
 

FMI Functional Muck-up Interface. 
 

FMU Functional Muck-up Unit. 
 

HIL Hardware-in-the-loop. Technique to develop and test complex real time 
control systems adding a mathematical representation of a plant. 
 

HMI Human Machine Interface. The visual connection between the operator 
and the system. 
 

I/O Input and Outputs. Communication between the information processing 
system and the outside world. 
 

PLC Programmable Logic Controller. A device used in the industry which 
controls the different part of a system. 
 

XOR gate Logic digital gate that gives a true output when the number of true inputs 
is odd. 
 

ZIP file A file format which has a lossless data compression. 
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1 Introduction 
 

1.1 Background 
 

Nowadays, the design of manufacturing systems has a great importance in the industrial area 

because it can reduce cost constrains, reduce the time-to-market and shortening the life-cycle of the 

products. Because of that, although manufacturing system engineering is rising, the demand for 

quality is increasing (Hoffmann et al., 2010).  

Responding to this need of the current industry, HiS has carried out a comprehensive research 

regarding virtual commissioning and emulation in recent years. Modeling and emulations permit 

designers to be able to test the systems in a virtual systems instead of testing it in a real plant (Sinha 

et al., 2001). The basic idea of Virtual Commissioning is to connect a digital plant model with a real 

plant controller (e.g. PLC- or HMI-Human Machine Interface) so that engineers from different fields 

such as design process and control have a common model to work with together, explained Liu, 

Suchold and Diedrich (2012). Thus, the PLC program can be tested virtually before the physical 

implementation is finished. 

In the current industry, subsystem level or I/O level emulation is the most common used since it is a 

simple way of validating a control program. In this level, the different devices of the system are 

grouped in blocks. In addition, each block has a logic to imitate the behavior of that group of devices 

in the real system. However, Hoffmann et al. (2010) explained how sufficiently detailed 

manufacturing system models are needed for reaching the expected benefits in reducing debugging 

and correction efforts expended during real commissioning. Thus, Lee and Park (2014) exposed that 

virtual devices should be modeled at the level of sensors and actuator, also called low level or 

component level, instead of subsystem level (detailed description of I/O signals is needed too). 

However, there are some difficulties when the implementation is done in reality. Since, the engineer 

needs to have in-depth knowledge on modeling and simulation.  

Moreover, the main goal of nowadays industry is to find out an easy way to integrate these virtual 

systems in the entire life cycle of systems. In this project, the benefits of component or low-level 

emulation models have been analyzed, focusing on the component level, which can be used by the 

automation engineers or constructors without great programming expertise. This level of modeling 

reduces the specific skills needed to create and use the models, which is also nowadays one of the 

main reasons why the technology has not been generally adopted (Hoffmann et al., 2010). Even 

going further, if the virtual plant has been enough detailed, the documentation, such as electric 

scheme, would be generated from the virtual copy, and changing the working way of the engineers. 

Due to, in this way, the digital twin could be the original model created to design the real plant. 

Last year, in HIS a project related to the energy flow analysis in industrial emulation was done with 

the aim of optimizing industrial processes. Furthermore, as shown in the project, component level 

emulation models need to provide energy flow and realistic connection simulation between 

components in order to allow creating useful digital twins, a feature that most of commercial 

emulation tools do not offer. In this way, a new emulation era is coming, with different applications 

in the horizon. This leads to the need of modeling and emulating pneumatic, hydraulic and electric 

devices and their connections to allow design validation and energy analysis. 
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1.2 Problem description 
 

In order to extend the usability and functionalities of the emulation models, the literature shows that 

higher modeling detail level is necessary, taking into account different aspects of the system, like 

geometry, kinematics, behavior, interfaces, etc. The university’s research is following this trend and 

focuses on creating models at component level, so a complete emulation data model is being 

developed. Moreover, Hoffmann's (2010) research shows a lack of accessible and ‘easy to use’ 

engineering and simulation environments which could assist the engineer to set up and conduct 

virtual commissioning. 

In order to solve this problem, the main idea is to create independent models of industrial 

components and build complete system models by connecting them as in the real world. Most of the 

modeling methods cannot be solved independently in a system made by more than one component. 

Thus, modeled components cannot be used in more than one system, that is the reason for not being 

able to reuse component models. In other words, nowadays modeling methods make solvers not to 

be able to work independently with each component. 

On the one hand, the idea is to model, in an easy way and without having any dependency of the 

system, all the devices that are in the system and then connecting each other as in reality, in the 

scheme level, as Figure 1 shows. Thus, PLC programmers are familiar with that way of designing and 

modeling. But to emulate the behavior of the complete system, the components need to interact 

with each other in different ways, physically and logically, including energy transfer between them. 

The components need to be modeled independently, allowing all expected different connection and 

uses. 

On the other hand, the multi-domain simulation needs to be integrated to be able to simulate 

component level modelling. Nowadays electric, pneumatic and hydraulic system analysis and 

simulation is possible. Different commercial simulation tools like MATLAB-Simulink or Modellica can 

be used, however, this simulation tools cannot simulate components in an independent way. A way 

of integrating this aspect of the components is needed to allow simulating energy flow in different 

domains and open the door to new applications like design validation or energy optimization. 

In this way, many applications appear in the horizon such as the detailed study of different errors 

that can occur in the real plant. For example, analysis of the behaviors of the plant and different 

components when a device fails, or a connection is not well done. Moreover, a component-based 

emulation permits a company to be able to choose the most effective component between different 

possibilities. 

Currently, according to a US Department of Energy study “44% of engines in industrial facilities 

operate at 40% or less of their full load capacity” (Saidur, 2010). As common as oversized systems 

are, there does not seem to be the best strategy when demand is lower than the production 

capacity, for which the lines were generally designed. So, based on that issue, with a component 

level emulation an optimization of the control would be done in order to reduce the energy 

consumption of the plant, adding flexibility to previous rigid systems by optimizing every process in 

the line. 
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Figure 1: Example of a hydraulic simple system, modeled in component level, provided by the HIS.  

In order to model mechatronic devices suitable for emulation, a data model covering physical, 

functional, and logical aspects must be created (Hoffmann et al. 2010). Physical aspects of a device 

consist of geometry which is modeled by 3D structures. Movements of parts are modeled using 

kinematic data. Functional aspects like device behavior, are modeled using logic (Hoffmann et al. 

2010.) Finally, the interface or connection between different components needs to be created, and 

for that reason, electric, pneumatic and hydraulic connection analysis has been done in this thesis. 

The presented solution provides a method for building independent energetic models of components 

based on a producer/consumer concept, setting rules for defining each model’s interfaces. The 

models can then be encapsulated following the Functional Muck-up Interface (FMI) standard and 

included in the complete emulation model together with other aspects. 

1.3 Aim and Objective 
 

The goal of this project is to propose a component level modeling method and a connection method 

of those components for simulating industrial electric, pneumatic and hydraulic devices and systems 

that provides the required flexibility and fulfills the needs of a component level emulation tool. 

Those needs are the following ones: 

 Create independent models which can be solved without having any dependency between 

them. 

 Energy analysis of the system. 

 Model enough detailed system in a component level for comparing different components 

performance. 

 Model enough detailed system in a component level for being able to simulate design errors 

(e.g. when a connection is not well done, or a device fails).  

To realize this project some points have been considered: 

 Study of different modeling and simulation methods for electric, pneumatic and hydraulic 

systems. 

 Study of different industrial devices and the requirements for modeling and simulation. 

 Propose one or several existing methods that can suit an emulation tool. 

 Demonstrate the capabilities of the proposed solution or solutions with experiments. 
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1.3.1 Delimitation 
 

This project is focused on commonly used industrial electric, pneumatic and hydraulic components 

such as, sensors, actuators, valves, connectors and supply elements. Thus, devices internal behavior 

wants to be modeled, but focusing on its functionality rather than on the subcomponent simulation.  

1.4 Sustainable development 
 

The concept of sustainable development is a widely used idea, and that is why it has different 

meanings and answers. Briefly, the aim of the concept of sustainable development is to combine 

growing concerns about a range of environmental issues with socio-economic issues (Hopwood, 

Mellor and Brien, 2005) as seen Figure 2. 

 

Figure 2. Three bases of sustainability (BMW Group, 2015). 

This concept is created due to the human awareness between environmental and socio-economic 

problems. This first awareness appeared in 1980 in the World Conservation Strategy and 7 years later 

took importance in the Brundtland Report´s definition as “the needs of the present without 

compromising the ability of future generations to meet their needs”. Humanity has the ability of 

being able to ensure a good sustainability in order not to compromise future generations.  

Sustainability needs that wealthy and affluent people or companies take ecological attitudes, in 

terms of energy for example. This fact can only work if the social-economic relationship increases 

because the cheapest thing for humans is not taking care about sustainability. 

However, it is obvious that the world is suffering a climate change and one of the reasons of being in 

this situation is the lack of awareness in sustainability. Big companies which do not respect 

sustainability causes lot of pollution and waste, both directly affect in the environment. 

Automation is not one of the biggest factors in sustainable development, but there are many aspects 

to take into account. Moreover, nowadays the amount of automated industry is increasing, so it is 

really important to consider some facts. 

In one hand, if the companies are equipped with machinery, it is really important the type of material 

that is used to manufacture the devices.  For example, there are some materials that can be recycled, 

so if a machine breaks, the material can be treated in order to use it for any other application. 



School of Engineering Science   

Joanes Lorente & Gorka Sorarrain 5 8/13/2018 

However, if there is any possibility for solving the problem with some modification instead of buying 

a new one, better. 

In the other hand, regarding to simulation and emulation, it is necessary to simulate any change or 

new improvement in the industry in order to ensure that non-problem or error can happen. With this 

factor, time and money can be saved reducing waste considerably.  

Apart from that, there is a global warning concern about the waste of energy and the adverse impact 

on the environment. There has been an increase of 40% in carbon dioxide emissions from the 

beginning of the industrialization, being carbon dioxide one of the gases which cover the GHG 

emissions. Nowadays there is an estimation that indicates that the world could exceed the 

temperature in 2 °C in about twenty years.  

To solve this problem there is more than one option. Reducing total energy used in the process or 

increasing the production rate per unit of energy used is one of them. On the other hand, to reduce 

GHG emissions is necessary an improvement of energy efficiency. That is why, energy research 

organizations and government are carrying out ways of evaluating energy efficiency (Saidur, 2010). 

One of the objectives of this thesis is to analyze energy consumption with emulation. This could allow 

components to be elected permitting to choose the most efficient or the best one which fulfills the 

requirements of the system. Moreover, as it has been mentioned in the problem description, 

according to a US Department of Energy study, 44% of engines in industrial equipment operate at 

40% or less of their full load capacity (Saidur, 2010). So, the energy consumption analysis could be 

used to improve the design. To do this, energy efficiency analysis with emulation could be one 

method of assessing energy efficiency. 

 

1.5 Methodology 
1.5.1  Research Principles 
 

According to Bryman (2008), the methodology can be defined as the study of the methods that are 

to be employed. The aim of the methodology is to determine the progress that the project or work 

that is going to be developed will have. In other words, methodology is a tool for explaining how a 

research question or problem is systematically answered. In this way, a systematic architecture is 

followed during the project, making easier the researching process. According to Oates (2006), the 

aspects of a research can be classified as the 6Ps, which are: purpose, products, process, participants, 

paradigm, and presentation: 

 Purpose can be defined as the importance, the reason, and the interest topics of the 

research questions. 

 Products are the individual contribution to the field of study by answering the question, in 

other words, the research outcome. 

 Process can be defined as the sequence of activities undertaken in a research project. This 

process should be systematic and precise, getting a rigorous process. 

 Participants are all the people that are directly or indirectly involved in research. 

 Paradigm is the pattern or way of thinking of the group. Several paradigms can be 

appreciated when different academic communities have different ways of asking questions 

and setting the process of answering them. 
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 Last but not least, presentation is the final step and it consists in presenting the research 

done in a professional manner to the audience. 

According to Vaishnavi and Kuechler (2004), typically an iterative process involving five steps is used 

for completing a design and creation research: awareness, suggestion, development, evaluation and 

conclusion: 

 Awareness is the recognition and articulation of a problem, which can come from studying 

the literature where authors identify areas for further research or clients expressing the need 

for something, or from field research or from new developments in technology. 

 Suggestion involves creative leap from curiosity about the problem to offering a very 

tentative idea of how the problem can be addressed. 

 Development is where the idea is implemented. How this is done depends on the kind of 

method that has been chosen. 

 Evaluation examines the developed artifact and looks for an assessment of its worth and 

deviations from expectations. 

 Conclusion is where the results from the design process are consolidated and written up, and 

the knowledge gained is identified. 

1.5.2 Research Method 
 

Oates (2006) explains how some systems development methodologies involve what is called a 

waterfall model of development. This means that all analysis has to be completed before moving 

onto design, and all design is completed before moving onto implementation. The main argument of 

using this method is that each stage is carried out thoroughly, so it is more likely to be correct, before 

moving onto the next stage. However, in complex systems development is difficult to do a full 

analysis first.  

Thus, an alternative approach is therefore to use prototyping Figure 3. As in waterfall model, a first 

version is analyzed, designed and implemented. But in prototyping, the understanding from this is 

used to modify the analysis and design models and create a revised system prototype. After that, 

again the understanding gained is used to check the analysis, design and implementation stages, and 

so on. In this way, the prototype is gradually modified until a satisfactory implementation is 

produced. The main advantage of this approach is that it is not necessary to fully understand a 

problem at first, before exploring tentative solutions.  

After analyzing the project, the prototyping approach has been chosen due to different solutions 

could appear during the implementation since if the waterfall model had been selected, the 

implementation stage would have only been reached as the researcher`s time is running out. In this 

way, new solutions could not be implemented. Moreover, it is possible to have a tangible 

implemented system early on, even if it needs some modifications.  
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Figure 3. Research methodology scheme (Oates,2006). 

The idea for this thesis is to create a simple model at the beginning. Once the model is tested by the 
authors, it is shown to the supervisor and discuss the model with him. When the model is approved 
by the supervisor, the authors start thinking about different improvements that can be done through 
the model and if there is an idea try to implement it in the virtual component which has been created 
in the first round of the prototyping. However, there is a disadvantage with this method in this 
project due to the short time that the authors have for doing the experimental part of the thesis. 
That happens because using this method when there is a time limit, the authors have to focus on 
prototyping only a few components in order to use this method in a proper way. 
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2 Frame of reference 
 

2.1 Modeling and Simulation 
 

According to Sinha et al (2001), modeling and simulations permit designers to test the system and 

specifications using virtual environment instead of physical experiments. With the use of virtual 

prototypes, design cycle and design costs are reduced. Moreover, simulation is especially important 

to design multi-disciplinary systems, where different components (mechanical, hydraulic, electric…) 

are tightly coupled to obtain optimal execution. 

Moreover, Sinha et al. (2001) explains the basic requirements for creating a simulation tool in the 

context of design: 

 The modeling language has to be at least expressive to model non-linear, multi-disciplinary, 

hybrid continuous-discrete event encountered in the design prototypes. 

 

 Simulation models need to be easy to create and reuse: To create a really precise simulation 

model lot of time has to be consumed and it is complex to realize. It is crucial to develop a 

modeling standard that is integrated with the design environment. And because of that, one 

must not be an expert to work with the interface. 

 

 Collaborative modeling: To create a multi-disciplinary system design, specialists have to work 

together. So, it is important to work in a standardized way of work. 

Furthermore, general-purpose simulation modeling paradigms and languages are classified according 

to the following criteria (Fishwick, 1998): 

 Graph-based versus language-based paradigms: This type of language has been used in 

different modeling domains, to represent many different types of systems. Mainly, the 

investigations have focused in the following three types: bond graphs, linear graphs and 

block diagrams (Sinha et al., 2001). 

 

 Procedural versus declarative models: Procedural programs are known as the models which 

are defined through assignments. These assignments represent in a function of independent 

variables a dependent variable, and in order to define, it has to be evaluated by the user. 

This is the most important limitation of procedural models, which makes difficult to reuse 

the models. On the other hand, declarative models are easier to use them in other systems. 

Declarative models are built by different equations which are converted into software 

procedures by the simulation engine (Sinha et al., 2001). 

 

 Multi-domain versus single-domain models: Different types of components can be simulated 

in the same model in multi-domain systems (Sinha et al., 2001). However, single-discipline 

models only work with one type of components in the same model. 

 

 Continuous versus discrete models: These two types of models represent the way of 

continuous time physical phenomena and actions that happen in a discrete space and time. 

In continuous models, electric currents, fluid flow, heat flow or rigid body motion work in 
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continuous function of time and are modeled using algebraic equation (Ascher and Petzold, 

1998). Nevertheless, math used in continuous models are computationally complex, 

especially in complex systems. Because of that, continuous solvers generate problems in real 

time simulations. However, discrete event points are the output of digital components and 

because of that they are modeled using discrete event (Zeigler, Praehofer and Kim, 2000). 

Discrete models fit in systems where changes happen every specific time during a period. 

Discrete-event simulation algorithms are separated into two main groups: fixed-time and 

variable time. The simulation clock increases at each step of the simulation in fixed-time 

systems, while in variable-time a step of the systems increases depending on the time that 

pass between two events. In this way, periods without activity are skipped and efficiency is 

increased (Gosavi, 2015). 

 

 Functional versus object-oriented paradigms: In high-level modeling or functional modeling, 

the mechanical behavior is done by actuator and sensors (Hoffmann et al., 2010). However, 

components are modeled in object-oriented or low-level modeling. One of the most 

important fact in object-oriented modeling is the possibility to hide information, in other 

words, the public interface is independent to the underlying implementation. Furthermore, 

the same principle can be applied to modeling, making a distinction between physical 

interactions of an object with its environment (interface) and its internal behavior 

(implementation). The interface of a model consists on ports that discretize the exchange of 

energy, mass, or information to finite number of points on the component’s interface. 

Whereas the internal behavior of the components is described with the equations, where the 

causality of the energy connections, is assigned by the solver. The main advantage of 

encapsulation is that the system can be composed by connecting the interfaces of its sub-

systems, independently of the future implementations of these subsystems (Sinha et al., 

2001).  

 

2.2 Digital twin 
 

As a definition, Digital Twin (DT) is known as (Shafto et al., 2010): “A digital twin is an integrated 

multi-physics, multi-scale, probabilistic simulation of a vehicle or system that uses the best available 

physical models, sensor updates, fleet history, etc., to mirror the life of its flying twin”. 

In other words, DT is a virtual and computerized equivalent of a real system which can be simulated 

in real time. This virtual way contains mechanical, functional and communicative aspects of the real 

system (Schluse and Rossmann, 2016). 

The concept of Digital Twin had been used first in the aerospace industry where NASA started using 
digital copies of their vehicles to perform various training and simulations. In this way, they were 
able to make predictions about vehicles’ future and health. However, this concept has been adopted 
in the last years by manufacturing industry as it has been described in the previous chapter. 
 
Modeling language have changed from procedural and functional languages to equation-based and 
object-oriented languages, leaving aside the differential equation level to use more intuitive and easy 
building blocks. Nowadays, the next step in the evolution is the development of models that operate 
at the level of components instead of sub-systems level. These component models include multiple 
behavioral models describing the component from different perspectives (Sinha et al., 2001).  
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2.3 Emulation 
 

New developed automated systems are increasing its complexity, as well as, the increasing need of 

flexibility is requiring the reduction of time-to-market. Therefore, testing, verification and validation 

systems are becoming more and more important in nowadays industry. 

As all simulation models are approximations of real systems, there will be differences in the way they 

work between both of them, the real system and the model. The emulation model tries to minimize 

these differences between the reality and simulation models which lead to “credibility gaps” 

(McGregor, 2002). The complexity of the models and the computational limitations make the 

emulation as the unique solution to the problem. 

Emulation is very useful  in many circumstances (McGregor, 2002): 

 When the testing has to be carried out in a critical way. 

 When there is not enough time to test everything before activation. 

 When the actual system cannot be used to test the control system completely due to the 

impossibility of loading the system fully. 

 When the cost of real testing is bigger than the emulated testing. 

 

Figure 4. Different levels of a production line (McGregor, 2002). 

As it can observe in Figure 4, there is a direct relationship between the operator and the controller 

using HMI panels. Most of the times, this interaction is automatic due to the logic that has been 

implemented. However, the connection can be done with the use of HMI panels.  

In next steps the controller which is the responsible of having the logic of the system, and the plant 

are located. This plant can be virtual, digital twin, or a real plant of a factory. The working method of 

these steps is that depending on the sensors, the controller activates the actuators, which are the 

responsible for the actuation of the devices of the system. 

2.3.1 Emulation vs Simulation 
 

Emulation and simulation models can create confusion due their similarity; however, there are quite 

important differences between them as the reference (McGregor, 2002) shows: 

 Different purpose: On one hand, simulations result a good choice when a physical layout 

have to be defined. On the other hand, emulation is used in order to test the operation of 

the control system under different system loading conditions, and in order to train operators 

and maintenance staff without any risk. Emulation models are not used for doing 
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experiments as simulation models are. Moreover, emulation models can be used to know 

the behavior of a control system under a failure. 

 

 Execution speed: Simulation speed must be high because one of the purposes for using 

simulation is to find all the possibilities that a model has. However, as emulation is working 

on real-time, running speeds are not high. Having a high execution speed is potentially a 

source of error, because control system timers cannot work with high speeds. 

 

 “Instant” decisions in simulation versus response times in real systems: The simulation clock 

is maintained in a simulation model. When a decision or a change takes part in the system, 

the simulation clock does not change until the calculation needed is done and a decision is 

taken. In other words, simulation clock does not change until there is a change in the system. 

So, emulation models have to implement decisions which take a finite time. 

 

 Repeatability for simulation: If the parameters of a system do not change, a simulation will 

have the same results and repeatability is necessary to understand the working way of a 

simulation. 

 

 Importance of Robustness for emulation: Emulation model events are asynchronous and 

unpredictable. The model and the control system, each has its own clock and it is necessary 

to synchronize them. 

2.4 Virtual commissioning 
 

As Hoffmann et al. (2010) defined: “Virtual Commissioning (VC) is the process of testing 

manufacturing systems and associated control programs through simulation conducted before the 

real systems are realized”. As Liu, Suchold and Diedrich (2012) explained, the basic idea of Virtual 

Commissioning is to connect a digital plant model with a real plant controller (e.g. PLC- or HMI-

Human Machine Interface) so that engineers from different fields such as design process and control 

have a common model to work with together. Thus, the PLC program can be tested virtually before 

the physical implementation is finished. Furthermore, general functionalities of the plant can be 

validated and finally tested in an earlier phase and even operators and maintenance personal can be 

trained using emulation long before the system is built (McGregor, 2002). 

These benefits mentioned before will only be achieved if sufficiently detailed manufacturing system 

models are built (Hoffmann et al., 2010). For example, detailed layout of the production cell as well 

as material flow in shop floor is necessary. Virtual commissioning reduces time and effort when a real 

commissioning part is created, however, Lee and Park (2014) explained that there are some 

difficulties when the implementation is done in reality. Since virtual plant needs to communicate 

with a real controller (detailed description of I/O signals is needed too), so the virtual devices should 

be modeled at the level of sensors and actuator. In consequence, the engineer needs to have in-

depth knowledge on modeling and simulation.  
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2.5 Fluid based energy and electric systems 
 

In this chapter, different energy transmission system which are used in nowadays industry are 

explained. To analyze the modeling of the following systems is one of the objectives of this systems. 

2.5.1 Types of fluid-based systems 
 

2.5.1.1 Hydraulic systems 
 

A hydraulic system consists on a process where the forces are transmitted from one point to another 

by the use of incompressible liquid. In other words, the mechanical energy of a motor is converted in 

fluid energy. In this system, the energy is created due to a pressure difference between two points. 

Moreover, (Benson, 2014) as Pascal defined: 

“When there is an increase in pressure at any point in a confined fluid, there is an 
equal increase at every other point in the container” 

 
According the National Fluid Power Association (2017), hydraulic systems permit creating a huge 
power based on a small input force. However, according Colorado State University, hydraulic systems 
have high risk for accidents or burns due to the highly pressurized fluid. 
 

2.5.1.2 Pneumatic systems 
 

A pneumatic system consists on a similar system to a hydraulic system but instead of using hydraulic 
fluid, compressed air is used. In other words, a pneumatic system is a process where the forces and 
energy are spread through all the system using compressed air. This compressed air is provided by an 
air compressor which absorbs air from the atmosphere and stores it in a high-pressure tank. The air 
stored in these tanks is the one which is provided through all the system using pipes and valves. 
 
Pneumatic systems have a big range of applications in the industry of nowadays, such as unloading of 
hoppers and bins, holding for brazing or welding or forming operations. 
 

2.5.2 Main parts of fluid systems 
 
These operations are complemented by four different parts:  
 

 The generator: The piece which introduces force to the system. Usually driven by an electric 
motor or a combustion engine. 

 System´s controllers or guides: The devices which are responsible of regulating the behavior 
of the system, such as valves. 

 Actuator: Devices which manipulates process states. Discrete actuators have only two 
different states, ON/OFF, such as cylinders   

 Sensors: Components of a system which inform about the momentary state of the system. 
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2.5.3 Differences between both fluid systems 
 

 Pneumatic systems are based on pressurizing gases in order to create movement, whereas 

hydraulics use pressurized fluids. 

 Pneumatics uses a compressible gas such as air, while hydraulics uses incompressible fluids 

such as oil. Thus, applying force to an incompressible fluid, more power is obtained. 

However, for small applications, pneumatics is best suited due to the small input force that 

has to be applied to the system compared to hydraulic systems. 

 The need of pressure is larger in hydraulic systems than pneumatic systems because less 

force is needed to compress a gas. 

 To obtain the same amount of power, hydraulic systems can obtain the same amount of 

power with a considerably smaller system. 

 Hydraulic systems are much more complex due to the safety systems integrated on it. 

Working with liquids creates more damage on the system due to its high working pressures.  

2.5.4 Electric systems 
 

Electric systems consist on a group of electrical components which are the responsible of supplying, 

transferring, storing and using electric power. These electric systems are used in most of the areas 

nowadays and AC power is used in most of them. 

These systems are very popular due to its ability of giving a big amount of power in a small period of 

time. Apart from that, electric systems have higher efficiency than any other systems due to its high 

accuracy. Moreover, electric materials are much cheaper than the material needed in other systems 

such as pneumatic systems. 

On the other hand, if there is a power supply interruption and the systems has not any external 

power supply such as batteries, the system stops. Regarding the risk of the system, due to the high 

power that electric systems are able to provide, overheating can occur with the possible 

consequence of explosions. 
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3 Literature review 
 

3.1 Device modeling 
 

As Vermaak and Niemann (2015) who work with a software called DELMIA defined “virtual 

commissioning is the simulation of a virtual system within a virtual environment without needing to 

develop a physical system beforehand”. To create that virtual environments, devices have to be 

modeled which are composed by geometry and an internal logic part. Regarding the geometry of 

smart devices parts are the most aspect. There are two different ways of creating them: downloading 

from the vendors website or designing and create them using a CAD software. After choosing the 

parts, a mechanism has to be created which consist of designating kinematical commands, where 

physical limits, direction of movements, speed and acceleration. In addition, device logic has to be 

attached to assign behavior to a single device. Inputs and outputs are used in IL (Internal Logic) to 

control the actions of the system, giving to each device a different behavior. One of the advantages 

of this working method is that smart devices can be reunited to form a complex system. 

In order to establish cooperation between the different smart devices of the virtual factory, control 

logic must be implemented. Control logic is divided in two different parts: internal control and 

external control. This internal control can be seen as a connection between the PLC, which is running 

inside the virtual plant, and the devices in order to emulate the behavior of a real PLC. However, with 

an external control the smart devices are connected to a real PLC using a server. 

Hoffmann et al. (2010) analyze the different types of modeling according to the software called 

CIROS. The modeling of this software is analyzed regarding both modeling levels: High-level Modeling 

and Low-level Modeling. High-level modeling consists on a type of modeling which internal 

component model library based on composition and simulation of virtual manufacturing systems, 

allow containing mechanical components including robot models. These models have functional 

interaction of mechanical behavior due to sensors and actuators. However, not always are the 

models needed in the library and if it is like that, new models have to be created with the use of CAD. 

At the end, the authors of this thesis have concluded that both software’s had the same problem, 

which is that if there is not the model need in the library, there have to be created. In other words, 

and as Hoffmann et al. (2010) cite in their document “This low-level modeling procedure can only be 

done by technically experienced persons with detailed knowledge of mechanical, electrical, 

pneumatic, and geometric data of single components”. 

Based on that last sentence, the authors of this thesis think that it must be some way for reusing 

different models. It would be a great idea and it would decrease the complexity of the systems and 

because of that, not high skilled programming people could use the different models in their virtual 

plant. 

Sinha et al., 2001 argued that in many modelling fields, graphs have been used to represent systems 

which are interconnected. The research has been focused in bond graphs, linear graphs and block 

diagrams. 

Bond graph modelling consists on junctions which connect transforming elements with bonds. For 

that, energy-conserving junctions are used. As a product of a flow and effort variable, bonds show 

the power flow between the modelling parts. In the hydraulic simulation chapter, a work done using 

bond diagram is explained. 
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Linear graph represents the flow of energy using terminal variables. The existence of energy flow is 

indicated by edges while terminals of the components belong to the nodes of the graph. Terminal 

variables are related using terminal equations which completely define the dynamics of a 

component.  

The third group is made by block diagrams with the similar use of Simulink. Using block diagrams 

complex systems can be modelled configuring lower-level encapsulated. 

After analysing those three methods, the author of the paper concludes that bond graph modelling 

does not fit with 3D model systems or continuous-discrete hybrid systems, as it is explained in the 

hydraulic simulation chapter. In contrast to bond graph models, linear graphs show system topology 

directly. In addition, they can be easily implemented in 3D mechanics and hybrid systems, being an 

interesting factor. The block diagrams are also interesting way of simulating, despite the individual 

models in block diagrams are defined procedurally. Because of that, the user needs to reorganize 

model’s equations manually because solvers cannot break algebraic loops. Apart from that, it is an 

intuitive way of programming, and it can be also analysed. 

In Balda, 2017 words, probably the most well-known interface is the Functional Mock-up Interface 

(FMI), whose development was coordinated by Daimler AG. The overall idea of the FMI is that the 

dynamic system model is created using the C language, which can be transported to simulation area. 

Thus, the produced file is called Functional Mock-up Unit (FMU) and is compiled using the C compiler 

for the target platform. Conclusively, everything is compressed by the ZIP algorithm file with the 

extension “FMU”. 

However, doing comparison between two types of modeling explained above, Bond Graph and 

FMUs, the authors conclude that as one of the main objectives is to create independent models, is 

not possible to work with Bond Graph technique, because the solvers of this technique, solve 

systems with differential equations which cover all the system in one equation. Because of that, the 

authors think that it is not a proper way of working due to the lack of independence. So, knowing 

that FMUs can be modeled in a way in which convert components completely independent, the 

authors of this thesis have chosen FMUs for modeling electric, pneumatic and hydraulic components.  

3.2 Electric simulation 
 

The current tendency of increasing the use of power electronic systems, the high complexity of them 

and the need to reduce time-to-market and costs, the need for simulation is big. During many years, 

the only way of simulating power systems in industry has been simulated for fixed-time-step 

simulation. However, real-time simulation of electric systems and drives has become more and more 

popular due to the ability of rapid prototyping and testing based on new circuit topology and 

strategies. 

ARTEMIS is software based on fixed-step-time simulation used for complex electric systems. It is 

implemented by efficient solvers and computational methods figured for strict restrictions of real-

time simulation of inflexible systems. It is implemented as a toolkit in Simulink used with Power 

System Blockset (PSB). (Abourida, Dufour and Bélanger, 2005) ARTEMIS uses a high-order fixed-time-

step integration algorithm that is not prone to numerical oscillations, and advanced computational 

techniques necessary for the real-time simulation of power electronic systems and drives such as: 

 Strictly-non-iterative integration. 
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 Real-time compensation of switching events occurring anywhere inside the time step, 

enabling the use of realistic simulation step sizes while ensuring a good precision of circuits 

with switches (IGBT,GTO...). 

Apart from that, a program named RT-LAB is an integrated real-time software platform that enables 

model-based design by the use of rapid prototyping and HIL (Hardware In Loop) simulation and 

testing of control systems, according to the V-cycle design process (Abourida, Dufour and Bélanger, 

2005). 

This method of simulation can simulate with high precision the electric circuits apart from transient-

time parts. However, to simulate these systems, the computational cost is very high due to the 

complexity and detailed simulations. Because of that, emulator or real-time simulations are 

developing constantly because once the parts of the equipment of the industry are chosen, a 

detailed simulation is not needed. 

Both programs (ARTEMIS and RT-LAB) belong to a real-time electrical simulator that permits 

converting PSB schematics into real-time simulations. Even for large and complex systems, the 

simulation can be separated into different parts, dividing the workload into different PCs. Because of 

this characteristic, the simulation cost reduces since there is not a need of having a powerful 

computer for the simulation.  

In the other hand, regarding fixed-step circuit simulation programs, SPICE2 or ATAP are two good 

examples of it. These programs have shown that are two of the most important circuit simulators of 

the market. The two programs mentioned before permit the user to be able to analyze dc, ac and 

time domain transient analysis, that last factor allow to simulate components such as MOSFET´s 

(Newton and Sangiovanni-Vincentelli, 1984). 

The researches of this thesis have concluded that the methods found in this literature review are not 

the ones that were expected. One of the objectives of this thesis is to create easy connections 

between the components of the system. However, in this case, most of the software’s use high skill 

computational methods, and the researchers are looking into simple models which can be easily 

reused. 

3.3 Pneumatic simulation 
 

Pneumatic systems are very used in the automation among production lines and automatic systems. 

For example, the pneumatic circuits that convert the energy created by the compression of air into 

mechanical energy or some pneumatic controllers used in the industry are very popular in nowadays 

industry. Simulation in this brand of energy is very useful due to its different factors such as fuel 

consumption when the correct actuator needs to be chosen, depending on the application that the 

actuator is going to be used. 

In 1999 two models based on pneumatic actuators were created which were formed by an actuator 

and a digital valve. Regarding the actuator the simulation was done using MATLAB-Simulink and a 

thermodynamic transformation was considered, while in the digital valve the thermic exchange 

between the chambers and the ambient was assumed (Ali et al., 2009).  

In 2005, a mathematical model for on-off solenoid valves was created. That experiment was based 

on an open close time responding valves which were controlled by a pulse width modulation (PWM) 

technique. The experiment consists on electric and commercial circuits which are needed on the 

working environment. Apart from ensuring a precise measurement, which can be used for future 
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comparisons, the study done in that year made possible to test different performances of the 

analytical model. That experiment showed that using simulation was possible to have accurate 

results. Dealing with the theoretical models with non-linear dynamics which have a complex 

transient-time, this type of simulation worked without using the expensive physical models (Ali et al., 

2009). 

Shu Ning and Bone (2005) presented a methodology for deriving a nonlinear dynamic model for a 

pneumatic servo system. The model includes payload motion, friction characteristics and valve 

characteristics. Apart from that, a way of estimating the parameters of the model was described.  

Also, in the experiments, the cylinder chamber pressure and the piston position were included (Ali et 

al., 2009). 

It has been analyzing the document written by Shu Ning and Bone (2005) and it seems that there is 

an interesting method which is based on the analysis of different forces of a cylinder and there is a 

thought that the method used can be applied to the pneumatic emulation connections of this thesis. 

In this way, hydraulic domain and mechanical domain are related with the equation of the force.  

3.4 Hydraulic simulation 
 

Integration of electronics and hydraulics components significantly increases the use of hydraulics in 

industrial machines (machine tools), in mechanizations based on using of robots, mobile cranes and 

mobile machines, electrohydraulic harvester manipulator, etc. Nowadays with the aim of reducing 

costs and time-to-market, simulations are necessary. Thus, in the last years different ways of 

modeling and simulating have been developed, as it is explained in the following paragraphs.  

The applications of hydraulic system in the industry are commonly related to the mechanical 

movements, due to the most common applications are moving large weights, whether vertically or 

horizontally. This is since electrohydraulic systems have high power-to-weight ratio and the ability to 

rapidly generate very large force or variable speed. Therefore, Ramsebner and Rieger (2009) 

proposed an energy based control of a hydro mechanical system.  These systems worked based on 

an energy controller design with a hydraulic piston actuator. Exactly, with a rigid mass between the 

acting piston actuator and two springs. Although the implemented control system had a heavy 

weight on this article, only the modeling and simulation will be analyzed in this thesis. 

Ramsebner and Rieger (2009) described a mathematical model where the forces were calculated to 

relation the hydraulic system to mechanical system. The water flow that entered to the acting piston 

was the input, since they used a constant pressure pump. In this way, the object was controlled only 

with the water flow, making the system simple. However, they were not considering the pressure 

change that could produce the mechanical part if the force value change. Nevertheless, this system 

can be implemented in emulation because the calculations are not complicated, in spite of having 

some simplifications and in consequence, some limitations.  

Continuing with this way of modeling, in the paper published by Zaev et al. (2017) a procedure for 

development of HiL simulator for servo valve driven system and hydraulic systems is explained. The 

simulated system is shown in Figure 5. In this work, Simulink is used to develop the equation and 

create the hydraulic system model to be able to simulate it in real time. In addition, the fact of being 

a servo valve driven system has an influence in the developing of the hydraulic system, due to the 

system is focused on the valve, which is modeled more in detail, instead of taking it as an ideal 

switch. For modeling the cylinder, Newton’s Second Law of motion is used, summing all the forces 

taking into account load forces. In the other hand, the flow of the system is calculated in the valve, 
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getting the pressure information from the pump and the cylinder. The way of modeling the 

components of this system is very similar to the previous article, and in addition, the equations that 

are used are simple and they are clearly explained. Furthermore, the way of handling the connection 

between components is also simple and it is demonstrated that it can be used in real time 

simulation. 

 

Figure 5. Hydraulic system modelled by (Zaev et al., 2017) 

Three years later, V.Damic and M.Cohodar (2012) modeled and simulated a hydraulic system using 

program BondSim. Bond graph technique, based on causalities, was applied in simulations and 

modeling of a complete hydraulic system during years. But bond graph library created for Modelica 

with graphical Dymola support was presented by Cellier and Nebot (2005) and it changed everything. 

In this way, the systematic component model approach based on bond graph technique did not need 

any consideration of causalities. “This provides modeling of complex system, which cannot be 

analyzed using classical approach, for instance using block diagrams”, was explained by V.Damic and 

M.Cohodar (2012). BondSim generated mathematical model implied by component’s structure in the 

form of differential-algebraic equations (DAEs) and solved them as such. Before modeling hydraulic 

components, certain assumptions were done: 

 The valve is symmetrical, and the bobbin of the valve is ideal, without having any lap. 

 Hydraulic pump is ideal, which means it supplies constant pressure for the flow needed. 

 Pressure of the tank is constant and equivalent to atmospheric pressure. 

 Dynamics of hydraulic pipes are omitted. 

On the other hand, the disadvantage of this system is that every time some element changes, it is 

necessary to generate again all the mathematical model and real time emulation likely cannot afford 

that. In consequence, bond graphs are not very convenient for the modeling of 3D mechanics or 

continuous-discrete hybrid systems. So, bond diagrams are discarded. 

3.5 Energy consumption in emulation 
 

Power or energy consumption has emerged as a primary design metric for a wide range of electronic 

or industrial systems, ranging from battery-powered appliances (e.g. cell phones and network 

sensors) to high-powered industrial applications (e.g. compressors, AC machines and frequency 

converters). Thus, emulating the consumption of energy is gathering strength, due to the different 
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applications that can have in the industry. For example, the efficiency of different controls in the 

same industrial system can be calculated, optimizing the system and making it more competent. So, 

different ways of calculating the energy consumption are being analyzed in the following paragraphs.  

Coburn, Ravi and Raghunathan (2005) presented their work analyzing this problem, explaining how 

power estimation could be done by evaluating power models for many circuit components, 

depending on the input values seen to each of the components during circuit simulation. Although 

power emulation can be used in multiple levels, register-transfer level (RTL) is explained. TRL consist 

on modeling synchronous digital circuits in the area of flow digital signals between hardware and the 

logical operations. 

Thus, a characterization-based power estimation methodology, wherein a “power macro-model 

library” was obtained by characterizing the power consumption of a universal library of RTL 

component using gate or transistor-level implementation was considered. Coburn, Ravi and 

Raghunathan (2005) explained that they calculated the consumption of each element of the system 

using power models, taken from the libraries. Then, the total power consumption of the system was 

calculated due to a power aggregator, and the total energy consumption, integrating the power 

aggregator. Furthermore, they demonstrated the efficacy of proposed techniques for several 

industrial designs, due to “the cost of power emulation in terms of estimation accuracy averages 

3.4%”(Coburn, Ravi and Raghunathan, 2005). Despite being for hardware emulation, it can be 

implemented in software due to calculations are done using logical operations. But it does not seem 

an easy and intuitive way of modeling the power consumption, because it is designed for hardware 

and has limitations comparing with software emulation. However, the ideas of calculating the power 

consumption making operations between devices inputs and having a library where all the 

components are characterized could be interesting. 

Abbes and Martinez (2013) carried out an emulation of a PV-wind-battery system, modeling all the 

system using MATLAB-Simulink, and finally emulating the unidirectional power flow of the system. 

Photovoltaic panels, wind generators and a battery were modeled creating different blocks, and each 

block integrated its own control system.  

In this system, the power flow is represented by the current, since the generator blocks (PV and wind 

generators) had current as output whereas that current was connected to the battery input. In this 

way, the power flow was proportional to the current flow. On the other hand, the voltage was fixed 

by the battery, so that communication was done in the opposite direction of the current. Thus, the 

power flow was calculated multiplying voltage and current values and the energy consumption could 

be calculated integrating the power flow. The peculiarity of this work is that there is not a load in the 

system, since all the energy is stored in the battery.  

Comparing both works, in spite of having the same base, due to both methods models the devices in 

blocks, Coburn, Ravi and Raghunathan (2005) focused on the consumption of each device whereas 

Abbes and Martinez (2013) analyzed the power flow of the system.  
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4 Experiments 
 

After analyzing the Literature review, the authors of this thesis have concluded that the best option 

that better fulfills the proposed needs is the use of FMU files because of the following reasons: 

 FMU files can be easily reused in more than one system. 

 Standardized way of creating independent encapsulated blocks, with inputs, outputs, 

parameters and internal logic. 

 The user only needs to understand the inputs and the outputs of the FMU in order to reuse 

them. 

 FMU files can easily be connected with XML files in order to create a complete emulation 

system. 

 FMU files can be created using C language or block diagrams without having high 

programming skills. 

As it has been explained in Methodology, the way of working during these experiments is the way 

called prototyping. Because of that, it has been selected a simple prototype at the beginning which 

has been implemented with more advance aspects if there was the possibility to it. 

Regarding the literature review and the different possibilities of working, the authors of this thesis 

have decided to work with two different software: MATLAB-Simulink and OpenModelica. The first 

software has been used in order to know if the component which the authors want to model works 

or not. Once the test has been done using MATLAB-Simulink, the models have been represented in 

OpenModelica with one big purpose, to create a FMU file. That could not be done using MATLAB-

Simulink as it is not a complete open source and more than one tool cannot be used without paying.  

4.1 Flow and effort concept 
 

Flow and effort consist on a pair of variables which are used to connect components between them. 

It is a way of connecting different components as it is done with the input and outputs of the 

systems. This way of joining different parts of a model permit the user to make an energy analysis, 

based on the energy flow between components, which allow the authors of this thesis realize one of 

the main objectives established at the beginning of the project, the energy analysis in electric, 

pneumatic and hydraulic systems. Each port has one input and one output, in other words, each port 

has one effort connection and one flow connection. So, each port has a bidirectional information 

exchange cable. 

On one hand, effort variables are the ones which cause action to occur. On the other hand, flow 
variables are the ones that act due to a presence of an effort variable (Johnson, 2001). So, depending 
on the definitions mentioned, a classification has been done in   
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Table 1, it can be observed mechanic components are also included. That is because the authors 

have modeled some electric components such as an AC motor and in order to check if the model is 

well done, conveyors have been modeled.  
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Table 1. The way of defining the variables of each component based on flow and effort. 

TYPE OF COMPONENT FLOW EFFORT 

Electric VariableName_A VariableName_V 

Pneumatic/Hydraulic VariableName_Q VariableName_P 

Angular mechanics VariableName_w VariableName_T 

Linear mechanics VariableName_v VariableName_F 

 

4.2 Producer and consumer 
 

Instead of using the flow and effort method which has been explained in chapter 4.1, the authors 

have used a way of working with energetic connections between the different components. It is a 

simple way of classifying each port of the components between producer and consumer. Apart from 

that, in order to work properly, each consumer has to be connected with a producer. As the 

components are connected between them, each of them has inputs and output ports. On one hand, 

as it can be seen Figure 6, producer ports (P) have voltage (V) as an output and current (I) as an 

input. However, consumer ports (C) have as an input the voltage (V) and current (I) as an output. On 

the other hand, in pneumatic and hydraulic systems, consumer ports have flow as an output and 

pressure as inputs, and producer ports have pressure as an output and flow as an input. 

 

Figure 6. An example of how have been used the producer consumer method. 

However, this way of modeling has some limitations. Although it is possible to connect one producer 

port with different consumers, it is not possible to connect two different producer ports with one 

consumer port. The reason of that is the need of having only one effort value in the consumer port. 

While on the other hand, it is possible to connect different values of flow to a consumer port, due to 

the resultant flow value will be the result of the sum of those values. There would be a problem for 

example if two switches are put in parallel as Figure 7 shows. It is true that each consumer is 

connected with a producer, however, in the case that only one switch would be activated, one of the 

producers’ port would have 24V and the other one 0V creating a short circuit. However, this system 

and this kind of connection is not usual in the industry. That is one of the limitations that have been 

found by the authors of this thesis. 
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Figure 7. A system with two switches in parallel. 

 

4.3 Electric circuits 
 

Mainly, electric components have been modeled during the thesis. Because of that, the work has 

been divided into DC models and AC models. 

4.3.1 DC circuits 
 

In the following lines, how an electric circuit has been modeled is going to be explained. Figure 8 is a 

system which is composed with three components and for each component an FMU has been 

created. After creating the FMU models, they have been connected between them. 

 

Figure 8. A DC circuit made by a DC source, push button and a DC light. 

First of all, the DC source has been modeled, which consist on a source of 24V. It is created adding 

two voltage constants which are going to be the ones that are going to distribute the voltage through 

the system. At first, it did not have any safety circuit, but regarding the methodology chosen, 

prototyping, it has decided to implement it. This safety circuit consist on adding a Boolean output 

which is activated when, for any reason, the DC source provides a voltage bigger than 26V. However, 

if the voltage source would provide less voltage than 22V, the circuit would not receive as much as 

voltage that it needs, and the system would not work. 

Secondly, a DC light has been created in order to know if the voltage source is working well or not. 

The light, being a load, it has two consumer ports, so, the inputs of the model are two voltages and 

the outputs are two currents. Apart from that, there is going to be a parameter is the power 

consumption that the light is expecting to have. Depending on the light, it consumes a different 

amount of power, so depending on the power that the light needs to receive, the amount of current 

that the light is having as an output is going to be different. After verifying that the light works in a 

proper way connecting it with the source, two safety circuits have been implemented.  
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To complete the electric circuit of Figure 8, a push button has been modeled. At first, the push 

button was modeled with only one switch, which was activated by a mechanical input (M1). When it 

was activated, the voltage and the current would flow from port to port. However, as seen in Figure 

9 and following the methodology of prototyping, safety logic has been implemented. This safety 

logic, as seen in the red part of Figure 9, consist on introducing a parameter as an input which 

determinate the lifecycle of the push button and when the amount of pushes exceeds the parameter 

the error signal is activated. Once the error is activated, the second switch is activated, and the 

voltage and the output ports have a zero as an output. In addition, the error output will be activated 

to inform the user about where the problem is. 

 

Figure 9.Internal logic of the push button made in Simulink. 

Apart from that, more DC components such as a detection sensor and a PLC input card have been 

created. Those two components are related because when a sensor receives a Boolean one, has to 

send a signal to the PLC in order to act depending on the logic programmed. In order to test those 

two components, the circuit seen in Figure 8 has been implemented, which correspond to a voltage 

source, a detective sensor and a single input port o the input card. 

 

Figure 10. Circuit made by a dc source, detective and an input port. 

A digital detective sensor has been modeled in order to detect any type of detection way, which 

means that different kind of digital sensors can be created from this internal logic. This component 

has to be feed with 24V to be able to transmit the detection to the PLC. Once that is ensured that the 

PLC is receiving 24V and a Boolean input has been introduced, the sensor has to send 24V to the PLC 

input card and receive a current which is sent from the PLC to the sensor. 

Regarding the PLC card, it has 18 inputs and 19 outputs. In relation to the inputs, the first two ports 

are the ones that are the responsible for feeding the card with 24V and the ground or 0V. The next 8 

ports are the input ports which are the responsible for receiving information from other components 
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of the system. Finally, the resting 8 inputs are the grounds of each signal that the PLC is receiving. In 

reality, all the grounds are connected to the main ground instead of having to put one ground to 

each input signal port that the PLC has. That is because as we have explained in Producer and 

consumer chapter, more than one producer cannot be connected to the same consumer. 

On the other hand, there are 19 outputs which are divided into 8 positive currents, 8 negative 

currents, 2 source currents and 1 integer output. The first currents are the output current that the 

PLC provides for each connected input. That value can be checked in the datasheet of each PLC. The 

following currents are the ones which flow to the ground of the PLC that is why are negative. The 

next currents are the ones that the PLC provides to the source that is keeping connected the PLC 

every time.  

Finally, the last output port is the responsible of showing which or how many of the inputs are 

connected to the PLC. Thus, that information is sent using an integer signal composed by eight bits. 

So, depending on the port or ports that are connected the output will be a number between 1 and 

256. 

 

Figure 11. Example of a binary-integer conversion (Paul, 2017). 

4.3.2 AC circuit 
 

In order to complete the electric part of the thesis, AC models have been created. Building AC 

models, the authors have been able to analyze energetically the components of the system, 

achieving one of the most important objectives of the thesis. As Figure 12 shows, 3 phase ac circuit 

has been implemented, with an induction motor connected to a conveyor. This system has been 

selected since it is more complex than one phase ac circuits. In addition, the motor is the most 

complex component so that is why this system have been chosen.  
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Figure 12: 3 phase asynchronous motor connected to conveyor. 

First of all, the 3 phase source has been created. With this model, it has been possible to feed all the 

circuit with voltage. For been able to create the AC source, three sine signals have been created with 

a phase difference between them in order to create a 3 phase voltage signal. Those three voltage 

signals are the outputs of the model, while the inputs of the model are the currents that flow 

through the three different lines of the system. Both ports of the component are producers Producer 

and consumer because the flow is done by the voltage and the effort done by the current. 

 

Figure 13. The model of the motor done in OpenModelica. 

An AC motor can be modeled in two different ways, in star or in triangle way. The authors have 

chosen to implement an asynchronous squirrel cage AC motor because this type of motor is the one 

that it is mostly used in the industry. Apart from that, the structure that has been chosen is the star 

mode because one of the characteristics of star mode is that the voltage between the three different 
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phases is the same as the nominal voltage of the system. With this assumption there is not needed to 

be worried about the voltage conversions from phase to phase. This decision has been taken because 

the motor has been designed for 230V, the same voltage of the grid. Regarding the parameters of 

the motor Table 2, a block called aimcData has been used which gives some standard parameters to 

the motor. 

Table 2. Parameters of the asynchronous motor, aimcData values. 

Value description Value Unit 

Rotor´s moment of inertia 0.29       

Stator´s moment of inertia 0.29       

Number of poles 2 - 

Nominal Frequency 50 Hz 

Stator main field inductance per phase 0.0354 H 

Rotor stray inductance per phase 0.00547 H 

Rotor resistance per phase 0.625 Ω 

Stator resistance per phase 0.6 Ω 

Stator zero sequence inductance 0.00035 H 

Stator stray inductance per phase 0.00035 H 

 

The motor, Figure 13, must be feed by a three-phase voltage source and that means that it has three 

electrical input (V) and three electrical outputs (I). In order to implement that in the system in 

OpenModelica, the library of multiphase has been chosen because with this method, the three 

different inputs can be represented with one cable, as this working way use vectors. Moreover, there 

is a block called Current Sensor which measures the current and adding another multiphase block the 

three current outputs can be separated and define them as outputs. 

Apart from having an electrical part, the AC motor has a mechanical part. In this part, there is an 

input which corresponds to the mechanical torque. This mechanical torque has to be multiplied by a 

relation which represents the reductive box located in the motor and that torque, and the inertia 

created by the load are added to the asynchronous motor. Thus, adding a speed sensor to the motor, 

the speed at which the motor rotates is obtained and multiplies it with another relation, a reductive 

box, which permits to obtain the conveyors angular speed. The yellow box from Figure 13 represents 

the reductive box located inside the asynchronous motor. In this case, both reduce the input 

parameters because there has to be a smaller torque inside the motor and the angular speed needs 

to be smaller than in the machine.  

Finally, a conveyor has been modeled in order to prove that the AC motor and the AC source work in 

a proper way. In this part, three different forces have been differenced. The first force is a constant 

force which has to be applied in order to start moving the conveyor. The second force is the one 

which permits the conveyor to continue moving, this force is directly proportional to the linear 

velocity that the user wants in the system because higher force is needed if the conveyor needs to 

move faster. The third force depends on the weight of the object put in the conveyor, with a bigger 
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object, the force has to be bigger. Moreover, a roughness coefficient has to be multiplied to the force 

created by the weight of the product. 

On the other hand, there is an input in which the angular velocity of the conveyor is inserted. 

However, the authors have decided that the linear velocity of the conveyor should be of 1 m/s in 

order to have a good flow. For obtaining that linear speed, the angular speed inserted in the 

conveyor has to be adjusted to the angular velocity required in order to obtain the linear velocity 

mentioned. In order to achieve that goal, the torque has to adjust depending on the angular velocity 

needed, because the input of the motor is the mechanical torque and the output the rotational 

speed, and depending on the torque introduced to the motor the conveyors speed changes, a block 

has been created which adjust the conveyor angular speed in order to obtain the linear velocity 

mentioned. Once the angular speed has been adjusted, it has been multiplied with the forces of the 

conveyor having torque as an output of the conveyor system. 

 

4.4 Fluid system 
 

In this subchapter, it is explained how hydraulic and pneumatic components are modeled and how is 
the connection developed in those fluid systems. First, as it was explained in   
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Table 1, in fluid systems the effort is defined as pressure (bar) and the flow as mass flow (kg/s). It is 
important to clarify that both systems even being similar, they have some differences. As it was 
explained in the frame of reference, hydraulic systems use incompressible fluids whereas pneumatic 
systems use a compressible gas. Thus, despite both systems are modeled in the same way, some 
internal equations are different in both cases. In the case of hydraulic, the kind of fluid change also 
the dynamics of the system so before simulating, the type of fluid has to be specified in the hydraulic 
part. In this way, knowing the fluid, the two parameters that are needed can be defined to solve the 
different equation of the components. Those parameters are the density and the viscosity. 
 

4.4.1 Modeling of hydraulic system 
 

The system that Figure 14 shows has been chosen for modeling due to it is a very typical and simple 

system in the industry and it has the main components that are used in the industry. Continuing with 

the prototyping methodology that has been explained, a first version has been created and after 

analyzing it, it has been improved and a second version has been created. In this subchapter, that 

process is explained and also how different components are modeled. In the second version, the way 

of modeling the system has been changed and a throttle valve has been added too.  

Before starting, authors want to clarify that all the fluid experiments have been done first in Simulink, 

and after applying the prototyping, the final version have been done in OpenModelica. Since the final 

aim of these experiments is prove the models with FMU blocks. 

4.4.1.1 First suggestion 
 

First, after analyzing the literature review, Zaev et al.(2017) work has been taken as reference and as 

it has been explained in the literature review, in this work the valve is the center of the model. The 

valve is calculating the flow taking the information of the pressure from the cylinder and the pump as 

Figure 14 shows: 

 

 

Figure 14. First version consumer-producer logic. 
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I. 4/3 VALVE 

 

As Figure 14 shows, all the ports of the valve are consumers and that means that the valve is getting 

the effort information in all the ports and the flow needs to be calculated. That flow is calculated as 

the flow through orifices following the next equation: 

 
 2
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   (1) 

However, in order to be able to calculate the flow in a real-time simulation, where the input of the 

equation is a direct signal in volts, another way of calculating the flow equation was suggested by 

Zaev et al.(2017), using catalogued data of the valve. 

 v v vQ K y p      (2) 

Where y is the voltage of the signal, vK is calculated using the next equation (3) and vp represents 

the pressure difference between the ports of the valve. In the next equation, nominal flow, nominal 

pressure drop, and the maximum voltage value are introduced to calculate the mentioned constant. 
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So finally using equation (2) and (3) both flows are calculated, due to this valve is four way and it has 

two channels for flowing the liquid. 

II. CYLINDER 

 

For modeling the cylinder, mass flow Newton’s Second Law of motion (4) has been used, summing all 

the forces, including load forces and friction forces, calculated in equation (6). In equation (5) the 

forces created by the pressures of the cylinder are calculated, and then Newton’s Second Law is 

applied. In this way, the hydraulic force is transferred to the mechanical area, creating a linear 

movement. 
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So, to calculate equation (5), pressures need to be calculated. For that, the cylinder movement and 

the fluid flow is used, as equation (7) shows. In this case, this equation is applied to solve the 

pressure of one of the ports, so the same calculation is done in the other port. The eE  is a constant 

parameter that can change depending on the fluid. 
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In this way, the pressure of each port is calculated, and it sends to the valve. In addition, in this 

component mechanical force is set as an input, whereas the speed of the piston is an output of the 

model. 

III.PUMP 

 

For modeling the pump, a look-up table has been used. Thus, the pump is getting flow information 

from the valve and then using pressure versus flow graph given by distributor, as Figure 15 shows. In 

this way, the pump is giving a certain pressure depending on the flow.  

 

Figure 15. Pressure vs Flow graph of a commercial pump. 

In addition, for creating a more realistic pump a first order low pass filter (8) has been added to the 

output pressure, avoiding instantaneous work point changes in the pump, which can unbalance the 

system. To calculate   value, some tests have been done and finally the selected value has been 

0.05. 

 
1

1s 
  (8) 

IV.SUGGESTION ANALYSIS 

 

After simulating everything, the results precise, but the authors realized that there are some 

limitations. In this way of simulating, the flow is calculated in the valves, so it is an obligation to have 

a valve between cylinder’s port and a source or reservoir. And for example, the system that is shown 

in Figure 16 cannot be created, due to two producer ports are connected, and that is not possible. In 

this case, the right port of the cylinder is directly connected to the pump, being both ports 

producers. So, it has been decided that it is better to change this system of simulating, calculating the 

flow in the cylinder. Thus, electric and fluid systems can be modeled in the same way, due to the 

cylinder can be compared with an electric load and the valve with a switch. And in the electric way of 

modeling, the flow is calculated in the load. 
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Figure 16. Hydraulic system that cannot be created using the first version. 

4.4.1.2 Second suggestion 
 

In this second version, the logic of modeling is different as Figure 17 shows, since the nature of some 

ports has been changed comparing with Figure 14. In this case, cylinders ports are consumers, which 

means that the flow is calculated there. In addition, a throttle valve has been added to create a more 

complicated system. 

 

Figure 17. Second version hydraulic system. 

I.4/3 VALVE 

 

The modeling of this valve has been very simple, due to the valve has been taken as an ideal switch 

that is moved by two digital signals. So, the function of this component is to connect ports 1 and 3 

with 2 and 4, according to the electric actuators. As it is defined like ideal, there is not any pressure 
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drop in the valve, which means that the information that enters from a port is directly send it to the 

respective output port. Thus, no parameters are needed in order to calculate the different pressures 

and flows that are in all the ports.  

 

Figure 18. 4/3 valve model with electric actuators. 

Moreover, the valve is controlled with two solenoids that create the needed force to move the valve. 

In this model, that internal mechanical movement of the valve from one position to the other is 

simplified. When the solenoid is fed, the model generates a boolean signal that is used to change the 

position of the valve and change the internal connections. Both solenoids are modeled as direct 

current loads, which are fed with 24 volts. These means that, two electric ports are needed for each 

solenoid and this is modeled as DC load.  

In Table 3, all the inputs, outputs and parameters of this block are shown. The table shows how 8 

inputs and 8 outputs are needed, due to 4 electric ports and 4 hydraulic ports are defined in this 

block. 

Table 3: The interface of 4/3 valve with electric actuators. 

Inputs Outputs Parameters 

Y1P_V Y1P_A Solenoid_Power   [5] 

Y1N_V Y1N_A  

Y2P_V Y2P_A  

Y2N_V Y2N_A  

P1_P P1_Q  

P3_P P3_Q  

P2_Q P2_P  

P4_P P4_Q  

 

The Figure 19 shows how is programmed these simple parts, which are marked in orange. In each 

solenoid, the voltage of both port is compared and if the difference is bigger than 22V, the solenoid 

will be activated. This means that a boolean will be activated to move the valve position. In addition, 

as Table 3 shows, Solenoid_Power is a parameter that needs to be set it up by the user and it will 

define the nominal power of each solenoid. In this way, the output current can be calculated as in dc 

circuits.  

Moreover, this figure shows also how different hydraulic ports are connected, using switches to set 

the values of the outputs. First, a XOR gate is used to detect when only one of the solenoid is 

activated, due to if no one or both are connected, the valve is in the initial or center position. In this 

position, all the output flows are set to zero and as Figure 19 shows, the value of the pressure ports 2 

and 4 is maintained using unit delay block. On the other hand, if only one of the solenoid is 
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connected and in consequence, the XOR gate output is not zero, the right solenoid signal is used to 

set the position of the valve. And depending on the position, switches are used to make the 

connection between ports.  

 

Figure 19: The internal block diagram of 4/3 valve with electric actuators 

II.CYLINDER 

 

In the cylinder modeling of the second suggestion, the logic has changed due to both ports are 

producers now. That means pressure is established in both ports, and in consequence, the mass flow 

has to be calculated. 

 

Figure 20: Cylinder model 

As Figure 20 shows, the cylinder model has two hydraulic ports, which mean that there are two 

pressure inputs and two flow outputs. Apart of that, a mechanical port is needed, having as an input 

the force and as an output the linear speed of the piston. Finally, some parameters are created to 

introduce information about the liquid, such as damping constant and density value. In addition, 

cylinder physical measurements are also included, which are the mass of the piston, the external 

diameter of each face and piston diameter and the length of the piston. In this case, the selected 

liquid is water. 

Table 4: The interface of the cylinder. 

Inputs Outputs Parameters 

A_P A_Q m   [1] 
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B_P B_Q d1   [0.015] 

Mechanical_F Mechanical_v d2   [0] 

  L   [0.25] 

  Damping ( B )   [50000] 

  Density (  )   [1000] 

 

Figure 21 shows how this model has been modelled. As in the first suggestion, Newton’s Second Law 

of motion (4) has been used. Block diagram shows how all the forces are calculated to sum them. 

First, both pressure inputs are converted to Pascal unit and then each pressure is multiplicated with 

each area of the piston, getting forces. In addition, the damping force (6) and the external force are 

also added and summing all the forces, the total force is got. Then, using OpenModelica’s mechanic 

translational library, the mechanical part is modelled creating a force source connected to a mass, 

which is the piston. Moreover, a brake component is added to stop the piston when it reaches the 

maximum and minimum limits. In order to activate the brake, a logical circuit has been created. Thus, 

the piston will be locked when one of the following condition is fulfilled. When the piston is over the 

maximum limit and the force applied is positive or when the piston is below the minimum limit and 

the applied force is negative. In this way, the piston position is bounded as in reality.  

Furthermore, the position and the speed of the piston are calculated using sensors from 

OpenModelica’s mechanic translational library. 

 
1A aQ Av   (9) 

Finally, the both liquid flows are calculated using the next equation (9), where the mass flow is equal 

to the area multiplicated with linear speed and density. In this equation, it is assumed that the fluid is 

incompressible, so the volume change is directly proportional to the mass change. 

 

Figure 21: Block diagram of cylinder’s internal logic. 
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III.PUMP 

 

The logic of this pump is the same as the first version pump, due to in both cases all the ports are 

producers. Table 5 shows the outputs and inputs of the hydraulic ports, and in this case, there is not 

any parameter. 

Table 5: Interface of the pump 

Inputs Outputs Parameters 

Pump_Q Pump_P  

Tank_Q Tank_P  

 

As Figure 22 shows, the internal logic does not have any complication, due to the pressure is 

calculated with a lookup table shown in Figure 15. In this case, there is not any first order low pass 

filter, due to all these models has been modelled as ideal components. 

 

 

Figure 22: Block diagram of the pump's internal logic. 

 

IV.THROTTLE CHECK VALVE 

 

In this second suggestion, a throttle check valve has been added to create a more complex system. 

This component is controlling the flow that is flowing through it, but that control has to be done 

controlling the pressure drop that is in this component, due to it is not possible to force the flow. As 

it has been explained in chapter 4.1, the flow is the consequence of the effort. 

 

Figure 23: Throttle check valve model. 
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Table 6: Interface of the throttle check valve 

Inputs Outputs Parameters 

P1_P P1_Q Qmax   [0.3] 

P2_Q P2_P  

 

As Figure 24 shows, a PI controller has been used to calculate the needed pressure drop in this 

component. In this way, the pressure of the port two will decrease, sending that information to the 

cylinder. Thus, the pressure difference in the cylinder will be lower, and in consequence the flow 

value will decrease too. The setpoint of this controller is the maximum caudal, fixed as a parameter, 

and it is compared with the real caudal. In that way, the error is got and using the proportional and 

the integrator, the pressure drop is calculated. Finally, that drop is added to the pressure value of 

port one, getting the value of port two.  

 

Figure 24: Block diagram of the throttle check valve. 

V.SUGGESTION ANALYSIS 

 

After implementing the prototyping methodology and creating this second version, the limitation 

mentioned in the previous suggestion modelling way has disappeared. It is true that in this new 

version, the valve is much simpler since it is modelled as ideal. But in the future, it would not be 

difficult to create a more realistic valve with internal pressure drops, even modeling the pressure 

drops of the pipes. In addition, there is a limitation in the cylinder when the load force is changing, 

and the valve is in the initial position. In this case, the pressures of the cylinder should change, but 

these variables are fixed from the valve, so they are not changing. This can be solved in the future, 

changing the pressure of the valve, even it is in the middle position, according to the flow that are 

receiving. 

Thus, it can be said that this is the most suitable way of modeling hydraulic systems, when producer-

consumer logic is used. 
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4.4.2 Modeling of pneumatic system 
 
In this chapter is shortly explain that pneumatic and hydraulic systems are very similar, and they are 
modelled in the same way, and which are the differences between two systems.  
 
In spite of both systems are fluid systems and they can be modelled in the same way; the big 
difference is that hydraulic fluids are not modelled as compressible whereas pneumatic systems 
should be modelled as compressible fluids. So, in pneumatic systems the effort variable is the same 
as in the hydraulic but there is a difference in the effort signal. Due to in hydraulic, that variable was 
the caudal, which is the volume divided by time. That is not a problem in hydraulics because the 
density of the fluid is not changing so, the mass and volume are always proportional. However, that 
assumption can not be done in pneumatic, due to the relation of the volume and the mass is 
changing depending on the pressure 
 
Thus, ideal gas law (10), also known as general gas equation should be used to calculate the volume 
of the gas in each component. This means that molar properties of the air should be added fixing the 
parameters of the components. In an ideal scenario, a constant temperature could be assumed, so 
knowing the properties of the gas, the volume of the gas could be easily calculated, using the mass 
flow and the pressure as it has been used in hydraulic systems. 
 

 PV nRT   (10)  
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5 Results 
 

Apart from the own results obtained by the authors from the experiments, it has to be mentioned 

that the FMUs models have been provided to the university. The authors have been cooperating with 

Martin Birtic, who has been developing open data models for emulation models. Due to the 

collaboration mentioned, the university has received models that can be added to any open source 

emulation program. 

5.1 DC system 
 

The FMU of the different components of Figure 8, which is the system of the push button with the 

light have been modeled and the following results have been obtained graphically: 

 

Figure 25. Voltage and current of the light depending on the push button in Figure 8. 

In Figure 8, the voltage and the current that the light receives depending on how the push button is 

showed. It can be clearly seen that when the push button is activated, the current and the voltage 

have a step that last until the pushbutton is off. Depending on the light that the user is using through 

the model, this current and the voltage would be different because its light has its own power 

requirement. 

5.2 AC system 
 

In this subchapter, the results of the system that Figure 12 shows are presented. In this experiment, 

the start of the motor connected to the conveyor has been simulated. For this reason, the simulation 

time is one second. Furthermore, the step time of the simulation has been defined as 0.1 ms, in 

order to simulate the motor in detail.  



School of Engineering Science   

Joanes Lorente & Gorka Sorarrain 40 8/13/2018 

In the conveyor part, there is not any load in the conveyor until the time reaches 0.8 s. At that time, a 

500 kg load is deposited on the conveyor belt. It is also important to clarify that all the parameters 

are defined in the subchapter 4.3.2, where is explained how this system has been modelled. 

 

Figure 26: Source's 3 lines currents, source’s currents value in RMS and motor's angular speed of 
the modelled motor. 

 

Figure 27: Source's 3 lines currents, source’s currents value in RMS and motor's angular speed of 
the motor model taken from Simulink library. 
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On one hand, the first two graphs of Figure 26 shows the current that is consuming the motor during 

that second. In the first graph, the three currents of the source are shown whereas in the second 

graph, the RMS value of those currents is shown. It can be seen in the first graph how the motor is 

creating that characteristic sinusoidal current signals, that are decreasing during the time until the 

motor speed is stable, at 0.7 s. At that time, the currents RMS value is 20.5 A. That extra current that 

can be appreciated until that moment is created because of the motor start.  

On the other hand, in the last graph, the angular speed of the motor is shown, and it is stable at the 

value 156 rad/s, at 0.7 s. In addition, the system has been compared with the same system created in 

Simulink, using the same parameters and the results has been the same, as Figure 27 shows. It can be 

seen how the speed is the same and also the current values are the same, 20.5 A. Even the dynamics 

of the motor are similar due to both models enter in steady state at 0.7 s. Thus, after analyzing both 

results, it can be said that the motor model created in OpenModelica is validated. 

Moreover, conveyor data is also shown in Figure 28, where the linear speed of the conveyor belt and 

the load torque that is created are plotted. In the torque plot, the values are negative since the 

conveyor is a load and in addition, the different forces can be analyzed. At the start, the torque is 120 

Nm when the speed is 0 rad/s, which means that the value of the constant friction torque is that. 

Then, the torque is increasing, due to there is a friction force that is directly proportional to the 

velocity of the belt. Finally, at 0.8 s, a 500 kg load is deposited on the belt, creating a total torque of 

365 Nm. Although the torque suffers an instantaneous increasing, currents and speed values change 

cannot be detected in the plots because of the fact that that torque value is relatively small. Even so, 

there is a 0.5 A increasing in the current RMS value after that load is introduced in the system. 

 

Figure 28: Linear speed and load torque of the conveyor. 

 
Last but not least, Figure 29 shows the power consumption of the modeled motor during this 
experiment. This calculation is easily done, due to current and voltage values have been simulated, 
so multiplying the root mean squares of both values, total power is calculated. In this way, total 
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power is calculated, so corrector factor is needed to get the active power. This corrector factor is got 
in the simulation comparing the phase of the voltage and current. So finally, active power is 
calculated as Figure 29’s first plot shows, getting 13,2 kW value in the steady state. Then, that power 
value is integrated to get the energy consumption of the motor, and the result is shown in the 
second plot of Figure 29. As this value is shown in kWh, the value is small due to the simulation time 
is 1 second. The plot shows how the consumption of the motor has been 0.007 kWh in this first 
second. 

 
Figure 29: Energy analysis of the modeled motor 
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5.3 Hydraulic system 
 

In this subchapter, the results of the hydraulic system explained in the experimental (Figure 17) part 

are presented. The parameters are clearly defined in subchapter 4.4.1. For this experiment, the 

simulation time is 20 s and the step time is set to 1 ms. The maximum flow of the throttle check has 

been written as 0.3. 

 

Figure 30: Solenoid signals and flow and pressures signals of port 2 and 4 of the valve. 

In Figure 30, two different plots are shown: the first plot is showing the voltage drop that is detected 

in solenoid Y1 and solenoid Y2. With these signals, the position of the valve is known. In the second 

graphic, the flow or caudal is represented, that means when the cylinder is moving. It shows how the 

caudal is limited by the throttle check valve in 0.3 l/min when the flow of the port 2 is positive. This 

control has some dynamic because of the PI controller. The throttle check valve needs 0.5 s to be in 

the steady state. In these Figure 30, it is clear how at 2nd second, the valve changes the position, 

connecting port 3 with port 2 and port 1 with port 4.  

Then at second 10, the valve position return to the initial setup maintaining the pressures in port 2 

and port 4. After 2 seconds, the solenoid Y2 is activated, changing again the valve position, but now 

to the other configuration, where port 1 is connected to port2, and port 3 to port 4. So, the caudal is 

flowing in opposite direction, now without limitations, and the piston is retracted. As the valve is 

modeled as ideal, there is not any leakage flow. 



School of Engineering Science   

Joanes Lorente & Gorka Sorarrain 44 8/13/2018 

 

Figure 31: Cylinder position and ports' pressures. 

In Figure 31, the cylinder position and pressures values are shown during the simulation. In these 

plots, the pump impact can be analyzed, due to according to the pump election, the piston will move 

quicker or slower because of the caudal-pressure relation. In addition, the damping force is also an 

important parameter since it is limiting the speed of the piston. Figure 31 shows how the first 

movement is slower because of the pressure drop that is generated in the throttle check valve, so 

the pressure of port A is lower. On the other hand, in the second movement the flow is not limited so 

the pressure between both ports is bigger. It can be seen also that this system has only dynamics 

when the pump work point is changing. That is because other components are modelled as ideals. 

 

 tot aF p A B v       (11) 

 
a

A p
v

B


   (12) 

 
a

a

l
t

v
   (13) 

 

In addition, the obtained results have been validated using mathematics. As equation 11 shows, the 

total force of the piston is calculated resting the damping force to the force that is created by the 

pressure. But that force becomes zero in steady state, due to if not the acceleration of the piston 

would be constant, increasing proportionally the speed of the piston until unreal velocities. So, 

equation 12 is used to calculate the real speed that is getting the piston and the using that speed, the 

moving times are calculated, validating the system. 

For example, when the piston is expanding, the following results are got using the equation 12 and 

replacing all the data. The damping is defined as 50000 in the simulation whereas the pressure 
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difference got with this damping is 80 bar. Finally, the diameter of the piston is 0.015 m, creating a 

0.000176 m2 area. 

 

5(80 10 )

50000

0.0001767
av

 
   (14) 

The speed result is 0.0283 m/s. Thus, that value is replaced in the equation 13 with the length of the 

piston which is 0.25 m, and the expanded time is calculated. The cylinder needs 8.8 seconds to 

expand the piston, and this time is exactly the time that is taking in the simulation as Figure 31 

shows. Same calculation has been done with the compress time and the result is 1.7 second, as in the 

simulation. In this way, the simulation is validated using mathematical calculations. 

 
0.25

0.0283
t    (15) 

 

In conclusion, after analyzing all the plots and assuming that the components are ideal, the result are 

positive. 
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5.4 External results 
 

Furthermore, apart from the internal experiments, created models has been provided to the 

university in order to test it in a real emulation environment. As in the internal experiments, systems 

have been created connecting different models. These models have been sent in FMU format, so in 

this way, they can be tested in any software. The university tests have been based on Andersson, 

Akesson and Fuhrer (2016) work, so provided FMUs have been simulated in an emulation 

environment. In addition, Martin Birtic have created the data model of all the components, and in 

this way, from provided components’ FMUs, complete devices have been created. Not only 

composed by the internal logic, but also with the interface data the 3D format, etc. 

In the Figure 32, one of the tested systems is shown, so all the components that are composing that 

system have been provided in an FMU format to the university.  

 

Figure 32: Electric scheme of tested DC circuit by the university 

Furthermore, Figure 33 shows the 3D representation of the same system, created by the university 

using Martin Birtic data model. 

 

Figure 33: 3D view of tested DC circuit by the university 
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All the systems have been tested in real time and the results has been exactly the same as the 

internal results. Thus, the models and the way of modeling the connection between components 

have been validated.  
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6 Discussion and conclusion. 
 

6.1 Discussion and future work. 
 

Two main programs have been used to create the FMUs: MATLAB-Simulink and OpenModelica. The 

main difference between those two programs is that MATLAB-Simulink is not a completely open-

source program while OpenModelica is totally free. Because of that reason, it has not been possible 

to create FMUs in MATLAB-Simulink. However, this software has been used in order to create the 

component models before converting it into FMUs, to know it the models worked in a proper way as 

it was thought to build it. So, after checking that the model worked well, the components have been 

implemented in OpenModelica in order to create the FMUs. In a future, it would be great to have 

more than one open-source software to create FMUs easier. 

The thing is that in OpenModelica, systems can be programming or using block diagrams. Since it has 

been authors first time with this program, and they were more familiarize with block diagram 

structures, the programming part has not been analyzed enough. So, in the future, more optimized 

models will be created if the “FMUs creators” has programming skills. 

Regarding the limitations that have been during the project, the main problem has been the one 

explained in Producer and consumer. The main idea of it, is that more than one producer cannot be 

connected to the same consumer in the way of working that the authors had during this project. 

Because of that reason, more than one circuit has not been possible to model. However, this should 

not be a problem since in industrial system, that kind of circuits are not used. In the industry for 

example, two loads are never connecting in series. 

Continuing with the limitations, despite in some experiments, such as in hydraulics, models have 

been programmed as ideal, using this way of modeling there would not be any problem to create 

more realistic and complicated models.  

Regarding the energy analysis, from the authors point of view, one of the most objectives of the 

project has been succeeded, which is the energetic analysis of the industrial components. It has been 

possible to model AC models where the energy analysis can be done. Due to knowing the voltage and 

the current that is flowing on the system, the consumed power is easily calculated, and as a result, 

the energy analysis is done. Because of that, it is possible to optimize some industrial systems with 

the use of emulation. Conveyors, AC motors and AC sources have been modeled, however, as the 

time goes up, more FMUs will be created permitting to optimize more industrial systems.  

As two people have been working together, the work has been divided as the project was going on, 

depending on the skills of each of the authors. However, every time a problem or a difficulty has 

appeared, both students have been working together in order to give the fastest solution to the 

problem. 

The part which the authors of this thesis had most difficulties has been Literature review. As 

emulation is a concept that has started analyzing some few years ago, the authors have not found 

too much information about that area. However, the literature review used has been sufficient to 

realize the project.  

Regarding to the validation of the FMUs, some FMUs models have been provided to the university 

and they have been tested in emulation environment, with good results. 
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6.2 Conclusions 
 

 It is proved that the selected way of modeling (producer-consumer logic) is suitable for 

creating hydraulic, pneumatic and electric circuits, due to the results have been favorable. In 

addition, some components have been provided to the university and the results have been 

good in an emulation environment. 

 The energy analysis has been done correctly, since using the flow effort method, the authors 

are able to simulate that energy transfer between the components. In this way, many doors 

open regarding to the optimization of industrial plants, using emulation systems. 

 OpenModelica has been used for modeling the FMUs blocks and it is the most suitable 

software for modeling in an easy way, even with block diagrams.  

 Although there are some limitations regarding to this way of modelling, with the systems 

that are used in the industry, these limitations are not any problem. 

6.3 Sustainability perspective. 

 
As explained in Sustainable development, nowadays there is a great need for giving great importance 

to environmental, social and economic levels. Regarding that, the authors think that the 

developments that have been done during the project have a direct relation with those three main 

ideas of the sustainability definition. As it has been explained during the project, one of the most 

important objectives has been the implementation of industrial components with the aim of being 

able to analyze energetically different components. In this way, optimization of the plant can be 

done, reducing the consumed energy and saving money. 

Being this like that, applying these models into an emulation environment, the energy consumption 

could be controlled or even reduce it. Energy consumption could be decreased in many ways, such as 

electing the components with the lowest energy consumption, being able to adjust the way of 

working of the industry in order to reduce consumption, introduction of new models to the system 

and the possibility to emulate the lifecycle of the components of the system. If the amount of used 

energy reduces, the companies would safe lot of money, being able to use that money to invest in 

order to continue developing the company in a sustainable way. Apart from that, environment has a 

great importance in the world, and the reduction in energetic consumption would help to convert 

this world a little bit more sustainable. 
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