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Abstract 

This licentiate thesis highlights some topics on modular modelling for dynamical 
simulation with application to fluid systems. The results are based on experience from the 
development of the fuel cell component simulation environment NFCCPP. The general 
application is cross-enterprise simulation of technical systems. There are four main topics: 
component definition including selection of interfaces, lumped modelling of fluid 
components, the use of dynamical equations to reduce simulation time in large systems and 
methods of to protect the intellectual property (IP) of a component. 

An overview of different dynamical fluid simulation tools such as HOPSAN, 
MATLAB/Simulink and Easy5 is presented. Special focus is on interfaces, where different 
approaches for representing interfaces are presented using an illustrative example. Selecting 
interfaces is however not a separated task from how to set up and solve the underlying 
equations, which also is shown. 

Equations to model a lumped component are derived, to get a mathematical background 
to what problems there are to solve. These equations are derived especially to be applicable 
in block model software simulation tools such as MATLAB/Simulink. The equations are 
also compared with the bond-graph approach of representing dynamical systems. A twin-
screw compressor is modelled in MATLAB/Simulink as an implementation of these 
equations. 

A method to decrease the simulation time in dynamical fluid system is also presented. The 
technique is to add virtual mass in the force equation to get a slower acceleration of the 
fluid. Using this slower response, it is possible to use larger time-steps when integrating the 
equations and thus the total simulation time can be reduced. The error introduced using 
this method is a modelling error in the time domain, and it is comparable with using unit 
transmission lines (UTL:s), as does HOPSAN. 

The protection of the intellectual property (IP) of a component model is presented. The 
concept of clamping is thoroughly explained, as it often is overlooked in conventional IP-
protection. Three concepts for code protection are presented: “Centralised simulation with 
remote user control”, “Localised simulation with simulation-time model usage control” 
and “Parallel distributed simulation”. The NFCCPP implementation of the concept 
“Localised simulation with simulation-time model usage control” is presented in more 
detail. 
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1. Introduction 

The art of product development has developed rapidly during the last decade. The market 
has an ever-increasing demand for quality, customisation and shorter time-to-market. To 
meet these demands, the companies have had to rationalise or even completely reengineer 
their product development processes, employing new organisational and technological 
inventions [1]. In the 1990s, the focus was on organising product development in cross 
functional teams, using integrated product development (concurrent engineering). The 
trend in the 2000s is toward geographically distributed development of complex system 
products, using distributed teams, in global corporations, and between system designers 
and suppliers. Internet has already become an important factor that has increased the 
communication during design and product development [2]. These new technologies lead 
to the development of new applications to support the development process, introducing 
new possibilities but also new problems to manage and solve. One such application is 
cross-enterprise simulation of technical systems, which is the theme of this thesis.  

This research was conducted in the framework of the European project NFCCPP, which 
stands for Numerical Fuel Cell Component Performance Prediction. The objective of that 
project was to design an industry standard numerical prediction tool for the simulation of 
fuel cell systems. Fuel cell systems can be used for many applications, in this project the 
focus has been on using fuel cells as a source of energy for the propulsion of cars. This 
energy transferring process has many advantages, including high energy density, high 
thermal efficiency and low emissions.  

In the simulation environment of the tool, detailed modules of components from different 
vendors can be integrated to obtain information about the component performance within 
the total system [3]. The European Commission funded the project in the 5th framework 
programme and 14 partners were involved, many of them from automotive and fuel cell 
industry.  

This thesis includes findings from the project including the development of a simulation 
model for the design of displacement compressors in MATLAB/Simulink, and a survey of 
interfaces and modelling paradigms. A comparison of solution methods for module based 
dynamical systems is also performed, and different methods for IP-protection are 
investigated. 

2. Theoretical framework 

2.1. The value of simulations in the design process 

During the last decade an enormous development of computer simulation tools has taken 
place, together with the development of raw computing power. The typical methods the 
tools are based on are FE (Finite Element Analysis), MBS (Multi Body Systems), or CFD 
(Computational Fluid Dynamics). CAD (Computer Aided Design) can also be seen as a 
geometrical simulation tool. Today simulation plays an important role in product 
development, especially for dynamical systems. 

However, in a comparison between the classical design process models of Pahl & Beitz, 
Ullman, DeGroot, Hall and Roozenburg & Eekels in [4], the simulation activity is only 
mentioned explicitly by Roozenburg & Eekels as a part of the basic design cycle. Their 
definition of simulation is: “… imitating the behaviour for a system by means of another 
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system, which resembles the first system in certain respects, and therefore is a model of 
that first system” [5] .  

 Figure 1: The basic design cycle [5] 

Even though simulations are not explicitly mentioned in these references, it does not mean 
that they should not be used in design. In a phase model, as defined by Pahl & Beitz [6], 
simulations can be used during the conceptual design, embodiment design and detail 
design. For example, in the concept phase, the system layout of fuel cell systems can be 
investigated using the models derived in this paper. In embodiment and detailed design, 
more sophisticated models can be developed to predict the performance of components. 
Even in the first phase, “clarifying the task”, simulation can be useful to give information, 
as to whether the product has any commercial potential and is worth developing. 

Analysis

Function

Synthesis

Criteria

Simulation

Provisional design 

Evaluation

Expected properties 

Value of the design 

Decision

Approved design 



 3

With the increasing availability of computing power and development of software, along 
with the higher complexity and customer demands on products, it is probable that 
simulation based design will be more efficient and play a larger role in future product 
development. In Sweden, national research programmes on simulation based design have 
been carried out during the last years, see for example ENDREA [7] or VISP [8]. 

2.2. Lumped modelling/discretisation 

General engineering problems are often time dependent, non-linear, dependent on spatial 
coordinates, and thus mathematically described using non-linear partial differential 
equations (PDE:s) having time dependent coefficients/input. Since these equations are not 
directly solvable, and raw computing power is not an infinite resource, simplifications have 
to be made to get a numerically solvable and manageable system. Common simulation 
techniques are shown in Table 1:  
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 T I M E  
Table 1: Simulation techniques.  The model complexity and 
computational effort are increasing from the lower left to the 
upper right corner. FEM – Finite Element Method, CFD – 
Computational Fluid Dynamics, MBS – Multi Body System [2] 

A rule of thumb is that the simplest models are at the left bottom of the table, and the 
most advanced and most computationally expensive ones in the upper right corner of the 
table. In this work, the techniques lumped modelling and discretisation will be used. 
Lumped modelling is defined in [9]: 

Lumped processes are all processes in which the spatial dependence of the 
variables under consideration can be neglected, i.e. in which a change in those 
variables is considered equal and simultaneous throughout the volume for 
which the laws of conservation have been established. 

Discretisation can be defined as “the process of transferring continuous models and 
equations into discrete counterparts”, and is usually carried out as a first step toward 
making them suitable for numerical evaluation on digital computers [10]. PDE:s can be 
discretised in either time or space (or both), using differencing schemes. Discretisation in 
space is closely related to lumped modelling, as shown in the following example: If five one 
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meter long lumped pipe models are interconnected, they can be regarded as a five-meter 
long pipe, discretised in 5 equally long parts.  

 
Figure 2: Lumped and discretised versions of a pipe. If the 
finite difference method is used, the methods deliver similar 
results. 

2.3. State of the art in modular dynamical fluid simulation  

Many fluid simulation environments exist; a quick look at a webpage [11] gives a list of 
more than 20 different simulation tools for fluid power systems. There are also several 
multiphysic and generic simulation systems that can be used to model and simulate 
dynamical fluid systems. Some of these systems are presented here to give a brief overview 
of their features. The overview is limited to one-dimensional lumped/discretised 
environments, omitting CFD software 

Dedicated fluid power systems  

HOPSAN 

HOPSAN is a simulation package that has been developed at the division of Fluid and 
Mechanical Engineering Systems at Linköping University, since 1977. It is a general 
simulation tool, but is especially suited to model and simulate fluid power systems. It uses 
unit transmission lines to numerically separate the components. HOPSAN is free to use 
[12]. 
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Flowmaster 

Flowmaster is according to its authors the “leading 1D thermofluid flow software 
package”. It was originally designed to simulate the fluid dynamical effects of fast acting 
pressure transients in complex networks. It includes component models for many generic 
fluid components such as pipes, valves and compressors. Flowmaster can be connected 
with other simulation tools, such as MATLAB/Simulink [13]. 

Multiphysic simulation systems 

Easy5 

Easy5 is a “schematic (iconic blocks) -based virtual product development software used to 
model, simulate, and analyse multidomain dynamic systems” [14]. The application libraries 
include gas dynamics, powertrains, electrical systems, multiphase fluids and even fuel cells. 
Easy5 also provides interfaces to numerous other simulation software including 
MATLAB/Simulink and MSC Adams. 

AMESim 

AMESim is “a complete 1D virtual system analysis platform that allows users to design 
multi-domain systems” [15]. The additional programs AMESet, AMECustom and 
AMERun are used to further extend the functionality. The program uses something they 
call multiport connections between components.   

ITI-Sim 

ITI-Sim is like AMESim a power-port simulation software for simulation of “dynamically 
stressed, complex non-linear systems”. It is also a commercial program, and 300 licences 
have been installed worldwide. It is developed by the German company ITI [16]. 

Modelica 

Modelica is not a simulation environment, but a “free object-oriented modelling language 
with a textual definition to describe physical systems in a convenient way by differential, 
algebraic and discrete equations” [17]. There are however different solvers and graphical 
user interfaces that uses the Modelica language, such as the commercial Dymola or 
MathModelica. Modelica is a way of describing the environment and the governing 
equations. One of the main ideas behind Modelica is to describe the equations in a non-
casual way and leave it to the solver to sort out the solution methods. In [18], it is for 
instance described how Modelica systems can be converted to and simulated in HOPSAN. 

Generic simulation software 

MATLAB/Simulink 

MATLAB/Simulink is the leading software for technical computing and Model-Based 
Design. Simulink, which is bundled with MATLAB is a block model software, applied to 
model, simulate and analyse dynamical systems. It is widely used in control theory and 
digital signal processing for multidomain simulation and design. There exist many 
toolboxes for Simulink, but none for simulation of fluid systems, however [19]. 
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VisSim 

VisSim is another tool for simulating dynamical systems. It is a block model software, 
having signal ports. It is comparable with Simulink as it uses casual modelling. No 
specialised fluid library is currently available [20]. 

2.4. Model components and interfaces 

A modular simulation environment includes components that are assembled to build a 
system simulation model. These component models represent mathematical models of the 
actual component. When interconnecting the components, well-defined interfaces are 
needed. The word interface can have many different meanings depending on the context. 
Here it is defined as “the means by which interaction and communication is achieved at the 
boundary between software components”. The interaction and communication of the 
physical parameters is of interest. It is desirable to have an interface having the same 
properties as the physical interface.  

In literature, two paradigms exist: signal flow and power-port [21] (also known as signal 
port and multiport [22]). Signal flow has the background from analogue simulation 
environments, where the signal path is unidirectional. In block model software, such as 
MATLAB/Simulink or VisSim, all the inputs are on one side (usually the left), and all the 
outputs on the other side. It is even suggested that the main direction of the flow should 
be from left to right [23]. The signals are not differentiated to show differences between 
physical (effort and flow) and control signals. Using so-called power-ports is another 
solution, where effort and flow variables are used, one in each direction. The name power-
port is given because of the fact that the product of the effort and flow has the dimension 
power.  

Basically, power-ports can be regarded as signal ports, but adding a physical dimension, 
since both the effort and flow signals are at the same location in the model as in the 
physical object. To find out which variables to be used as input and as output in the 
power-port or signal port, the bond-graph method can be used. The bond-graph method is 
a method to find a proper solution order, especially for time dependent equations, where it 
is numerically preferred to integrate the equations than to differentiate them. The two main 
reasons behind this are that the derivative can go to infinity if a step input is applied, and 
that most difference schemes for the derivative are dependent on future values of the 
parameters. The bond-graph approach is valid for systems in different physical domains; 
the basic idea is to describe the system in terms of 9 basic elements. There are different 
rules as to how the basic elements should be interconnected. 

Table 2: Physical analogies used in bond-graph modelling [24]  

Another way is to have non-causal interfaces between the components, and to let the 
software decide on how to manage the calculations. Control signals can nevertheless have a 
specified direction. The topology of the system is thus preserved. Modelica is an example 

 Effort Flow Inertance Capacitance Resistance 

Electricity Voltage Current Inductor Capacitor Resistor 

Mechanics Force Velocity Mass Spring Friction 

Flow Pressure Flow Pipe Volume 
(compressibility) 

Friction 
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of this, where only the connections and how they are related are displayed, and separated 
from the solution process [25]. A “basic element approach” is also mentioned in [22], and 
it has also been implemented in AMESim.  

 

Example application, a controlled valve 

  
Figure 3: A simplified scheme for the component. This is 
similar to how the system appears in for example Modelica, 
Flowmaster or Easy5. BC stands for boundary condition. 

To show the differences between these approaches, a small example has been prepared to 
illustrate this. The application is a three-way valve which controls the flow between the two 
branches: Branch 1 and Branch 2. The boundary conditions are given by a flow rate at one 
side, and a pressure level on the other side. Note that the boundary condition does not 
have to be a fixed value; it can be a time dependent function. Typically one wants to study 
the total pressure drop over the system, or determine what flow rates are achieved in the 
different branches.   

 
Figure 4: Power-port representation of the system. e=effort, 
f=flow.  

In the power-port representation in Figure 4, the topological information is maintained, 
and the causality is also displayed by the effort and flow arrows. The direction of these 
arrows must be decided by for instance the bond-graph method. 
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Figure 5: Block diagram version of the system. DS –  
Downstream, US – Upstream.  

The block diagram version of the system in Figure 5 has the topological information intact 
in one sense, but on the other hand the physical interfaces are replaced by information 
interfaces. All inputs are at one side of the block, and the outputs at the other side. 
Additional information of what is upstream and downstream must be added. Compared 
with the power-port diagram it is difficult to get an overview of how the system is 
modelled and if the lines are connected properly. 

 
Figure 6: Simplified bond-graph representation. Here, the 
topological information is missing.  

In the bond-graph version as shown in Figure 6, the topological information is missing, or 
at least difficult to identify by inspection. The achievement is that by using the bond-graph 
method it is possible to identify the causality and thus get the solution order. 

2.5. Code protection 

To encourage the exchange of state of the art models across enterprise boundaries, 
component IP-protection is crucial. A vendor wants to control the usage of his 
component, so that only trusted partners can perform simulations that he has approved of. 
IP-protection also includes the protection of modelling know-how, such as what equations 
are used and what phenomena are modelled. The model should be a “black box”, i.e. the 
contents inside the box should not be revealed. However, the black box solution is not 
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completely safe either. If the output and the input are recorded from the black box the 
parameters could be identified inside the box which is here referred to as clamping. When 
the black box only has non-dynamical relations, it is easy to get a map of the output. In 
dynamical systems, it is more difficult since the output is dependent on both the input and 
the time, but still feasible.  

A complete IP-protection requires both social and technical measures. The social measures 
are relating to business rules and laws for preventing illegal usages of IP, such as business 
contracts, patents, copyrights, and trademarks. The technical measures are relating to 
technologies and tools that provide necessary enforcements of protection, such as 
cryptography. It should be noted that there are no completely safe technical solutions; a 
solution can however be classified as “safe enough” if the effort it takes to crack the code 
is higher than the value of the information inside it [26]. 

 
Figure 7: An illustration on how "clamping" supposedly works. 
The information in the black box is not safe. By careful analysis 
of input vs. output, the engineer can draw some conclusions of 
the content in the black box and rebuild a component having 
the same properties.  

The maturity of the support for IP-protection varies between different engineering 
domains. For hardware systems, IP-protection and reuse have been established mainly 
because of the component-based system view and the complexity of semiconductor 
technology (e.g., system-on-a-chip). Many concepts and solutions have been provided, see 
Paper B. For simulation models the support for IP-protection is rather weak, probably 
because its need has not been identified. One reason could be that in the automotive 
industry, reuse is traditionally treated on the basis of physical components, such as engine 
control units (ECUs).  
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3. Research approach 

The main objective behind this research was to find new methods to increase the efficiency 
and usability of simulation software for component manufacturers. In particular SME:s 
(Small and Medium-sized Enterprises) are targeted, since they do not have the resources or 
know-how to build a complete simulation system by themselves. The research approach 
has been to contribute to the NFCCPP-project as a member and continuously evaluate the 
approach against other scientific projects, commercial software and customer demands. 
During the work, research questions have been formulated in order to research special 
topics: 

• How can a component-based modular simulation environment for fuel cells be 
created using block model software? 

• What are the advantages and disadvantages of different approaches to modular 
modelling and different solution strategies? 

• How can the intellectual property of a component be protected? 

• How can general lumped models for transient flow in ducts and filling/emptying 
of volumes be formulated to be used in block model software? 

4. Results 

4.1. NFCCPP simulation model – in overview 

In the NFCCPP project, MATLAB/Simulink was chosen as the simulation environment. 
The reason for this was mainly that it is an industry standard tool that many project 
members were familiar with, and that SME:s probably have. It is also suitable for 
hardware-in-the-loop simulations, so that real components can be tested interacting with 
the software. MATLAB/Simulink also provides interfaces to many other simulation 
environments.  

A complete system for a fuel cell in a prime mover was modelled, including air 
management system, hydrogen supply from an on-board gasoline reformer, drive train, 
driver and a control system. The system was simulated over the new European drive cycle 
[27] which is 1220 seconds and the model runs in about real-time on a standard desktop 
computer.  
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Figure 8: The NFCCPP simulation model in MATLAB/ 
Simulink 

4.2. NFCCPP code protection solution 

There were two main tasks that the protection solution would need to handle: encryption and 
access control. Encryption means that the models should be well hidden, that it will not be 
possible to reverse-engineer the code and find out how the component vendors’ model is 
designed. Access control means that the model owner will be able to control the 
simulations that are performed and by whom they are conducted, and thus preventing 
clamping activities as in Figure 7. As presented in Paper B, there are three different ways to 
achieve this: 

1. Centralised simulation with remote user control 

In this concept, all simulations are run on a centralised server, controlled by a governing 
body. The vendors upload their components to the centralised server, and the governing 
body’s task is to assemble the system, and to control who is allowed to perform what 
simulations. One advantage of this approach is that the protected model does not get in 
the hands of competitors. All the actions that the users perform can also be logged and 
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monitored in many different ways, so as long as the vendors can trust the governing body 
they should feel safe using this solution. 

2. Localised simulation with simulation-time model usage control 

Here, the simulations are performed locally on the user’s computer, so the vendors need to 
supply protected components. To encrypt the components they are compiled, but reverse-
engineering using methods such as disassembling can still be a risk. To satisfy the access 
control criteria, the surrounding simulation environment must be verified, to make sure 
that it has the configuration that the component manufacturer has allowed usage for. If the 
configuration is satisfactory, the model unlocks itself and the simulation can be run. 

3. Parallel distributed simulation 

Using distributed simulation, the simulation is run on many computers at the same time. 
Thus, the component models can stay at the vendors’ sites and use communication over 
the Internet to synchronise the simulations. Using this approach, there will be no need for 
encryption since the models never will leave the vendors’ site. This is the major feature of 
this concept. The drawback is that the communication must take place at a fast speed 
requiring high bandwidth and low latency, and must be compatible with IT-solutions such 
as firewalls. In addition, a framework on how to set up a system configuration and how it is 
checked needs to be developed.   

Selected concept 

Alternative 2, localised simulation with simulation-time model usage control, was decided 
to be further developed in the NFCCPP-project. The main reason for this was the ability 
to implement it in the framework of the project with respect to time and use efficiency. It 
is also the concept which has least impact on the end user, and that it also easily allows 
exchange of models on a bi-lateral basis without the need of a governing body. 

 
Figure 9: The generation of hash-value from the system 
configuration used in both ends of the CPS.  Using this method 
it is virtually impossible to recreate the system configuration or 
to hack the hash-value to be able to run in another 
environment. 

In Figure 9, a work scheme of the central part of CPS is shown. The user decides on a 
configuration that he is willing to accept for the component to be simulated in. The 
configuration is simply a Simulink model (.mdl) file. The model file is analysed by the CPS, 
and critical parameters are extracted from the file into a list. This includes information on 
how the components are connected and the value of selected parameters. This is to 
prohibit the user to put in a scope or similar anywhere in the system or make any other 
modification to the configuration. Graphical information and other non-critical parameters 
are not included in the list. From the list a hash-value is generated, which then works as a 
fingerprint of the configuration. The hash-value is further encrypted using standard public-
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key encryption and then assembled with the code from the open component model and 
the CPS, to make a protected model. The protected model is compiled, and the binary 
code is also obfuscated in order to protect the code against reverse-engineering efforts. At 
runtime the embedded CPS in the protected model checks the .mdl file it is assembled in, 
and then creates a hash-value using the method described above. If the hash-values agree, 
the code will be decrypted and enabled.  

 
Figure 10: A conceptual scheme of the architecture of the code 
protection system in UML syntax. The diamonds represent 
composition relationship, and the lines represent associative 
relations. 

 

4.3. Governing equations 

In Paper C, governing equations for a lumped fluid control volume are derived. In this 
derivation, assumptions and simplifications are documented. The equations are derived to 
fit in block model software (e.g. MATLAB/Simulink). The perfect gas law is assumed to 
be valid inside the control volume, and the flow is assumed to be completely in gas form, 
i.e. no two-phase flow is accounted for. The control volume is separated in two parts: a 
capacitance and a combined inertance + resistance block.  
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Figure 11: A lumped fluid component 

The lumped equations are derived in the paper from the complete Navier-Stokes 
equations. There is the continuity equation: 
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By assuming perfect gas, assuming low Mach number, and combining these four equations, 
an expression for the build up of pressure can be derived: 
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In the resistance + inertance block the lumped momentum equation is used. In this part of 
the calculations, incompressible flow is assumed: 
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4.4. Using dynamical equations to solve large systems 

As mentioned in the last section, the component consists of a capacitance and a resistance 
+ inertance block. This can be compared to Krus [21], who describes a component of a 
capacitance and resistance block (i.e. no inertance). If the inertance part of the calculation is 
skipped, then the equation (6) becomes: 
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If lumped components are modelled as in Figure 11, using equation (7) (resistance) instead 
of equation (6), the resulting equations will be a system of differential-algebraic equations, 
instead of a system of differential equations. It can be shown that for differential-algebraic 
equations, the calculation effort is more than linearly dependent on the size of the system 
[21]. If the dynamics are modelled, using equation (6), a set of stiff differential equations is 
obtained instead, which also takes much effort to solve. The solution presented in Paper C 
is to add a virtual mass factor K, to reduce the stiffness of the differential equations.  

 











−−+








−= 2

2

22

2

2
111

2 A
mepp

AA
m

LK
Am voutin

outin

in

ρρ
&&

&&  (8)

 

It is shown in Figure 12 how the simulation time reduces drastically when inserting the 
amplification factor K. 
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Figure 12: Simulation time and number of time steps vs. the 
amplification factor K 

4.5. Proof-of-concept screw-compressor application 

A proof-of-concept model of a twin-screw compressor was developed in 
MATLAB/Simulink. A chamber model, as described by [28], was modelled and the 
modelling approach is evaluated in Paper A. The chambers could not be modelled the 
same way as in C++, so a workaround solution had to be invented. In the C++ code, new 
chambers are created and discarded at multiples of the unified phase angle α, but this 
approach was however not feasible in MATLAB/Simulink. The chambers were instead 
represented as Simulink subsystems having the angle as an input. At angles that are 
multiples of α, all thermodynamic data (pressure, temperature and mass) are transferred 
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one subsystem ahead. In practice, this is used by applying the MOD-function on the 
rotational angle to create a saw tooth like function with periodicity α. MOD is the standard 
mathematical modulus function. This signal triggers the external reset of the integration 
blocks, and the integration starts over, with external initial conditions from the preceding 
blocks. The phase angle is phase shifted α, 2α, 3α etc. up to the minimum number of 
chambers and used as input to the following block. 

5. Discussion and conclusions 

Since the result section is divided in different subjects, this discussion and conclusion 
section is also divided into these topics.  

5.1. NFCCPP 

The NFCCPP fuel cell system simulation model has been created, and it is unique since it 
is a component-based simulation environment that many major partners in the automotive 
industry have been involved in developing. This means that it serves its purpose of making 
an industry standard tool, at least for the involved companies. One of the main challenges 
is now how to disseminate the results to the rest of the industry (not involved in 
NFCCPP), and also how to maintain the software in the future. At the time of writing this, 
strategies for these two tasks are being developed in the NFCCPP consortium. There are 
also other approaches for creating a standard simulation tool, see for example CAPSIM 
[29]. Many of the simulation environments mentioned in Section 2 are also claimed to 
work as a common modelling environment for cross-enterprise simulations.  

5.2. Code protection 

Three different approaches have been developed and evaluated. An implementation of the 
concept “Localised simulation with simulation-time model usage control” has been 
developed using MATLAB/Simulink within the NFCCPP-project. The most promising 
concept for future work is however “Parallel distributed simulation”, but many technical 
problems remain to be solved.   

5.3. Different approaches to formulate and solve dynamical fluid 
equations 

The advantage of describing the topology of the system using a scheme like in Figure 3 
compared with the other descriptions is obvious; it is the one that resembles the actual 
physical system. The block diagram version in Figure 5 is more difficult to follow, and this 
could depend on the fact that this approach is developed from the simulation on electronic 
analogue computers, a popular tool of system dynamics in the 1950-1970s [30]. In control 
engineering the block diagram model is useful, since the signals have a specified direction. 
But for physical modelling, where the direction of the signal is derived from a 
mathematical model of the system, it is not as useful. The signal port approach is however 
easier for the computer to interpret, since the causality is given, the computer only has to 
carry out the integration. No simulation software uses the power-port approach described 
in Figure 5 to combine the advantage of having a topological system together with being 
able to specify the causality. This would improve the readability of large simulation systems 
in block model software a lot, and it should be uncomplicated to implement. 
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Using a topological representation as in Figure 3, there are different ways the software can 
derive the underlying equations and causality. For some products like HOPSAN, it is 
documented how the interfaces work, but for other softwares it might be company secrets. 

5.4. Using dynamical equations to solve the system 

It has been shown that this method works, and that it can be implemented in 
MATLAB/Simulink. A more detailed mathematical analysis of this method could be made 
in order to make an estimation of the error, and finding proper values of the constant K. It 
can be seen in Figure 12 that the decrease in simulation time is flattened out when 
exceeding a limit value of K. Using this method, algebraic equations can be avoided, and 
thus a linear relationship between the number of components and the simulation time can 
be achieved, which is important in large simulation systems.  

6. Synergy of the treated topics and contributions 

In the introduction section, it is mentioned that the background is how to be able to 
perform cross-enterprise simulation of complex engineering systems. Paper A presents a 
typical detailed model of a system component. This model will however not be used 
directly in the system model, it would rather be used to generate a performance map. This 
is because of limited calculation time, and that it is simply not necessary to model all 
phenomena when determining the system performance. The performance map could also 
be generated from another software model, such as a CFD-model of a fuel cell stack or an 
MBS model of a car.  

The NFCCPP model described in Paper B describes a cross-enterprise simulation system. 
To allow other companies to use the performance map, and to be able to release it, the 
need for code protection arises. Paper C describes the governing fluid equations and could 
therefore be used as a starting point when developing a simplified fluid component model 
to use in the system. To further reduce the simulation time, the virtual mass technique, also 
described in Paper C, can be employed. Some drawbacks by using block model software to 
model physical phenomena are explained in this summary, and other simulation 
environments are listed and presented in short. To use a causal simulation environment, 
the power-port representation is suggested to preserve the topological information. 
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7. Summary of appended papers 

7.1. Paper A: Modelling of displacement compressors using 
MATLAB/Simulink 

This paper gives a proof-of-concept model of a displacement compressor in 
MATLAB/Simulink. The modelling idea is based on the same idea as the state of the art 
one-dimensional displacement compressor simulation software [28], but adopted to the 
visual MATLAB/Simulink environment. It is described how moving geometries can be 
modelled in MATLAB/Simulink, and how to model geometries having variable volume in 
time.  

7.2. Paper B: Virtual Component Testing for PEM Fuel Cell Systems 

This paper was written by some members of the NFCCPP consortia, and describes the 
outcome of the project. The NFCCPP software is described, together with the methods 
used to model the software including interfaces, integration of the components and more. 
A more detailed description is given on how the fuel cell and the reformer path are 
modelled using a combined theoretical/empirical approach. The model protection, which 
could be the part with most news value in the NFCCPP project,  is described in this paper.  

7.3. Paper C: The design of modular dynamical fluid simulation 
systems 

This paper has many achievements. Firstly the lumped fluid equations are derived from the 
complete Navier-Stokes equations. This is done to show where simplifications (i.e. 
modelling errors) are introduced, and to be used as a reference. Secondly, different 
techniques for simulating modular dynamical fluid systems are discussed. A way to describe 
a generic fluid component in a causal simulation system, such as MATLAB/Simulink, is 
described. Besides, a well-known trick to cut down simulation time dramatically is 
documented. The trick is to add “virtual mass” to the outputs and thus slow down the 
mass-acceleration. By increasing the time constant for this phenomenon, larger time-steps 
can be used. The modelling error will be in the time-domain, since the steady state solution 
will be the same. 

8. Future work 

In the code protection topic, it would be interesting to develop the “Parallel distributed 
simulation” concept further. This concept has the most potential, and it is linked to other 
research on distributed simulation and co-simulation. The concept “Localised simulation 
with simulation-time model usage control” could also be implemented in other software 
packages such as Modelica or VisSim.  

The virtual mass technique should be investigated more carefully, and be analysed more 
thoroughly. The error in the time domain should also be estimated. The block containing 
the differential equations could maybe be separated, and this method could thus be used as 
a generic tool to break algebraic loops, like transfer functions work today. Maybe this 
technique could be used in three dimensions as well. 
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Regarding the screw compressor model, a model at this level of detail is not of interest for 
system simulation. The development of CFD-models of screw compressors has started to 
produce results, so this will probably be the future in computer modelling for screw 
compressor development [31], [32]. The CFD model can also be used to generate a map to 
use in a system simulation environment.  
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