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Abstract. The systematic engineering of Cyber-Physical Systems is a
challenging endeavour. In order to manage the complexity of such multi-
disciplinary development collaborative modelling and co-simulation has
been proposed. In this setting models are made of different constituent
models with different mathematical formalisms using different tools. This
paper demonstrates how this can be achieved for a commercial system
developed by MAN Diesel & Turbo using such a co-simulation approach.
The tool chain is centered around a de-facto standard called Functional
Mock-up Interface, and it is open for any tools that can support version
2.0 of this standard for co-simulation. The application support emission
reduction control systems for large two-stroke engines which is strate-
gically important. It is demonstrated how this approach can reduce the
need for expensive tests on the real system in order to reduce the overall
costs of validation.

Keywords: INTO-CPS, Cyber-Physical-Systems, Co-Simulation, Par-
allel Simulation, Distributed Simulation, Functional Mock-up Interface,
Embedded Control System, Exhaust Gas Recirculation

1 Introduction

With increased complexity in the development of Cyber-Physical Systems (CPS)
more advanced modelling and specialised tools are required. Depending upon the
CPS in question the main challenges can be on the Discrete Event (DE) side
with the controller aspects or due to physical dynamics, control and communi-
cation on the Continuous-Time (CT) side. Using a model-based approach it is
possible either to make use of a single closed tool for modelling and simulation
all parts, or by making use of chains of tools that can combine different models
of the constituent elements using co-simulation [1,2]. For differential-equation
based CT models, multiple tools are available [3,4,5], each with their specific
specialisation and validity. Discrete event models are often developed within in-
ternal software frameworks of companies, or created in one of the many DE tools
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available. The interconnection between the physical and cyber parts of CPS is
becoming increasingly connected and the dynamical influences have to be con-
sidered no matter what analysis has been performed of the produced models.
The main challenge in connecting these models comes from the fundamental
differences in the underlying mathematics, their simulation tools and how they
are developed. Many initiatives for connection tools in a so called co-simulation
have been published [6,7]. However, connecting the specific tools making up the
holistic simulation is often not the only issue. Deviations in development plat-
forms and performance is as often an issue. A solution for this is a distributed
co-simulation, where models can be executed, not only in the tool where they
were developed, but also on the correct platform. Furthermore, a distribution of
the simulation makes it possible to increase performance by utilising additional
hardware, given that the models are prepared for it.

MAN Diesel & Turbo (MDT) it the power engineering business unit of the
MAN Group, a subsidiary of MAN SE, which has been part of the Volkswa-
gen Group since 2011. MDT develop four-stroke medium/high speed and two-
stroke low speed engine for marine population and stationary applications such
as power plants. This paper focus on the development of the two-stroke com-
bustion engines, controlled by a distributed embedded control system, where the
conventional development methods are being challenged by increased complexity
on both cyber and physical aspects. In particular for diesel engines pollution is
a key element that it is desirable to reduce from a competitive perspective. New
emission legislation focuses on the reduction of especially NOx emission. Widely
known emission reduction technologies for reducing NOx are selective catalytic
reduction and Exhaust Gas Recirculation (EGR), both being developed at MDT
[8]. These systems require advanced algorithms to control the thermodynamic
complexity of the large engines, additionally the systems are considered aux-
iliary systems and require distributed control. MDT is divided into different
departments with different responsibilities in the same way as many other large
organisations. In the control department at MDT, control algorithms are cre-
ated directly in the target software framework with the possibility of performing
Software In the Loop (SIL) simulation during development. Models of the phys-
ical behaviour are created in other departments of MDT using the tools most
suitable for the specific constituent system. For the control system development,
the physical dynamics models are implemented in an internally developed tool
for CT simulation called the Dynamic Simulation Environment (DSE) which is
part of the software framework. The primary focus in DSE is SIL/Hardware In
the Loop (HIL), and the physics models implemented here are often an abstrac-
tion of high-fidelity models [9]. Historically it has been challenging inside MDT
to enable heterogeneous collaborations between the different teams producing
models in different departments. As a result different models are typically frag-
mented and solely used within one department for the dedicated purpose each
of the models serve. Thus, efforts that goes across these individual insights are
only found at the test on the real platform.



Distributed Co-simulation 3

At MDT the models used in the control department are based on a software
framework and DSE is implemented in C++ and run on a 32-bit Linux platform
while the physical modelling tools often require Windows. In this paper it is
illustrated how a transition from the current simulation process at MDT to one
using co-simulation utilising the Functional Mock-up Interface (FMI) standard
can be performed by using the Co-simulation Orchestration Engine (COE) from
the Integrated Tool Chain for Model-based Design of Cyber-Physical Systems
(INTO-CPS) project. The aim with the approach suggested in this paper is to
reduce redundancy in the development process and reuse and combine models
from different departments. One of the main challenges for such a transition is
to enable co-simulation across different hardware architectures and Operating
System (OS) platforms due to constraints from software frameworks, physical
simulation tools and version compatibility. This paper can be considered as an
extended version of [9].

In section 2 the overall system is presented. section 3 describes the previous
simulation of a specific subsystem for EGR, and section 4 describes the INTO-
CPS tool chain enabling co-simulation. Afterwards, section 5 describes the co-
simulation results for the EGR system. Finally, the paper provides concluding
remarks and look into future work in section 6.

2 Exhaust Gas Recirculation Water Handling System

The EGR system presented in this paper is identical to the system presented
in [9]. EGR works by recirculating exhaust gas from the exhaust manifold to
the intake manifold, thereby reducing environmental impact while maintaining
efficient combustion. The unclean exhaust gas is potentially damaging to the
engine and has to be cleaned before recirculated, which is the purpose of the
Water Handling System (WHS). The WHS system is shown in Figure 1 where
exhaust gas is drawn into the EGR Unit using an EGR blower, it is then sprayed
with water and cooled so that a Water Mist Catcher (WMC) can collect the
damaging particles. Before the gas is returned, the water is collected in the
WMC and led to a receiving tank. The water level in this tank is one of the
significant parameters that the WHS controls, as discussed in subsection 3.4
below. The water is pumped from the receiving tank to an external constituent
system called the (Water Treatment System (WTS)) for processing where the
water is either cleaned and pumped back to the EGR Unit, pumped overboard
or stored for treatment at a harbour.

At the chemical level, EGR is based on exchange of the in-cylinder oxygen
(O2) with carbon dioxide (CO2) from the exhaust gas, which is re-circulated into
the scavenged air. The exchange of O2 with CO2 leads to a decrease of combus-
tion speed, resulting in lower peak temperatures during combustion. Furthermore
the exchange of O2 with CO2 results in a higher in-cylinder heat capacity of the
gas which also lowers the combustion temperature. Lower combustion tempera-
tures and especially lower peak temperatures result in lower formation of thermal
NOx during the combustion process [9]. The recirculated exhaust gas is hotter
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Fig. 1. Water Handling System Setup (from [9])

and more polluted than the residual ambient scavenge-air. To prevent Sulphur
(SO2) and other particles from damaging the engine, cleaning and cooling of
the recirculated exhaust gas is required. The WHS provides the water used for
cleaning the exhaust gas in the EGR unit. To control the flow of exhaust gas to
the mixing chamber, an EGR blower is installed. Water from the EGR unit is
drained to the Receiving Tank Unit (RTU) and recirculated to the EGR unit.
Part of the recirculated water is led to the WTS to be cleaned and returned
to the EGR unit. The surplus of water originating from the combustion pro-
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cess is drained from the WTS as bleed-off water and discharged to the sea. The
residuals from the cleaning process are discharged to the sludge tank. Depend-
ing on load of the engine and ambient conditions the combustion process will
accumulate water in the system, which must be discharged as bleed-off water. If
discharged to the sea, the bleed-off water must meet the quality criteria required
by International Maritime Organization (IMO)4, presently defined in the 2015
Guidelines for Exhaust Gas Cleaning Systems, MEPC 259 (68). Bleed-off water,
which does not meet the discharge criteria or cannot be discharged to sea due
to local restrictions, is drained to a drain tank for delivery at port.

Vessels operating within an emission control area have to comply with the
Tier III emission requirements [10]. This is achieved by activating EGR, at which
point the WHS is required to run. The control system for the WHS is divided into
two parts, the EGR control which is part of the distributed engine control system
and the WTS control which is delegated to the producer of the auxiliary system.
The engine control system consists of several multi-purpose controllers. Each
controller is composed of a power module, multiple I/O chassis and an Field-
Programmable Gate Array (FPGA). All controllers on the engine are identical
but the software running on the FPGA determines the specific control objective.
The controller controlling the WHS is called the EGR Control Unit (EGRCU)
and is seen at the bottom of Figure 1, with the connections relevant for this
simulation. This paper focuses on the control of the WHS. The remaining control
of the EGR system will not be covered.

The WHS is controlled and monitored by the EGR control, so that water can
be provided to clean and cool the exhaust gas. There are two main water loops
that can be distinguished. The recirculation loop where the water from the EGR
unit is sent to the RTU and back again by the ’Circulation pump’ via the ’Process
Water Sealing Valve’ and ’Spray Water Sealing Valve’. The other loop is where
part of the water from the recirculation loop is sent via the ’Receiving Tank
Level Valve’ to the externally controlled system, the WTS. The water from the
WTS is sent back to the recirculation loop with the ’Supply Pump’. The WTS
receives the processed water from the RTU and is collected in the buffer tank. A
separate system in the WTS treats the water of the buffer tank. Any excess of
water is either sent to the sludge/drain tank or, if the water quality parameters
are met, the water can be sent overboard.

The objective of the control loop, discussed in this paper and [9], is to main-
tain the water level of the ’Receiving Tank’ within specified limits. During start
up and shutdown of the WHS the actuation timing of the components has a
direct impact on the water level. During running mode, the water level is con-
trolled by the ’Receiving Tank Level Valve’ and compensates for deviations in
the water flow due to e.g. engine load, exhaust gas and scavenge air pressure
changes.

4 http://www.imo.org.

http://www.imo.org
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3 WHS Simulation

This section describes the development process of the primary WHS control
strategy. The approach and tools used for the first edition of the control system
are described and the solution is evaluated.

3.1 The MAN Software Application Framework

As mentioned above, and in the paper [9], the application development at MDT
is carried out in a comprehensive in-house C++ software application framework.
The framework is developed to enable development of DE control models. The
main advantage of the software application framework is the possibility of cross
compiling the same application to both SIL, HIL and target platform, see Fig-
ure 2. SIL simulation of target code is made possible by compiling the Board
Support Package (BSP) and the Real Time Operating System (RTOS) to an x86
platform. With the SIL simulation, engineers are able to test their application
on their own PC. When moving to HIL or target, the same application code,
the BSP and the RTOS, are simply cross-compiled to the embedded core of the
controller. The primary focus of the framework is control development, where
algorithms are directly implemented in C++ with a vast amount of reusable com-
ponents and macros available, aiding engineers. For CT models, an extension to
the framework, called DSE, can be utilised. This includes a kernel for execution,
an Ordinary Differential Equation (ODE) solver and a model library of physi-
cal components. Models created in DSE are executable on both PC (SIL) and
the HIL platform, given that the abstraction of the models allow for real-time
execution.

When challenged with a new application, control engineers at MDT of-
ten start studying the physical dynamical challenges of the system in MAT-
LAB/Simulink. When a sufficient understanding of the system is achieved, the
control strategy is formulated in the software application framework and tested
against a DSE model implementation of the MATLAB model. DSE is designed
with HIL execution in mind, and while it can simulate complex CT systems,
the models implemented are often at a lower abstraction level than e.g. the
MATLAB models.

3.2 The WHS Model

The WHS model presented in [9], is divided into a control algorithm created in
the software application framework and a model of the physical components in
DSE. The control algorithm is created as a component in the controller EGRCU
along side the additional components that comprise the entire engine control.
The control model consists of a Proportional Integral (PI)-controller regulating
the ’Receiving Tank Level Valve’ set-point from the ’Process Water Receiving
Tank’ level sensor feedback. Besides controlling the receiving tank level, the
control algorithm also has to ensure that transitions between states in the system
is possible, according to signals from engine operators and the WTS control
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system. This control strategy is formulated in a state-machine running in the
EGRCU. The DSE model describes the pressures and flow of all the components
illustrated in Figure 1. The model resembles the preliminary model developed
in MATLAB but without details such as pressure build-up in piping, water
accumulation in components and pressure loss over valves. The main purpose of
the DSE is to test the control strategy, ensuring that all state transitions are
possible and that the regulator works correctly. To prepare for HIL simulation,
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the DSE model is placed in a separate controller called the Engine Simulation
Unit (ESU), shown in Figure 3. The ESU controller is installed in the HIL
platform as a representation of the real engine. Data exchange between the
EGRCU and ESU imitate the actual communication with the real engine through
analog and digital IOs. In SIL, a software implementation of virtual IOs and
network simulate the communication.

3.3 Simulation and Verification Process

SIL simulation is achieved by compiling controllers to an x86 platform and into
shared libraries. The shared libraries are executed by a simulation manager en-
suring temporal execution and correct data exchange between controllers. How
the embedded control software has been adapted to enable deterministic simu-
lation has been described in [11] and will not be further explained in this paper.
A simulation scenario is provided to the DSE model through a simulation con-
figuration file and the results are delivered in a simulation results file.

In the verification process, when the system has been properly tested in the
SIL environment, the models are moved to the HIL platform by cross-compiling
to the embedded system. On the HIL test bench additional tests of computation
overhead, communication and additional temporal issues are performed.

For final testing, an engine test bench is physically available at the MDT
research center in Copenhagen. Only a single test bench is available due to the
immense cost and sheer size of the engine. Available time-slots on the test engine
are very limited and extremely costly, due to the fuel consumption and amount
of operators required, so the proper modelling and testing of the previous steps
is desirable.

3.4 Simulation Evaluation

The SIL simulation was used to develop a functioning PI controller that regulates
the process water tank level and a state machine for actuating valves and pumps
according to a number of states for starting and stopping the WHS system.
The system was tested on the HIL test bench, ensuring that the systems worked
properly on the controller hardware. Finally, a test session was performed on the
engine test bench. This test showed that the PI controller worked as intended,
however, an unsuspected situation occurred when stopping the WHS system.

Figure 4 shows the results, also presented in [9], of running the initial con-
trol strategy on the real system. After 100 seconds the EGR control system
ordered the WHS system to prepare for EGR operation. Then after 50 seconds
the state-machine was finished starting different pumps and opening of valves. At
this point the Process Water Receiving Tank (PWRT) control is fully engaged.
The bottom graph in 4 shows how the Receiving Tank Level Valve (RTLV) is
regulated to redirect water from the process circuit to the WTS for cleaning and
stabilizing the PWRT level. The top graph in Figure 4 shows the water level
in the PWRT and how it became stable after a transient period, proving that
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the PWRT control worked correctly during WHS operation. Vessels are not al-
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ways required to use EGR, so shut-down of the system should be possible during
engine operation. After 600 seconds a command from the engine operator was
ordered, from an operating panel, for the EGR system to shutdown and WHS to
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stop operation. The state machine started emptying the tank to reach a stable
offline level around 20-25% in the tank. At 676 seconds a behaviour not seen in
either the SIL or HIL simulation was observed. When the WHS system started,
water in the WMC started to accumulate gradually. At a point in time an equi-
librium was achieved due to increased water pressure resulting in a consistent
flow through the WMC (without increased water accumulation in the WMC as
a consequence). During shutdown, when the desired water level in the PWRT
was achieved and RTLV control stopped, the accumulated water in the WMC
started to flow to the PWRT tank. As seen in Figure 4, the amount of residual
water in the WMC is so large that it overfills the PWRT.

From the engine test bench it was discovered that the controller actuating the
RTLV was working properly, but the state-machine was not properly handling
the emptying of the WMC. Engine tests are very costly and MDT would like to
investigate if a more efficient development process can be achieved. In the DSE
model used for development of the state-machine, the accumulation of water in
the WMC had not been modelled. To improve the control strategy of the WHS,
a higher-fidelity model should be used. Instead of simply extending the DSE
model to include a more detailed WMC model, a co-simulation solution was
chosen [1]. The co-simulation should not only include a detailed WMC model
but be so generic that changes to the system layout and more advanced models
of components can be easily implemented. The argument for the choice of co-
simulation is given in the following section.

4 Targeting Co-Simulation

The software application framework and DSE is central for development because
they are designed for the target platform of the final system, and directly enable
validation through both SIL and HIL. Keeping this in mind it is rational to keep
the control systems in the framework. However, there are a number of options
for enhancing physics modelling that would be beneficial, also presented in [9]:

– Porting the controller software to a notation that can be used in the MAT-
LAB environment, where it is easier to express the physical model. This
would however, just shift the issue to the controller, that then needs to be
ported back to the software application framework.

– Enhancing the physical model in DSE, while the standard approach, it is
more time consuming than using a dedicated modelling tool like MATLAB,
but it enables faster simulation speeds.

– Use a generic solution that enables co-simulation between the control sys-
tem expressed in the software application framework and a physical mod-
elling tool like MATLAB. This will not require any changes to software
development at MDT, but would enable physical models to be created using
the desired modelling tool. It would potentially run slower than a complete
model expressed in DSE but would be more flexible. This solution would
make the representation of the physical dynamics more detailed in SIL sim-
ulation. However, the co-simulation model would not be able to run on the
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HIL platform. The purpose of the HIL test is not to test functionality al-
ready verified in the SIL simulation, but to ensure computational overhead
and investigate temporal aspects.

The latter approach was chosen because it is generic and it allows well-
known modelling tools in the physical domain to be used. To interface between
models, FMI is used to provide a standardised interface. The last constraint
on the co-simulation is that it needs to be performed across architectures and
platforms. The software application framework is required to run as a Linux 32bit
process. The reason for this is, as previously mentioned, because the framework is
developed to build directly to the embedded system which is a 32bit architecture.
It is also a requirement that the physical modelling environment be a Windows
64bit application. The control developers working in e.g. MATLAB do so in
Windows 64bit and management-wise, introducing co-simulation to the current
tool-chain would be preferable. Another reason for the choice of deviation in
platform is the lack of 32bit support for MATLAB on Linux.

It must be possible to run the simulation using Linux 32bit for the software
application framework and Windows 64bit for MATLAB. Therefore a solution is
to use the FMI COE from the INTO-CPS research project since it supports both.
However, the co-simulation could not originally span architectures or platforms.
Therefore an extension is presented in subsection 5.1 that enables co-simulation
in a distributed setting, spanning both architectures and platforms.

4.1 Functional Mock-up Interface

FMI is a tool independent standard developed within the MODELISAR project [7].
It supports both model exchange and co-simulation and exists as Version 1, re-
leased in 2010 and Version 2, released in 2014. It was developed to improve
exchange of simulation models between suppliers and Original Equipment Man-
ufacturers (OEM). The standard describes how simulation units are to be ex-
changed as ZIP archives called Functional Mock-up Units (FMUs) and how the
model interface is described in an XML file named modelDescription.xml. The
functional interface of the model is described as a number of C functions that
must be exported by the library that implements the model inside the FMU.
Since the FMU only contains a binary implementation of the model it offers
some level of intellectual property protection. The focus of this work is on co-
simulation, where each FMU is capable of participating in a co-simulation with-
out the need of an external solver, i.e. each FMU includes the required solvers
needed for simulation.

4.2 The INTO-CPS Tool Chain

While individual tools and formalisms for the development of controllers, includ-
ing simulation, testing and code generation, are very mature, the design workflow
is only partially integrated. The Horizon 2020 project INTO-CPS [12,13] aimed
at closing this gap, by creating an “Integrated Tool-chain for the model-based
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Fig. 5. The INTO-CPS Tool Chain

design of Cyber-Physical Systems” [14]. The chain of tools are connected as
illustrated in Figure 5, moving all the way from requirements to final realisa-
tions [15]5. The underlying idea behind a collection of individual tools which are
connected in this fashion is that different stakeholders (potentially from different
departments or even different companies) can model their constituent system in
the notation they are familiar with using the tools they already know.

The INTO-CPS Co-Simulation Orchestration Engine: Maestro
One of the core tools of this chain is Maestro, the INTO-CPS Co-Simulation
Orchestration Engine (COE), which is a fully FMI 2.0 co-simulation compliant
Master supporting both fixed and variable step size simulations [16]. It was
decided to use FMI as the interface for the different simulation and testing
tools, since it is a mature standard6 with an active community.

The COE is developed in a combination of Java and Scala, which makes it
multi-platform and provides the simulation service through HTTP with a REST
architecture7. Currently, two methods for time-stepping are implemented; one
for fixed time steps, and one for variable time steps. To determine the step size
when using variable time steps, one must select one or more constraints. The
constraints are the following:

5 The tool chain is available as open source, owned and further developed by the
INTO-CPS Association, see http://into-cps.org/.

6 http://fmi-standard.org
7 The protocol is available at https://into-cps-association.github.io/simulation/coe.

html

http://into-cps.org/
http://fmi-standard.org
https://into-cps-association.github.io/simulation/coe.html
https://into-cps-association.github.io/simulation/coe.html
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Zero-crossing: This occurs at a point when a function changes its sign or
crosses a boundary.

Bounded Difference: Keeps the minimal and maximal value of a set of values
within a specified amount

Samping Rate: Ensures that predefined repetitive time instants are chosen
without jitter.

Max Step Size [17]: The concept is to prompt each FMU for the maximum
time step that it can progress and then choose the overall minimum. This
functionality is not part of the FMI Standard, but each tool in INTO-CPS
that generates FMUs support this functionality. The purpose of Max Step
Size is to precisely hit the point in time where events from computational
systems occur and avoid unnecessary synchronisations.

Additionally, the COE supports successive substitution in order to increase
stability and is capable of executing co-simulations using parallelism to improve
the simulation speed [18]. Furthermore, it provides live streaming of variables to
be used for e.g. live plotting or analysis.

The basic iteration principle of FMI co-simulation is to satisfy the dependen-
cies of the FMUs and allow them to progress. This is carried out by 1. getting
inputs, 2. setting outputs, and 3. invoking each FMU to perform a step, after
which the process iterates until a predefined end time is reached. If variable time
step combined with Max Step Size is used, then the FMUs are queried for a step
size between step 2 and 3. The other constraints uses a mix of calculating the
step size between step 2 and 3, and validating the performed step after step 3.
An FMU can reject a given step size because it is too large. In this case the COE
performs a roll back on all FMUs, if they support setting and getting states, and
afterwards uses a smaller step size. Figure 6 presents three FMUs and their re-
spective ports. The dependencies between these FMUs are therefore: output a to
input b1, output b3 to input c1, output c2 to input b1. The COE uses a jacobian
iteration approach, which means that all outputs are retrieved from the FMUs
(a, b3, and c2 in Figure 6) followed by setting all inputs (b1, c1, b2), and, lastly,
invoking each FMU (A, B, and C) to perform a step [19]. This approach allows
for parallelising the FMU step calculations, where an improvement in simulation
speed is most likely.

Fig. 6. An example of a simulated CPS with dependencies between FMUs (the rect-
angles A, B and C) via their respective ports (the rounded squares a, b1, b2, b3, c1
and c2).
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The COE has also been extended with a feature called hierarchical FMU that
addresses sharing of FMUs between vendors and thus eventually simulations.
The FMI standard describes how to create an encapsulated FMUs but does
not describe how to share these in a meaningful manner when they comprise
a subsystem of multiple FMUs with pre-configured connections, parameters,
step sizes and other configurations for co-simulation. As a result, it becomes
increasingly difficult to configure a co-simulation as more FMUs, which make
up a sub-system and thus requires a specific co-simulation configuration, are
added. The WHS also presents this challenge because of the externally provided
WTS subsystem, had it been provided as a collection of FMUs. An example
of creating an hierarchical FMU is shown in https://www.youtube.com/watch?
v=MKZb3HkyVtc and described in [16]. The video demonstrates how a fully
configured co-simulation using the COE can be exported as an FMU with some
inputs and outputs being unconnected as hooks to the full system. This means
that the new hierarchical FMU is comprised of an instance of all required FMUs,
a co-simulation configuration and finally an instance of the COE that can be
controlled through FMI making it a slave of the overall system and a master of
the encapsulated co-simulation. As a result, such an hierarchical FMU can be
developed and tested by a sub-supplier and used in a subsequent co-simulation
by simply connecting the missing inputs and outputs, thereby preserving the
co-simulation configuration created by the sub-supplier, who is expected to be
the expert of the subsystem.

In addition to the baseline tools incorporated inside the tool chain, a number
of other modelling and simulation tools have been tested with the COE. This in-
cludes both commercial tools such as Dymola, Modelon, SimulationX and Unity
as well as additional open source tools such as 4Diac8 and AutoFOCUS39. While
the COE is multi-platform it does not directly support mixed-architecture (com-
binations of 32bit and 64bit architectures) or mixed-platform (combinations of
e.g. Windows and Linux) simulations as required for the WHS system as dis-
cussed next in section 5.

5 WHS Co-Simulation

To co-simulate the WHS from section 3 using FMI, it is required that both
constituent models must support FMI, and that a suitable orchestration engine
that supports FMI and the required platform and architecture combination is
available. Since no such simulator was available it was necessary to develop an
extension to the COE is described in subsection 5.1. To enable FMI for the
constituent models, an extension was developed for the MDT software applica-
tion framework which has been published in [11,20]. The model of the WHS is
exported from MATLAB to an FMU using the Modelon FMI Toolbox for MAT-

8 See https://www.eclipse.org/4diac/
9 See https://af3.fortiss.org/

https://www.youtube.com/watch?v=MKZb3HkyVtc
https://www.youtube.com/watch?v=MKZb3HkyVtc
https://www.eclipse.org/4diac/
https://af3.fortiss.org/
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LAB/Simulink10. The complete co-simulation model is shown in subsection 5.2,
and evaluated in subsection 5.3.

5.1 Distributed COE Extension

To enable multi-architecture co-simulation, the challenge of mixing 32bit and
64bit code needs to be addressed. Essentially, two processes with inter-process
communication are required by the host system to realize this, where one of
them acts as the simulation master. A similar challenge arises when different
platforms need to interact in a co-simulation.

An extension to the COE was developed that is capable of both simulat-
ing across architectures and platforms. The solution chosen was to utilise an
extension point in the COE that allows a custom factory to be used for FMU in-
stantiation. An overview of the extension is realised and shown in Figure 7. The
COE uses the distributed factory to instantiate FMUs that require execution
with a different host configuration, either architecture or platform deviation.

COE

Factory

FMU

*.fmu

Distributed Factory

Proxy FMU

Host 1

Daemon

FMU

*.fmu

Host 2

Transferred

Fig. 7. Distributed Extension Overview (from [9])

The extension is realized using Java-Remote Method Invocation (JAVA-RMI)
to provide cross-platform communication [21]. It consists of a distribution factory
and an FMU proxy that is plugged into the COE. It uses a daemon that must
run on the remote host to provide a service that enables the COE to remotely
load and control FMUs. The COE configuration is also extended to specify which
remote daemon a specific FMU should be executed by. When a co-simulation
is started the COE will communicate with the specified remote daemons to
configure the co-simulation by first pushing FMUs to the remote daemons that
then in turn load and setup a communication channel for the loaded FMUs.
These will then be connected to the FMU proxy in the COE, which is responsible
for handling remote communication.
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Fig. 8. Distributed Co-Simulation Configuration.

5.2 Co-Simulation Setup

The co-simulation setup is illustrated in Figure 8 and presented as in [9]. The
master COE is running on the Windows host, and the COE-deamon on the Linux
host. A JSON configuration file describes the co-simulation setup to the COE.
The configuration file tells the COE where the FMU-archives are located and
on which host-IP they should be executed. The configuration file also contains
information about connections between the inputs and outputs of the FMUs,
parameters and simulation algorithm: variable/fixed time step.

The WHS MATLAB model is code generated into an FMU using the Mod-
elon FMI toolbox for MATLAB/simulink. The toolbox compiles the MATLAB
model to a 64-bit DLL including the FMI-API and auto-generates the model de-
scription XML defining the interface to the FMU. The control system FMU has
been created by wrapping the FMI Application Programming Interface (API)
around the SIL simulation and compiling it to a Linux 32-bit shared library.
The simulation can access the RTOS for scheduling and a hook to the clock in
the BSP, all described in [11]. Accessing the variables of the WHS control is
done through a proxy interface that provides pointers to internal variables to
be manipulated. Furthermore, the proxy interface introduces a conversion layer
between internal types such as FIXPOINT16 and FMI-types. The SIL simu-
lation only includes the EGRCU controller, which contains the WHS control.
The ESU controller, containing the DSE models, has been replaced with the
MATLAB model in the co-simulation.

10 http://www.modelon.com/products/fmi-tools/fmi-toolbox-for-matlabsimulink/

http://www.modelon.com/products/fmi-tools/fmi-toolbox-for-matlabsimulink/
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The simulation is initiated through the COE and the results are delivered in
Comma-Separated Values (CSV) format on the Windows host.

5.3 Co-Simulation Evaluation

Fig. 9. WHS Control results (from [9])

Figure 9 shows the simulation results of the proposed Co-Simulation setup
as also presented in [9]. Here the DSE physical model has been replaced with the
more detailed MATLAB model. Being able to anticipate the behaviour of the
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accumulated water in the Water Mist Catcher, it is now possible to address it
and to modify the state machine accordingly to control the components in a more
appropriate way during WHS shutdown. The first 600 seconds show the same
response as in Figure 1. However, the new state machine now ensures that the
WMC is drained before shutting down RTLV control. This prevents the water
level in the PWRT from overflowing, but instead stabilise at a desired level of
approximately 20-25%.

6 CONCLUDING REMARKS

This paper contributes with a solution for distributed co-simulation of complex
cyber-physical systems using INTO-CPS. The research has been conducted in
collaboration with MAN Diesel & Turbo, aiding the development of a new system
called the EGR Water Handeling System (WHS), also published in [9]. In large
organizations like MAN Diesel & Turbo, development is often dived into multiple
departments using different tool-chains and platforms. This deviation makes in
difficult to unite models from different domains in a single holistic simulation.
The discrete event domain control algorithms and strategy are formulated with
simplified continuous time domain physical dynamics and vice versa, resulting
in simulations not being able to properly represent the complexity of the full
system. This lag of holistic fidelity causes some of the defects to not be found
before moving to the expensive engine test bench. With the distributed co-
simulation approach proposed in this paper, higher-fidelity constituent models
of physical dynamics, formulated in dedicated tools, can be simulated together
with a SIL simulation of the control software, at an earlier stage of development.
Thereby, enabling cross department model sharing and reducing the amount
of design and verification loops, resulting in an improved development process
with significant cost savings on systems validation. In the example presented
here and in [9], the accumulation of water in a component called the water mist
catcher was neglected in the initial model, essentially resulting in a water tank
overflow during shutdown. With the distributed co-simulation, a more detailed
model, formulated in MATLAB, could be used for developing a working control
strategy. Had the co-simulation been used for initial control development, the
issues seen on the engine test bench would likely have been discovered at an
earlier stage, saving significant amounts of money and time.

The main challenge enabling co-simulation at MDT was the deviation in both
OS platform and hardware architecture of the simulation tools used. Most engi-
neers developing physical dynamics models are working on a Windows platform
with an 64-bit architecture, whereas the control system development and the SIL
simulation is constrained to a 32-bit Linux platform. The MATLAB environment
was required to run on a 64-bit Windows platform due to change management
concerns. Using INTO-CPS as co-simulation manager and collaborating with the
INTO-CPS-project to develop a distributed co-simulation orchestration engine
complying with the FMI standard, it was possible to conduct the co-simulation
across both platform and architecture deviation.
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Besides the promising results shown in this paper, additional benefits from
the INTO-CPS tool chain based of FMI are anticipated as also presented in [9].
The extensions developed to the MDT frameworks and development processes
enable not only co-simulation of the EGR system, but also of any other system
to be developed in the future by MDT, with minimal effort. In the future it
will be explored when it makes sense to also make use of more capabilities
from the INTO-CPS tool chain. In particular it is imagined that there could be
advantages of trying to make models of the supervisory control instead of coding
this in C++ initially. For example, using Overture or one of the other baseline
tools to develop the models enable the possibility of utilising the Max Step
Size functionality described in subsection 4.2. Furthermore, using the concept of
hierarchical FMU it is possible to split up large co-simulations into subsystems
and define co-simulations characteristics of the individual subsystems.

In the EGR Water Handling System presented here and in [9], a subsys-
tem called Water Treatment System is delivered by an MDT OEM and neither
modelled nor controlled by MDT. One of the main advantages of FMI used by
INTO-CPS is that models are exchanged on a binary level offering protection of
intellectual property. One of the future ambitions is to be able to share models
with OEMs so systems like the WHS and WTS can be simulated together, im-
proving both companies products. Part of the high-fidelity models developed at
MDT are very complex and require time to simulate, especially if co-simulated
with several other models. One of the additional advantages of the distributed
co-simulation is that the simulation process can be parallelised and perhaps dis-
tributed to centralised high-performance hardware. This could potentially speed
up simulation execution times and enable more advanced system investigations,
previously deemed too time consuming. Initial work on using the COE in a cloud
setting has already been initiated, in particular in relation to design space explo-
ration in situations where there is large room for different alternative solutions
[22]. It is expected that future research projects will enable different kinds of op-
timisations of the co-simulations and it is expected that will be made available
in an open source setting governed by the INTO-CPS Association.
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