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Abstract

Modern aircraft can be seen as heterogeneous systems, containing multiple embedded sub-
systems which are in today’s simulations split into different domain-specific models based on
different modelling methods and tools.
This paper addresses typical workflow-driven model integration problems with respect to
model fidelity, accuracy in combination with the selected abstraction methods and the tar-
get system characteristics. A short overview of integration strategies with the help of co-
simulation frameworks including an analysis of the inherent problems that emerge because
of different domain-specific modelling methods is being given. It is shown that huge benefits
can be reached with the help of a smart system break-up.
In detail, the discrepancy between the cyber-physical system simulations and human-machine
interaction (HMI) models are being analysed. Therefore, a close look on typical shortcomings
of behavioural models are being discussed, too.
To enable an effort-less human-in-the-loop integration into a cyber-physical system simula-
tion, the usage of flight simulation software, offering real-time capability and a graphical user
interface is suggested. This approach is applied to overcome today’s complexity and short-
comings in human psychological models. An example implementation based on a commer-
cial flight simulator software (X-Plane) together with a high-performance system simulation
tool (Hopsan) via UDP communication is presented and analysed.

Keywords: flight simulator, model fidelity, co-simulation, mission simulation, workflow-
driven integration, human-machine interaction, behavioural model, psychological model

1 Introduction

The demand for more efficient airplane increases steadily and
as a result, the complexity of these airplane escalates as well.
System simulations are extensively used to design, handle and
maintain the understanding of such a complex product. It sup-
ports the designer on various tasks, to early detect possible
design errors, performing design optimizations and enables
for complex design analysis such as operational and main-
tenance concepts. First with excessive use of simulations a
holistic whole product life-cycle analysis becomes possible.

Aircraft include several on-board systems such as hydraulic,
pneumatic, mechanic or electric subsystems which operate in
unison to fulfil a mission. It is crucial that each subsystem
is performing optimal, and any possible flaws or malfunc-
tions can be recognized and resolved early in the design pro-
cess. Simulating these subsystems in a virtual test environ-
ment already during the system architecture work allows for
design modifications and improvements prior to any physical
testing. This enhances the design process by making it more
efficient by reducing early the design uncertainties, thus en-
hancing the level of credibility.

2 Multi-domain Co-Simulation Frameworks

2.1 Motivation

Nowadays whole life cycle-focused product development re-
quires a vast number of simulations to be performed at various
disciplines facilitating various modelling methods that differ
between the modelling task, the analysis task and the type of
analysis (see [1] for an overview of different level of interest
during product development work).

Any holistic model-based product development work has to
include multi-domain co-simulations addressing:

• detailed sub-system simulations to study certain domain-
specific system characteristics with respect to the overall
system architecture

• human-machine interaction (HMI): the human is part of
the control system or influences directly the mode of op-
eration or use of the product.

Furthermore, it is crucial to pay attention for easy model ex-
change or on-the-fly model replacements in order to enable:

DOI 
10.3384/ecp19162012

112

mailto: ingo.staack@liu.se


• rapidly model adaption for different analysis and
design studies

• model fidelity alteration (preferably step-less) that
fits to the available design information to enable a
task/workflow-driven design process

• model reuse with limited adaption effort to boost devel-
opment efficiency, preferable also involving black box
models from third party suppliers.

2.2 Co-simulation Strategies and the Problem of Com-
plexity

Recent research projects on simulation and modelling frame-
works do focus on the above mentioned topics flexibility, ad-
aptability and model re-usability such as the AGILE [2] or the
OM-simulator [3] projects. Also, commercial tool vendors
support various inter-disciplinary integration environments
(such as modeFRONTIER, LMS Amesim, RCE, TechnoSoft
AML, ANSYS) that allow a effort-less tool integration by
supporting communication protocols, workflow process con-
trol and optimization algorithms. These environments are of-
ten denoted as multi-disciplinary design optimization (MDO)
tools, partly enabling distributed software execution via the
internet [4].

On a multi-domain cyber-physical system – and especially on
a system of systems (SoS) – a large number of different mod-
elling methods are composed together depending on the ana-
lysis task, the required and reasonable model accuracy and
uncertainty, the available level of input information (grow-
ing over the project time), the system domains and so forth.
Thereby, cyber-physical simulation models make often use of
continuous time methods to model the physics, like MOD-
ELICA or different computational fluid dynamics (CFD) and
finite element method (FEM) solvers. For the the control and
information flow (the cyber part), discrete time simulation
methods might be preferred while the behavioural model may
be realized by agent-based methods (ABMs). Consequently,
in order to compose a complete cyber-physical co-simulation,
this requires to interconnected models from different domains
– typically with different time constants – such that they work
seamlessly together with acceptable performance and numer-
ical robustness.

A feasible solution, shown by Fritzson et al. [5], is to use
the transmission line method (TLM), a modelling approach
which decouples sub-models using physically motivated time
delays. This ensures numerical stability, and is especially
suitable for real-time simulations. TLM can also greatly re-
duce simulation time, as was shown by Braun et al. [6] and
Sjölund et al. [7]. With such strategies, making advantage of
the model method specific advantages and still at the same
time allowing the user to use the most suitable modelling
method for the problem at hand, significant improvements to
the design process, time and user-friendliness can be achieved
without the need to develop new modelling tools.

Connecting inherently different simulation tools is facilitated
by the functional mock-up interface (FMI), a tool independent
standard for co-simulation and exchange of dynamic models
supported by more than 100 simulation tools [8]. FMI can be

used in conjunction with the the upcoming companion stand-
ard distributed co-simulation protocol (DCP), which facilit-
ates communication and integration of models and real-time
systems [9]. The OMSimulator master simulation tool cur-
rently supports FMI and TLM using TCP/IP connection to
external tools. Possibilities of combining FMI with TLM was
investigated in [10].

2.3 Model Fidelity, Complexity and Characteristic

Both terms, model complexity and model/simulation fidel-
ity1 are vague and no cross-domain application-independent
valid standard has been establish so far (see e.g. definitions
by [12,13]) which to a large extend depends on the vast num-
ber (and weightings) of fidelity criteria [14–16]. Both, model
complexity (in terms of the size of the overall design space)
and model refinement can be expressed by the design inform-
ation entropy [17].

The concept of abstraction – thus the model method and mod-
elling fidelity – has to fit both the analysis needs and the sys-
tems characteristic. At a glance, any complex system model
can be split-up into an structural and an behavioural part [15].
More in detail, refined taxonomies of the system’s (or SoS’s)
characteristics like Gideons et al. [18] can be used. More in
detail, the systems characteristic can be defined by the tar-
get system’s properties. A selection of relevant properties to
describe the characteristic type of an system is given in fig. 1.

2.4 Model Type by System Properties

Most complex systems incorporate some kind of a behavi-
oural model part which can result in a stochastic behaviour.
This behaviour can be anything from an easy control system
(e.g. fuel tank filling/emptying sequence), a complex control
system (e.g. an autopilot or other driver assistance systems)
as well as any user-interactions on or within the system (such
as pilots, flight controller, etc.). On a higher level, these parts
of the system are often responsible for the way of operation
of a system including more complex tasks such as operational
strategies, tactics and doctrine. As a consequence, there is a
unique combination of the model fidelity for each system de-
pending on the system type (stated by the system properties
shown in fig. 1). Figure 2 shows this differences in the desired
degree of detail of the physical- and the behavioural model of
three different systems.

In reality however, the desired direction of refinement is not
reached as straight, smooth and continuous as indicated by the
arrows for the three systems. Model refinement occurs instead
in discrete steps, often within a single domain only by either
refining an existing model or replacing a modelling technique
with another abstraction method (and thereby most probably
also replacing a tool within the co-simulation framework by
another). A typical path of model refinement (of system b)
is indicated in fig. 2 by the black stars. Using a priori a high-
fidelity model techniques already from the beginning (in order

1Fidelity definition by [11]: "The degree to which a model or simulation
represents the state and behaviour of a real world object or the perception of
a real world object, feature, condition, or chosen standard in a measurable or
perceivable manner; a measure of the realism of a model or simulation."

I. Staack et al. Complete co-simulation model integration

DOI 
10.3384/ecp19162012

Proceedings of the 10th Aerospace Technology  Congress 
October 8-9, 2019, Stockholm, Sweden

113



Size

Fidelity

Complexity

Domains

Dynamics

Behavioural model

Execution Speed

Figure 1: Radar plot of seven selected properties describing
the type/characteristic of an system .

to skip the later tool transition) is often not applicable due to
the absence of information to create the model and the usually
lower execution speed of higher-fidelity models.

Figure 2: The ways of desired and actual model refinements
within projects of different model type (characteristic).

2.5 HMI and the Need of a Real-time System

The above mentioned relationship of matching domain-
specific models within a co-simulation environment means
that each model domain has to be enhanced in fidelity thus
reaching a certain level of certainty (or better said, reducing
the level of uncertainty). The model fidelity of the physical
part is rather simple to address: the model has to be able
to capture the correct physics of the problem at hand. On
an aircraft example, this might be already true for an object-
oriented component-based (e.g. pumps, pipes, actuator, gen-
erator, etc.) approach. But what about the behavioural (con-
trol) model? The latter – often implemented in ABM – be-
comes already on moderate fidelities very complex, especially

if simulations also include the handling of abnormal situations
such as component failure simulations. Additionally with one
or several human-in-the-loop (HITL), the behavioural model
has to represent different control action levels ranging from
doctrine, strategy, tactic, operations down to the respective
control schemes on system element level.

3 Human-machine Interaction Modelling
Until today, the aspects of the human’s physiology as well as
psychology are only insufficient considered in modern sim-
ulation models. In addition, the human-machine interface of
modern system must not be the real interface of the target sys-
tem as indicated in fig. 3. Today’s technologies often do not
return the actual behaviour of a system back to the user but a
human adjusted virtual reality. While these systems, often de-
noted as assistant systems, improve in many cases safety and
comfort, it requires at the same time a good understanding
of how the operator perceive these inputs and react on them.
These is gaining on importance if modern assistant systems
are applied. For example, a decoupling of the input control
stick forces, as it is common in any control-by-wire setup on
modern aircraft could give the pilot a false understanding of
the actual aircraft state. On the opposite side, there is a ne-
cessity that the system is interpreting the actual user inputs
correctly under all circumstances.

3.1 Human Psychological Modelling

A common approach used to incorporate human physiolo-
gical and mental factors in simulations is by treating the hu-
man as a machine-like stimulus-response (transfer function)
system although this approach does not correspond to reality
at all [19]. People’s individual differences such as age, sex,
physical fitness, ability to take decisions, reaction time, capa-
city for remembering, motivation, social interactions and cre-
ativity to solve a problem, require a much more appropriate
representation of the human in simulation models.

To adequately forecast the effect of human performance in
a complete human-machine simulation model, dynamic and
integrated computational physiological and cognitive model-
ling, as depicted in fig. 3, is required. Even though this is the
right approach to tackle the problem, it remains challenging to
develop reliable models of physiological functions or cognit-
ive architectures [20, 21]. Problems such as validation, scal-
ing or model simplification must be solved first before these
methods can meet their full potential [22, 23].

3.2 The Need of Humans in System Simulation

Although complete human modelling is in many cases still
at a basic research level, this does not mean that the human-
machine interactions cannot be simulated in a sufficient man-
ner. An alternative solution is the traditional HITL approach
where actual humans interact in real-time with simulation
models. A major drawback of the HITL method is the need
for access to probands, which can be in particular difficult
when highly trained people are needed, such as pilots. An-
other drawback of HITL is the exact reproducibility of simu-
lations. While a physiological/cognitive model could provide

I. Staack et al. Complete co-simulation model integration

DOI 
10.3384/ecp19162012

Proceedings of the 10th Aerospace Technology  Congress 
October 8-9, 2019, Stockholm, Sweden

114



Physiological Model

Psychological Model

Control Action 
(Output)

Perception 
(Input)

Human Adapted  

(Output)
Characterisitics  

Actual Control Inputs  

Target System Model  

Anatomical Model
(e.g. Ergonomics)

(e.g. Cognition)

(e.g. Thermal Reulation)

System Adapted   
Inputs  

Actual System   
Outputs  

(e.g. Flight Contols)
(Filtered)(Filtered)

Human Machine Interface

Machine (Device)

Human (Biology)

Figure 3: Human integration into the cyber-physical system context.

the same output under equal boundary conditions, is this for a
HITL approach hardly to reach resulting in stochastic events.
Furthermore, applying HITL, simulation speed is limited to
real-time only, whereby this approach becomes inapplicable
for high-fidelity co-simulations, which run often on much
slower computational speed, low-fidelity simulations that run
multiple times faster than real-time and any kind of optim-
ization task that requires an enormous amount of simulation
runs.

Nevertheless, no matter which of the two previous mentioned
approaches is chosen, a realistic feedback from the human
(model) back to the machine model can only be provided if
the environment is realistic and rich in detail. A sufficient
representation of the system’s external and internal environ-
mental conditions should apart from visual and aural inform-
ation also include characteristic such as forces, thermal loads
or odours. This high environment fidelity is necessary since
the humans’ reaction to this inputs are deeply context spe-
cific [14]. Integrating a flight simulator in a dynamic human-
machine co-simulation can contribute to provide such a re-
quired environment.

4 Implementation Strategy & Realized Use
Case Example

The following example shows a test case implementation
aimed to assess a co-simulation setup of a flight simulator
environment including aircraft on-board systems simulation
to enable a HITL simulation and pave the way for a future
human-model extension. Since the project aims to illustrate
the possibilities of real-time co-simulation, the focus will be
on the co-simulation integration of the example models into
X-Plane rather than on the on-board system simulation mod-
els themself.

4.1 Related Work

A research project at Nanchang University developed a flight
control model in Simulink for a helicopter implemented in
FlightGear [24] including a detail description of the applied

communication protocol messages setup. The result was a
simple data collection and a verification process illustrating
the possibility of a real-time flight simulation including ex-
ternal tools. A somewhat similar project was published by
the Instituto Tecnológico de Aeronáutica (ITA) which aimed
to simulate a quadrocopter using MATLAB/Simulink and the
flight simulator X-Plane [25]. Here the (hover) control
system of the quadrocopter was implemented in Simulink,
while the vehicle’s physical properties were modelled within
the flight simulator environment. At Vives University Col-
lege the open source platform FlightGear had been used in
a conceptual unmanned aerial vehicle (UAV) design project
aiming to execute electro-thermal analysis in Simulink by ap-
plying HITL simulations [26]. Also other publications (such
from A. Bittar et al. [27,28]) have utilized the X-Plane simu-
lation environment for hardware/power in the loop (H/PITL)
simulations incorporating MATLAB/Simulink with focus on
new control/actuator concepts.

Figure 4: A simple flowchart illustrating the basic model ex-
change setup.
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4.2 Framework Setup / Model Integration

Figure 4 shows the basic configuration of the realized co-
simulation setup (exclusive the not yet realized OMSimulator
part). The aircraft and the on-board systems are implemented
in Hopsan, based on one example model slightly adapted to
be co-simulated with X-Plane. It contains three main sub-
systems; propulsion-, control- and hydraulic actuation sys-
tems. A six degrees of freedom (6DoF) sub-/supersonic air-
plane simulation model from the standard component library
is used to calculate the airplane dynamics (see component
6DOFSS description in [29]).

On a Windows PC, X-Plane 11 comes along with a user da-
tagram protocol (UDP) communication to interact in pseudo
real-time with other software. This enables co-simulations in-
cluding aircraft subsystems and HITL together with X-plane

(see fig. 5). UDP communication works with specific alloc-

Figure 5: Screenshot of the user interface in X-Plane 11 with
the X-plane datalogg to the left and the Simulink model para-
meter plot to the right.

ated ports from/to which messages, known as datagrams or
packets, are sent or received [30]. X-Plane 11 supports up
to 138 output variables via the UDP connection. Each se-
lection can consist of multiple variables. A complete list
can be found in the X-plane UDP package description [31].
Hopsan models can be co-simulated in Simulink by con-

X-Plane Simulink Hopsan

S-function
(DLL)UDP

Figure 6: Communication setup of the simulation. Simulink
communicates with X-plane using UDP sockets. Hopsan
models are imported to Simulink as S-functions.

verting them into S-functions making use of executable, pre-
compiled Hopsan dynamic-link librarys (DLLs), see fig. 6. In
order to establish the input and output ports of the Hopsan

model, S-function interface components must be used for the
variables of interest. This allows Hopsan models to be integ-
rated into X-Plane indirectly via Simulink, which supports
UDP.

4.3 Model Analysis and Performance

The described UDP communication based framework has
been tested in three different setups to identify the perform-
ance and bottlenecks of this integration method. To get valid
results, the test have been performed on two different standard
PCs running on Windows 10.

I. Pilot control test:
Time step delays and signal loss during transmission of data
between the tools has been tested with a model setup of hav-
ing once the pilot on the controls, recording all inputs. Af-
terwards, the model is fed with the recorded pilot commands
again (open loop control).

Figure 7: The frames per second model update frequency of
the X-Plane model.

Figure 7 shows the performance of the X-Plane flight model
in terms of frames per second (FPS). The average FPS rate
during the simulation period is 47.2 with a significant fluctu-
ation between 63 and 25 FPS. This is circa four times slower
than the fixed calculation step size of 0.005 [s] or 200 [Hz] of
the Hopsan model. The performance on the second PC was
in the same range with an average FPS of 57 and even higher
extrema (min: 20; max: 72).

II. Flight manoeuvrer model:
In this setup, the aircraft model including the subsystems, the
flight controller and the mission controller were implemented
in Hopsan. Consequentially, X-plane was only used in this
setup to provide a graphical user interface, ensure (pseudo)
real-time clocking. The model showed no evidence of pack-
age losses, however some flight controller parameter tuning
problems arose. The reason of this model instability could not
be found but may relate to the lesser update rate of the flight
simulator (ca. 50[Hz]) than the simulation model time-steps
(200 [Hz]). Also, round-off errors during the communication
chain (due to truncations because of the different parameter
normalizations in the applied tools) may have contributed to
this model behaviour.
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III. Pilot-in-the-loop simulation:
In this test-setup, the pilot is in the loop giving command in-
puts (via joystick, pedals and power lever) to the flight con-
troller which in this setup is a simple wing leveler only. The
flight controller is implemented in Simulink while the air-
craft is modelled within X-Plane.

Figure 8 shows the aileron signal of the pilot control and the
correction from the flight controller. It can be noticed that the
flight controller signal calculated in Simulink corrects the
aircraft to level flight by compensating with additional ail-
eron commands. The Simulink model is able to compute
and transmit the control signal required to restore the aircraft
to level flight even with sudden, high amplitude inputs (see
fig. 8 time range between 25 to 35 seconds). Due to the

Figure 8: Aileron control signal from the pilot (red) and the
Simulink roll control model (blue).

slightly higher calculation effort of the Simulink model in
this setup, the update rate went down to 39.6 FPS in average
(min: 32; max: 42.5).

4.4 Future Work

The above described implementation work is only the start-
ing point towards a holistic scalable co-simulation model in-
cluding HMI aspects. Future work (specific to this project) is
going to address the following topics:

• (project specific) implement UDP communica-
tion in Hopsan and test the performance without
Simulink/MATLAB in the simulation framework

• comparative studies on the existing UDP-based co-
simulation framework with implementation strategies
making use of a integration environment (including
design process control, automation and optimization
functionality) such as RCE [32], OMSimulator [33] or
modeFRONTIER [34].

• investigate useful methods/tools to integrate H/PITL
simulations into the framework, eventually making use
of dSPACE or LMS Amesim (commercial tool vendors).

Figure 9 shows the planned future setup using the
OMSimulator framework together with UDP, DLL and

TCP/IP communication.

X-Plane OMSimulator

Hopsan Simulink FMI

DLLTCP/IP TCP/IP

UDP

Figure 9: Possible future communication setup, using OM-
Simulator as the master communication unit. Other tools can
be connected to OMSimulator using TCP/IP sockets, and FMI
units can be imported directly.

5 Conclusion

This paper shows that it is possible to execute a flight sim-
ulation with the human (pilot) in the loop including detailed
on-board system simulations down to hardware component
level (such as actuators, power electronics and fuel-pumps)
by co-simulation on a standard PC.

In the presented test implementation, no dedicated co-
simulation environment tool has been used. Instead, a work-
around using Simulink with its multiple interface options
(here UDP and S-function/DLL) were realized. In this frame-
work, the flight simulator works as the real-time engine and
the graphical (and haptic) user interface while most simula-
tion model calculations were performed in the co-simulated
cyber-physical simulation tool.

To enable easier model handling capabilities like motivated
in section 2.1, a dedicated co-simulation environment as
sketched in fig. 9 should be used. This enables also other
benefits such as model stability and high execution speed
through its model decoupling capability as shown in sec-
tion 2.2.

The typical drawbacks of a human-in-the-loop simulations
has been named in section 3.2. With the limitation to real-time
execution (beside other reasons), it is not suitable for many
tasks during the development work. Especially optimization
task that require multiple simulations cannot be executed with
human-in-the-loop setups. Remaining future work to reach
complete full-system simulations including simulated human
behaviour is mainly needed for the psychological model, but
also other aspects such as the wished continuous model re-
finement are not in place yet. The authors of this paper there-
fore suggest to work further towards universal system char-
acteristics and model fidelity and complexity descriptions as
suggested in fig. 1 and section 2.3-2.4. Such a normaliza-
tion could lead to simulation guidelines that would help the
product developer to choose the right simulation and simula-
tion integration approach(es) for the problem at hand without
the need of being an expert in all included model domains.
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