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Abstract

Digital twins (DTs) have become prominent in the digitalization era due to the advantages
they bring to fields of application like Industry 4.0. In this contribution, we briefly go
over the role of experimentable DTs in a V-model-based development cycle of a system,
which includes XiL methods. We also provide a proof of concept (in the form of two
application examples) of their use in the model-in-the-loop development stage, where
the controller model of the system is implemented in real-time capable hardware.
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1 Introduction

Digital twins (DTs) offer several advantages in the Industry 4.0 era, where a DT follows
the life cycle of its physical twin to provide better support and greater insight for tasks
like analysis, optimization, maintenance, upgrading, and updating, among others. Here,
we use the definition introduced in [16] for the so-called “Experimentable Digital Twins”
(EDT) interchangeablywith a DT. Virtual Testbeds (VTBs) [14] are advanced 3D simulation
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environments that represent all required parameters of the application to simulate a realistic
behavior. These VTBs are enhanced with the use of DTs, as it allows an even more accurate
description of the agents in the simulated environment.

Before having a functional physical twin, and its corresponding DT, all products or
systems have to go through a development cycle. A popular model-based development
cycle is the V-model, which was first introduced for software development in [4], was later
adopted for mechatronic systems in the VDI 2206 guideline [21], and has continued to
evolve to be applied in diverse sectors. One iteration of this model includes development
steps where elements of the system are tested in a loop that includes parts of a greater
system, or components of the planned target system itself, to have a faster and cheaper
overall development process. These are commonly known as X-in-the-loop (XiL), where
normally X stands for model, software, or hardware.

DTs and VTBs could be implemented in this development cycle to further increase the
benefits inherent to it. This applies generally to many types of development cycles, in which
an improved design, early detection of issues, increased efficiency, and better collaboration
can be achieved [15, 19] when compared to development cycles that rely solely on physical
prototypes.

In this contribution, we aim to analyze the feasibility of integratingDTs into the V-model-
based development cycle of a product, which also includes XiL methods. To achieve this,
we provide a brief overview of every XiL iteration with DTs and present two application
examples as the proof of concept for the use of DTs with model-in-the-loop (MiL) devel-
opment, along with the use of real-time capable hardware as part of the life data exchange
schema.

2 State of the Art

The are several approaches of modeling DTs, most commonly including physics-based,
data-driven, hybrid, and reduced-order modeling [2, 9, 12]. However, the majority of these
are not based on the V-model, and only a few take into account XiL methods. For instance,
the proposed big data-driven model in [17] follows a cyclical circle pattern.

The work in [10] focuses on creating a high fidelity twin of hardware/software interaction
in a MiL setup. However, the framework is limited to only MiL from the XiL methods and it
is not based on the V-model for development. Furthermore, the work does not involve real-
time capable hardware, which is typically seen in in hardware-in-the-loop (HiL) setups, such
as the one in [7].

Another study, proposed by the authors in [18], introduces a twin-driven product design
framework that employs DTs in the V-model. However, the stages of the V-Model in this
framework are more oriented towards overall concepts such as market analysis, customer
requirements, and sales among many others; rather than product development with the use
of XiL methods.
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In the publication [22], DTs are defined as a combination of models and data that creates
a virtual copy of a system. The authors explore the use of DTs in engineering dynamic
applications and provide an overview of integrating them into the V-model development
cycle. They propose a “W-model” for product design, where the initial stage is done virtually
with a virtual model, and the DT is only introduced in the later stage of development. From
a virtual prototype, they start building a DT. In contrast, our perspective advocates the use
of DTs from the outset of the development cycle. We believe that developing DTs from the
beginning provides increased benefits such as improved collaboration, early issue detection,
and more efficient designs.

The work presented in [20] introduces the Hybrid Testbed as a novel holistic approach to
integrateDTs andVTBs into aXiL-based development cycle. The authors propose amodular
and scalable framework that includes real data to improve the accuracy and effectiveness
of the system. Although our work differs in the sense that we use the V-model as the
basis for the development cycle and propose the use of DTs at a more granular level, we
share the same goal of achieving a seamless transition from the design stage to the final
product. Consequently, our work could serve as a proof of concept for the use of DTs and
VTBs in a model-in-the-loop (MiL) setup. Overall, the concepts proposed in [20] align with
our approach and provide valuable insights into the integration of DTs in the XiL-based
development cycle.

3 Overview of theModel

The V-model is a well-knownmodel-based development cycle used for developing products
and systems. It consists of two parallel branches, one for design and one for testing. As
shown in Fig. 1, the DT can be integrated into several stages of the V-model as a central
component. This means that the DT should be included in these development stages of the
model. There are mainly two types of development that can be applied in this context. The
first type is for the development of a final product, which is considered as a whole once it is
created. Here, the DT should be created before or, at the latest, together with the physical
twin. The second type is for the development of a product that is part of a larger system, for
example, designing the steering wheel of a vehicle. In this case, DTs of the larger system
or its components can already be employed during the creation of the product’s DT. In both
cases, VTBs with DTs can be used to enhance the development and testing process.

In the following, we give an overview of the various XiL methods defined in [1, 3, 5, 8,
11] and their alignment with our approach of using DTs and VTBS.

Model-in-the-loop (MiL):All components involved are executed in the formof simulation
models in development computers. These components are usually not identical to the target
system. If a new element of a larger system is being developed, using the DT to represent
said system can already provide more accurate integration results of the model and speed
up its development. If a new system is being developed, this would be the first step to create
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Fig.1 V-model diagram of a product with DTs integration. DTs are integrated into all XiL methods
for development, together with VTBs for testing

a DT of the target system. Our example applications shown in Sect. 5 are based on this part
of the development cycle. Software-in-the-loop (SiL): Software (e.g. a control algorithm)
is designed and developed with the target hardware in mind. It is usually executed on a
development computer and connected to the real process or parts of it. Here, the software
can be implemented in a DT of the target hardware (e.g. an embedded system) for a more
accurate behavior. This arrangement could be connected to aDTof the larger target systemor
a VTB representing the real process.Hardware-in-the-loop (MiL): This improves on SiL by
implementing the developed software on the target hardware and testing it with a simulation
model of the real process running on a development computer. Here too, the larger system
should be represented by its DT or the real process can simulated in a VTB. Product-in-the-
loop (PiL):Amore generalized analogy of the specific term used in the automotive industry
Vehicle-in-the-loop (ViL). Here, The entire target system is tested and validated. The DT of
the developed product is now part of the larger system’s DT and they are tested as a whole.
Testing can be done with the help of VTBs, which in turn can have more DTs. If the final
product is not part of a larger system, the DT is finalized here and can keep being updated
together with the physical twin during its life cycle.

4 Methodology for theMiL Implementation with Real-Time
Capable Hardware

In anMiL setup, the DT is used to represent the behavior of a physical system or component
in a virtual environment. This virtual environment typically includes otherDTs, components,
and systems with which the component or system being modeled interacts. By replacing
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Fig. 2 Concept for the architecture implemented to enable MiL with DTs and VTBs and real-time
capable hardware. Examples of the simulation software (VEROSIM) and hardware (Scalexio) are
given. Communication between them is handled by an UDP protocol to support real-time communi-
cation

the physical system or component with its virtual representation, the DT can be integrated
into the MiL setup, enabling simulation and testing of the system or component’s behavior
in a controlled environment. This methodology allows for a more efficient and accelerated
development process, reducing the need for physical prototypes and field testing.

In this section, we describe the concept used to implement the application examples in
Sect. 5. Our goal was to develop a modular and reusable architecture for MiL simulations
in VEROSIM, our physically accurate 3D simulation software, by incorporating real-time
capable hardware. As shown in Fig. 2, this architecture utilizes specific real-time hardware
with its standard connection port, but it can be adapted toworkwith other real-time hardware.
TheDT in development is simulatedwithinVEROSIM togetherwith otherDTs and theVTB.

To enable communication between the DT and the hardware, we have implemented
an interface module in VEROSIM, which can be customized to handle different I/O data
structures and port connections. We chose to utilize the UDP transport protocol due to its
ability to provide the necessary speed for real-time applications, despite its lower reliability
compared to the TCP protocol [13]. While there may be a risk of data loss during transfer,
this can be mitigated by implementing a more robust controller for the system.

5 Application Examples

This section presents two application examples that demonstrate the use of DTs inMiL. The
first one involves a turntable system where we control the angular velocity based on user
input. The second involves the Gemini VIII spacecraft, where we control the rendezvous
and docking with the Agena target.

Following the architecture shown in Fig. 2, we used the real-time capable hardware
Scalexio from dSPACE to run the controller of the target system. The controller model is
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created inMatlab/Simulink and loaded into the Scalexio. As stated before, we used the UDP
connection protocol for the real-time communication between the Scalexio and VEROSIM.
Finally, a DT of the target system was running in VEROSIM, whose controlling parameters
were given by the Scalexio. Depending on the application, this DT is also deployed within
a VTB for testing and validation.

Before setting up the connection with the Scalexio for the application examples, we
conducted tests with a simple plant and controller in Matlab/Simulink, with VEROSIM
serving as an echo server. The tests revealed no difference in performance compared to
running the system within Simulink. However, when we performed the same test with
the Scalexio as the controller, we measured a significant behavior change, likely due to
information loss inherent to the UDP protocol and minor communication delays. This can
be seen in Fig. 3. As a result, we had to make adjustments to the controller parameters when
implementing the application examples to compensate for this. We achieved this after some
iterations of the parameters, which we rapidly changed and tested within the explained setup
thanks to the flexibility provided by the use of DTs instead of physical prototyping.

Fig. 3 Step response of a PID controller with a plant in Matlab/Simulink. Reference step response
(blue), response with the Simulink controller (orange), and response with the Scalexio controller
(yellow)
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Fig. 4 Turntable in the 3D
simulation software VEROSIM

5.1 Turntable

The turntable system consists of a turning plate mounted on a square mount (see Fig. 4).
Our model includes a laser sensor that measures the presence of an object on the plate. This
allows the calculation of an angular velocity error, which is the input of the controller. The
Scalexio has a PID controller that will output the torque force to be applied by the turntable’s
motor to reduce the angular velocity error to zero. The target angular velocity is set by the
user.

The turntable setup is shown in Fig. 5. To the left, the behavior of the target’s angular
speed (cyan), the object detection (orange), and the torque response (yellow) are shown.
A small delay in the response of the torque can be observed, likely due to delays in the
data transmission. Nevertheless, the PID can successfully control the angular velocity of the
turntable. This setup still had room for improvement in performance but served as a first
step to test the combination of the Scalexio and a MiL development stage.

5.2 NASA’s Gemini Program

As part of NASA’s Gemini program [6], the first rendezvous, docking, and extravehicular
activity mission was conducted. This mission planned to launch, rendezvous, and dock the
Gemini VIII spacecraft with the Gemini-Agena target vehicle (GATV). Figure 6 shows the
DT of the Gemini VIII used for this test, together with the DT of the GATV, present in the
VTB. Components for sensor and rigid body simulation as well as for orbital dynamics are
used within the VTB to simulate a close-to-reality scenario for the DT under development.

The external guidance, navigation, and control (GNC) system was provided by one of
our industry partners, Jena Optronik. It was implemented in Matlab/Simulink and simulated
the space environment and Lidar measurements for a standard rendezvous and docking
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Fig. 5 Simulation of the Turntable system in VEROSIM. Left is the user interface where the target
angular velocity can be set and some system variables are shown: target’s angular speed (cyan), object
detection (orange), and torque response (yellow). Right are the properties of the interface module
where the IP, port, and I/O values of the UDP connection are displayed

Fig. 6 DTs of the GATV (left) and GEMINI VIII (right)

mission. From this GNC, we were able to extract the necessary control system to implement
in the Scalexio, which is depicted in Fig. 7. The control system is composed of the UPD
communication blocks, a PD controller, a saturation block, a PWM generator, and low pass
filters. The only differences between this version and the one loaded in the Scalexio, are the
UDP communication blocks from Simulink, which are replaced by UDP blocks provided
by dSPACE for compatibility with the Scalexio.

As the controller was initially designed for a chaser spacecraft docking to the Interna-
tional Space Station (ISS), it required adjustments in the hyperparameters, primarily scaling,
to control the thrusters of the Gemini VIII properly. Further modifications were necessary to
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Fig.7 Simulink model of the controller extracted from the GNC system provided by Jena Optronik.
The controller was complemented with UDP communication blocks. The main component is con-
tained in a black box named “Begrenzung”

Fig. 8 Initial position of the GATV and GEMINI VIII’s DTs in the VTB in VEROSIM (left). Final
position of the rendezvous and docking maneuver (right)

account for the time delays during communication. However, due to the constant communi-
cation of the DT with the control’s model, the modification process was done with increased
efficiency.

In the left section of Fig. 8, the initial position of the Gemini VIII and the GATV is shown,
with a distance of 21.25m between them. The controller receives the current position and
velocity error of the Gemini VIII with respect to the target and outputs the x,y,z thrust force
vector. This is received by the Gemini VIII’s DT, which operates the thrusters accordingly.
Although the controller was not thoroughly optimized, the spacecraft successfully reaches
the target, as observed on the right section of Fig. 8, where the distance has closed to 0.71m.
This helps demonstrate the successful use of DTs in an MiL setup with the use of real-time
capable hardware. Finally, this particular experiment highlights the benefits of using DTs
in product development instead of physical prototyping. Running these experiments with
physical prototypes would be extremely expensive and dangerous, if not impossible.

An additional approach of a mix between MiL and HiL was also conceptualized. Here,
an embedded system specialized in space application (Jena Optronik’s DevBoard) handles
the movement of the Gemini VIII and gives its pose information to VEROSIM, where the
VTB with the DT of the GATV is implemented. The pose is given to the GNC inside the
Scalexio and aThrust vector is returned toVEROSIMand passed on to the embedded system.
Although this configuration is left for futurework, it ismentionedhere as an additional benefit
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to using DTs in MiL/HiL. This approach is useful for developers to test their GNC models
running in the Scalexio together with the DevBoard in a HiL setup.

6 Conclusions

This contribution has shown a proof of concept for the integration of DTs at the MiL
development stage of a system, together with the use of real-time capable hardware to run
the controller of said system. This could be extended to other stages of the XiL development,
where other parts of the system can be tested with the help of DTs andVTBs. The integration
of DTs increases the efficiency, behavior accuracy, and predictability of the performance of
the final product increasing the inherent benefits of development with the V-model. This is
especially important in fields of application where running real-life development, testing,
and validation can be very expensive and dangerous (e.g. in space).

A limitation to this approach is the necessity of DTs of other VTB’s components (e.g.
sensors) or a larger system (e.g. vehicles) to have closer-to-reality results. The compatibility
of such DTs could be a problem if the development does not follow a scalable, modular
approach like the one presented in [20].

This study is in its initial stages and only examines the use of DTs in the MiL stage,
as demonstrated by the two examples presented. Further research is required to assess the
potential benefits of integrating DTs and VTBs into other stages of the V-model and XiL
development cycles. This future work should also determine the applicability of DTs in each
stage and identify which stages stand to benefit the most from their use.
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