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Abstract

The digital twin offers new possibilities for product validation in
the application of virtual-physical testing. A more concrete
description of the digital twin in product validation is missing and
therefore will be specified here. For this aim, a single-case study
was conducted using an electrohydrostatic actuator. This system
is influenced by many interactions due to its integral design and
is thus representative of a complex system. The characterization
of the digital twin in product validation is done by specifying the
model quality, interoperability and integration levels. The
research results of the digital twin are used and linked to the state
of research from product validation. An architecture represents
these characteristics and thus allows transferability to other
systems.
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1. Motivation and state of research

Early testing of product properties is an important part of product validation in terms of
frontloading to avoid iterations on physical prototypes [1]. In this context, the proof of system
reliability with regard to functional fulfillment is often associated with a high level of effort, which
can be provided by physical or virtual testing. Physical testing requires expertise in the design
of test benches. Virtual testing requires a high level of system knowledge for the modeling of
the system. This is not always equally available for all subsystems, making mixed virtual-
physical testing useful.

For parallel virtual-physical testing in product validation, the concept of the digital twin can
be used. There is no precise definition of the digital twin, as the term is still in a state of
transformation. Depending on the field of research, however, more detailed and specified
definitions are available, which have been collected by Stark and Damerau, Jones or Tao,
among others [2-4]. In this paper, the definition according to Stark will be followed:

“A Digital Twin is the digital representation of a unique asset (product, machine, ...), that
compromises its properties, condition and behavior by means of models, information and
data”. [5] Figure 1 shows this relationship, which originates from Grieves.
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Figure 1: Concept of the digital twin by Grieves [6]

The digital twin in product validation offers new possibilities for generating knowledge and
validating product properties and thus supports frontloading [7]. In addition, the further
utilization of the generated data in subsequent phases results in new application opportunities,
which in turn can be applied in product development [8]. The digital twin is currently
increasingly investigated and applied in production engineering and the subsequent phases of
the product life cycle [9]. A transfer of the abstract descriptions of the digital twin to product
development, especially to product validation, has not yet taken place sufficiently [10].
Therefore, a more concrete description is lacking for the application of digital twins in product
validation [11,12].

Digital twins are classified concerning their application focus by characterizing model
quality, interoperability and integration levels [8].

In terms of the integration levels, there is a precise description by Kritzinger in production
engineering. The digital twin only exists if there is a fully automatic data exchange between the
physical and virtual world. A Digital Shadow is when there is an automatic exchange of data
from the physical to the virtual world. However, data is then exchanged manually from the
virtual to the physical world. The smallest level is the digital model, where data exchange must
be executed manually. [13]



The research aim is to concretize the digital twin in product validation based on the
characteristics concerning model quality, interoperability and integration levels. An architecture
for the digital twin in product validation is presented. The application focus is described.

2. Materials and methods
2.1. Single case study

To concretize the digital twin in product validation and to create a suitable architecture, a
single case study is conducted. An electrohydrostatic actuator (EHA) from aviation is used as
the system to be analyzed and is suitable as a reference system due to its multiphysical
dimensionality. The integral design of the EHA poses new challenges for product validation
due to the high demands on reliability and robustness in aviation. The interactions between
the components have a strong impact on the function of the EHA, which requires a high level
of system knowledge to create a sufficient virtual model.

Using the EHA as an example, the characteristics of the digital twin concerning model
quality, interoperability and integration levels for the application in product validation are
specified for this purpose. To do so, the abstract characterization of the digital twin, which is
known from the state of research, is used and applied to product validation by studying the
EHA. To aim this, the state of research from the fields of modeling and simulation, as well as
virtual-physical testing, is used and combined with the findings of the digital twins from other
disciplines.

2.2. Electrohydrostatic Actuator

In this context, the EHA represents a prototype whose functions are to be validated and
optimized. The EHA consist of the components electric motor, hydraulic pump, hydraulic
system and hydraulic cylinder, shown in Figure 2. The hydraulic system includes the piping
system between the hydraulic pump and cylinder. There is no valve control in this EHA. The
volume flow is controlled directly via the speed of the pump.

The integral construction of these components creates interactions that would not occur
individually. However, the combination of the given components poses new challenges for
developers, as these interactions require a high level of system knowledge.
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Figure 2: Design of the electrohydrostatic actuator (EHA) to be investigated

For testing on the test bench, an inverter is necessary to provide the required power for the
synchronous electric motor. The environment is described by an axial load, which can be
applied by a spring package or another linear actuator. The focus is on the testing of the
dynamic system behavior.



3. Results

The results of the single-case study are described in the following, step by step. First, the
application focus is concretized. Then, the characteristics of the digital twin, concerning model
quality, interoperability and integration levels, for the application in product validation are
discussed in detail. Finally, the architecture of the digital twin in product validation is described.

3.1. Application Focus

The digital twin is to be described for the application in product validation. In product
validation, the physical world is limited to physical prototypes and test benches. The prototypes
represent the system to be tested and are also called unit-under-test (UUT), system-under-
investigation (Sul) or system-in-development (SiD). The test bench represents the
environment and other boundary conditions. In the context of product validation, the virtual
world can be represented with a suitable simulation. The objective is to obtain a digital
representation with which the function to be investigated can be tested for its performance and
system reliability. Both the test bench and the prototype can exist virtually and physically. Due
to the coupling between the physical and virtual worlds, two aspects of the application are
basically in the focus: Knowledge can be generated through fast, low-cost and low-risk
iterations in the simulation. An exchange of data between the physical and virtual worlds, also
called twinning, additionally allows new insights to be gained. The physical world continues to
be used for validating the function and system reliability. The following figure shows the basic
understanding.
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Figure 3: Basic understanding of the digital twin in product validation to describe the application focus adapted
from [7]

3.2. Model Quality

The model quality defines how realistically a digital twin represents its physical product
instance [8]. In this context, the scope and accuracy of the simulation model have to be
specified.



3.2.1. Scope

For the development of the EHA, the primary function fulfillment and system reliability are
in the foreground. The function to be investigated is the system behavior at the interface to the
environment.

The created simulation model must therefore represent the dynamic behavior. Since the
variables are only functions of time and not dependent on the spatial coordinates, modeling
with lumped parameters is sufficient for this application. The simulation is therefore based on
multiphysics modeling, in which the relevant domains are considered to describe the dynamic
system behavior. Suitable software is MATLAB® Simulink®, which was used here. In the case
of the EHA, the mechanical, electrical and hydraulic domains were identified by considering
the main power flow. According to the boundary conditions during flight, it is additionally
reasonable to consider the thermal domain. System-describing parameters such as the electric
resistance of the copper windings in the electric motor are temperature-dependent.

In the first instance, the subsystems must be defined based on their function. This can be
realized by using the description of the process elements transformer, converter, source and
sink. The relevant domains can then be assigned to each of these elements. Thus, the power
electronics represents a transformer of electrical energy. The electric motor is a converter of
electrical into mechanical energy. The hydraulic pump is a converter from mechanical to
hydraulic energy and the hydraulic cylinder from hydraulic to mechanical energy. The hydraulic
system is a transformer of hydraulic energy. Figure 4 shows the assignment of the relevant
domains to the respective subsystems. This describes the scope of the simulation.

One requirement of the simulation is the transfer of the main power flow between the
individual subsystems and the associated relevant interactions. The interactions must be
transferred in order to investigate the system reliability.
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Figure 4: Assignment of the relevant domains to the respective subsystems

Detailed modeling then takes place within these subsystems and is thus closely linked to
accuracy.

3.2.2. Accuracy

The level of detail within a subsystem can be different. Depending on the knowledge of the
system, the modeling within the individual subsystem can thus also be created as a black-box
model or white-box model. In white-box modeling, purely analytically derived relations are
described via differential equations. In black-box modeling, the model can be created
experimentally or can include parts of it. Datasheets can be used for this purpose, for example.

The required accuracy of the simulation can be adapted to the accuracy of the measurement
method on the test bench. It does not appear reasonable to demand a higher accuracy from

(63}



the simulation model than the accuracy that can be measured. Absolute and relative deviations
of the measured parameters can be used as evaluation criteria.

The interactions between the domains within the individual subsystem must be able to be
taken into account, otherwise, no connection between the domains is established. The
connections between the domains of the main power flow result from their functional principle.
The connections to the thermal domain can be established by considering the losses of the
main power flow. Depending on the type, these primarily turn into heat and are therefore further
considered in the thermal domain of the respective subsystem.

3.3. Interoperability

Interoperability describes the characteristic that the individual digital twins are compatible
and can interact with each other. [8]

Due to the structure described, each subsystem can be regarded as an independent and
individual digital twin. The interoperability between these subsystems is given by the
description of the interfaces using power variables. Power is transferred between the process
elements, which can be described as the product of an across-variable and a through-variable,
regardless of their domain. Figure 5 shows the interfaces with the power variables between
the subsystems. The direction of the arrows describes the direction of the information flow in
the simulation.
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Figure 5: Interfaces between the individual subsystems for interchangeability to ensure interoperability

The interaction of the individual subsystems in the virtual world can be achieved directly by
closed modeling. All subsystems are created in the same simulation environment and
executed as a complete system. Additional steps, as required for co-simulation, are not
necessary.

In the physical world, research knowledge gained from the development of test benches
can be used. X-in-the-loop (XiL) test benches are suitable for connecting physical and virtual
subsystems using coupling systems, so that testing in the overall system is made possible
[14]. XiL test benches also often work with power variables and therefore use the same
interface as the simulation model.

The interoperability of the digital twin in product validation is ensured by exchanging power
variables between the subsystems, thus enabling the substitution of the subsystems. The
interactions between the individual subsystems can be transferred.

3.4. Integration Level

The integration level describes the level of data connection between the physical and virtual
worlds. [13]

The description of the integration level is thus closely linked to the coupling systems from
the XiL test benches. These are used for virtual-physical testing and have a combination of
sensor-actuator technology. Since they also work with power variables, they are suitable for
the bidirectional data exchange between the physical and virtual worlds.

Coupling systems enable the transfer of interactions between physical and virtual
subsystems [15]. This means that automated, bidirectional data exchange can be established,
thus fulfilling the requirements for the digital twin.



The challenge is to develop suitable coupling systems for the relevant domains. In the
mechanical domain for rotational movements, there is already a state of the art that has been
researched for many years and is widely used [15,16]. In contrast, coupling systems for the
thermal domain are currently the subject of research [17].

If no actuator is required, a sensor system can also be used instead of a coupling system.
This is the case, for example, if the physical subsystems are not spatially separated. Suitable
sensors are available for all power variables used here.

Coupling systems used on XilL test benches are ideal for bidirectional data exchange, which
is necessary for digital twins to achieve the required level of integration.

3.5. Architecture

The architecture represents the combination of the described results and is shown in
figure 6. The digital twin with the application context for product validation is described. The
characteristics of model quality, interoperability and integration level are discussed and
specified. This is done on the system of the EHA but serves to be transferred to other systems
as well.
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Figure 6: Architecture of the digital twin in product validation for application in virtual-physical testing to investigate
system reliability using the example of an EHA

4. Discussion

The digital twin was concretized for product validation based on the characteristics
concerning model quality, interoperability and integration level and put into context by
describing an architecture. However, this is also associated with some limitations. These
limitations result primarily from the fact that the description of the digital twin for product
validation was investigated from a single case study.

The EHA has a clearly defined power flow that is routed through the various subsystems.
An extensive system with several power and information flows, some of which run in parallel



and thus represent a network, has not yet been created with this description. Logical states of
the system have not yet been investigated as in other modeling approaches [18].

The level of detail regarding the model quality is not tightly defined. It has not yet been
investigated how the model quality of the individual subsystem affects the behavior of the
overall system. Compatibility is given by the interfaces, but it is not clear how the digital twins
of different model qualities behave with each other.

Twinning requires coupling or sensor systems that establish bidirectional data exchange
between the physical and virtual worlds. There are already coupling systems that can be used
for this application. The use of coupling systems is different from previous research in that it
considers multiple domains. For the application at the EHA, a coupling system for the thermal
domain is required and has therefore to be investigated.

With the coupling systems, automated data exchange between the physical and virtual
worlds is technically possible. However, this places high demands on the measurement and
control system to be used on the test bench. In this application, the simulation and the test
bench must run in parallel. The test bench must not only acquire the data but also perform the
computing operations for the simulation in parallel. Changes that are to be applied to the test
bench by the simulation are also transferred directly.

5. Conclusion and future work

The digital twin is described for the application in product validation using the example of
an electrohydrostatic actuator (EHA). The digital twin in product validation is characterized
concerning model quality, interoperability and integration level.

The physical world is limited to physical prototypes and test benches. The virtual world is
represented by a simulation. This simulation is based on multiphysics modeling and considers
all relevant domains. The overall system is divided into subsystems based on its function as a
transformer, converter, source or sink. The consideration of the relevant interactions is a
requirement for the model quality.

The interoperability between the different subsystems, which can be seen here as
independent digital twins, is ensured by using the power variables as a defined interface. This
ensures that the individual subsystems are interchangeable.

The integration level can be reached on its highest level using coupling systems of the
X-in-the-Loop (XiL) test benches. They ensure fully automatic data exchange between the
physical and virtual world and allows to use the term of digital twin.

An architecture is presented, which can visualize the characterization of the digital twin in
product validation. This can be used to transfer the digital twin to other systems for the
application in virtual-physical testing.

The findings obtained here serve as a starting point for further investigations. The
consideration of the thermal domain is to be investigated. For this purpose, coupling systems
are to be used, which allow the consideration of thermal interactions. In the future, it should be
possible to identify the relevant domains in an early stage of product development.

Based on the described architecture of the digital twin, new validation methods can be
developed in the context of virtual-physical testing. The focus is placed on twinning and the
use of coupling systems for bidirectional data exchange. This will be tested on different
application scenarios on the EHA. The focus is on supporting the parameterization of the
simulation, the detection of anomalies on the test bench, the optimization of the control and
the increase of efficiency. Many different application scenarios concerning system reliability
can be considered and are to be described methodically in such a way that they can be
transferred to other systems.
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