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Abstract

This study aims to analyze various methods, including Al, that can be used to optimize
error analysis in digital twins and highlight the advantages and disadvantages of these
analysis methods. Furthermore, the study aims to present an automated solution for error
analysis of MATLAB/Simulink-based digital twins. This solution can make the error
analysis more efficient without the use of Al, meaning that it can be used even if the digital
twin is not appropriately known, which can be a considerable advantage in the current
automotive industry, where complex digital twins are commonly used for the development
and optimization of E/E systems during different types of in-the-Loop simulations.

Keywords: digital twin; MATLAB/Simulink; error analysis; E/E systems; x-in-the-Loop
simulation; model-based design (MBD)

1. Introduction

Today, various types of electronic and electrical (E/E) systems play a crucial role in
our daily lives. The complexity of E/E systems can range from a system controlled by a
single electronic control unit (ECU) to a system involving hundreds of ECUs, such as cars,
airplanes, and spaceships [1-3].

During the development of these systems, digital twins created by using model-based
design (MBD) play a critical role, notably in the early stages of the development, where
the digital twins can completely replace the physical prototypes, providing a fast and
cost-effective way to test different types of design and to modify the system flexibly. These
is especially important in the case of safety critical systems, where virtual development
and testing can not only speed up the development process and reduce the costs but also
provides a safe way to optimize the control system and to find fatal errors before the
system is realized, which significantly reduces the cost and dangers of testing with a real
prototype [4,5].

In the case of model-based design, the E/E system must be divided into two parts,
resulting in the development of two different digital twins. The first part is the digital twin
of the controller, which will control the given system in the case of a real prototype. The
second part, referred to as the plant, is the virtual representation of the rest of the system. It
is worth noting that in many cases, the controller controls only a specific subsystem within
the plant; however, to obtain realistic results, the plant must include other subsystems and
components that cooperate with the controlled subsystem [6,7].
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During the creation of these two digital twins, multiple factors must be taken into
account; only a few of these factors will be highlighted in this article. The available
information about the system is crucial to creating a realistic representation of it. However,
the amount of this information is, in many cases, insufficient, while in other instances, it is
excessive. This is why empirical knowledge and simplifications play a crucial role in the
creation of digital twins [8,9].

The purpose of the digital twin is another key factor, especially in the case of the
plant model. During the creation of the plant model, unnecessary system components
must be simplified as much as possible. This is not only important for reducing the model
development time, but also for minimizing potential error sources and the computational
demands of the model [10].

Lastly, the potential reusability of digital twins should be noted. In the case of in-
dustries such as automotive and aerospace, it is crucial to develop digital twins that are
universal and usable for multiple projects and in various stages of the x-in-the-Loop de-
velopment. This can not only save time and cost but also make the development of future
systems faster and easier [6,11].

As mentioned earlier, digital twins are utilized for various types of x-in-the-Loop simu-
lations to enhance the effectiveness and speed of validating and testing electrical/electronic
(E/E) systems. In the case of in-the-Loop simulations, the controller and the plant are
placed in a closed loop and tested with different representations of the controller [5,12].

Figure 1 shows the relationship between different types of x-in-the-Loop simulations.
As shown in the figure, in the case of model-in-the-Loop (MIL) simulation, both the
controller and the plant of the system are created in a suitable environment, such as
MATLAB/Simulink [13]. This type of simulation can be performed using a simple computer
and does not require any specialized equipment. In the case of software-in-the-Loop (SIL),
the model of the controller is replaced by the code that will be used on the future controller.
If the plant model was correctly designed, SIL can already be used to test many key
functionalities of the controller [13,14]. In the hardware-in-the-Loop (HIL) simulation, the
model of the controller is replaced with the real controller. Consequently, the simulation
must run in real time to ensure the proper functionality of the ECU, requiring a simulator
capable of real-time simulations [15,16]. Depending on the system’s complexity, multiple
real ECUs or other real components can be integrated, further increasing the simulation’s
complexity. As the validation tests progress from MIL to HIL, the complexity and cost
of simulation and testing increase with each subsequent validation phase; therefore, it is
crucial to identify the majority of errors in the early stages of validation [13].

Most studies in the field of in-the-Loop simulations and digital twins focus on the use
of simulations [17] and the creation of proper digital twins [18]; however, there is limited
focus on error analysis of the digital twins themselves. This is the reason why this study
focuses on establishing an automated error analysis solution that makes the analysis more
convenient and practical.
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Figure 1. Different types of x-in-the-Loop simulations.

2. Materials and Methods

As previously pointed out, this research focuses on the error analysis of the digital
twin of the plant model used for x-in-the-Loop simulations for multiple reasons. First of all,
the controller model is replaced after the MIL simulations, so it can not cause any problems
in the later stages. An error in the controller model will be noticed at the latest during
the SIL tests [5]. In contrast, the plant model is used in multiple validation stages, so it
must work with different representations of the controller and be suitable for real-time
applications as well. Last but not least, the plant models must not only be continuously
improved but also periodically updated with new features.

To analyze the complexity of error analysis in plant models, a series RLC circuit was
taken as an example, as shown in Figure 2.

C
R L
VR Vl_ VC

)
—)

Vac

Figure 2. Series RLC circuit.



Eng. Proc. 2025, 113, 49 4 0f 8
This system can be described by using the following equations:
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This type of system was chosen because it is an excellent example of a simple plant
model and can be easily modeled in MATLAB/Simulink 2023a. However, it contains
enough complexity to demonstrate the challenges of error analysis in MATLAB/Simulink-
based digital twins. The model being created in MATLAB/Simulink is shown in Figure 3.
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Figure 3. Series RLC circuit in MATLAB/Simulink.

For the analysis of errors within digital twins, two different approaches were investi-
gated. As a result of this investigation, a third approach was developed, which is discussed
in Section 3.

2.1. Error Analysis Without Automation

The most straightforward approach to analyzing an error within the plant model is to
conduct a manual analysis by using plotters in the simulation environment, following the
path of the faulty signal in the modeling environment. In the case of MATLAB/Simulink,
this can be achieved by using the “Highlight Signal to Source” command to identify the
source of the error or by using the “Highlight Signal to Destination” command to investigate
its effect on subsequent system elements.

However, this approach can be highly time-consuming and ineffective in the case of
complex multilevel models, as it does not protect loopbacks, leading to repeated checks of
the same blocks and variables when they are used in multiple models. That is why this
approach can be viable only in the case of simple models.

2.2. Error Analysis by Using Artificial Intelligence (Al)

Nowadays, Al is a popular method for solving almost any problem and challenge.
By having the necessary amount of data and building up a proper AI model for the given
application, many problems can be easily solved in a fast and efficient way.

However, using Al can have multiple drawbacks in the case of error analysis. Firstly,
training an Al requires a substantial amount of data and training time, which can be a
significant issue in the case of a continuously evolving and growing digital twin. Moreover,
issues such as overfitting can significantly reduce the usability of a given Al solution. Last
but not least, an Al-based solution can be beneficial in error analysis for a given plant
model, but may be entirely useless in the case of another one, as it is challenging to create a
universally usable Al solution for every use case [19].
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2.3. Creating an Own Method for Error Analysis of Digital Twins

After investigating the two possible approaches mentioned earlier, it was noted that
neither can secure the necessary accuracy, speed, and flexibility. The manual approach
lacks speed, while the Al-based solution can only provide the required precision, speed,
and flexibility if it undergoes regular checkups after each significant modification of the
plant model. In case of inaccuracy, it receives the necessary retraining with the appropriate
amount of new data.

This is the reason why it was decided to create a third approach, striking the right
balance between the previously mentioned key factors without the need for training an Al,
but with more human involvement compared to the Al-based approach.

3. Results and Discussion

As previously mentioned, it was decided to develop a new method for analyzing the
errors within the digital twin models. In the case of this method, it was decided to handle
the MATLAB/Simulink model of the digital twins as a complex system of graphs, where
every level of the model is represented as a directed graph. To visualize this approach,
Figure 4 was created, which represents the series RLC circuit of Figure 3 in the form of a
directed graph. The green circle represents the input of this system, and the blue circle
represents the output of the system. The yellow circles indicate all the other blocks within
the system. Following this methodology, even the digital twins of the most complex systems
can be handled as a complex system of directed graphs, and so they can be analyzed as well.

N

Figure 4. The series RLC circuit made in MATLAB/Simulink is represented as a directed graph.

Handling the given system as a directed graph brings multiple key advantages. First,
it is helpful to understand the interaction between the different parts of the system, which
in turn facilitates a better understanding of the part of the model being analyzed. Moreover,
this method can be used to gain a better understanding of a given digital twin, particularly
one with which the error analyzer is less familiar. This can be highly beneficial, because
in the case of a complex system, the plant of the system is designed by multiple teams, so
the analyzer of the problem might have only basic knowledge about the given part of the
system, but he has no knowledge about how the given part of the digital twin was designed
and structured. Last but not least, an automated solution was created based on this
methodology, which enables the faster analysis of the digital twin and, consequently, the
more time-effective correction of errors. It should be noted that the method being developed
requires the active involvement of an operator, but it can expedite the analysis process.

Using this error analysis tool, five tests were performed. In each case, a hidden logical
error within the MATLAB/Simulink model of the digital twin led to unexpected behavior.
One test was performed entirely manually, while the other used the error analysis tool in its
current state. The results indicate that the current tool can reduce the time spent on model
analysis by approximately 25%, as illustrated in Figure 5.



Eng. Proc. 2025, 113, 49

6 0f 8

Comparisionof the two analyzed methods
3:24
3:09 3:17
2:55 2:53
2:40 ¢ 2:40 o 2:41
2:26
2:12
1:57 1:52

B < J SO SO ORI USROS PO SRRt @ rreerrrrrrrrrraaaeees 1:43
1:28 1 1:44

Time [h:mm]

1:14 : 07
1:00 :

Testcases
® Manual analysis e Analysis with tool

Figure 5. Comparison of the two analyzed methods, manual (blue) and tool (green). The average
analysis time of the two different approaches is shown with dotted lines.

However, it is believed that the time spent on model analysis will decrease further
in the long run due to multiple reasons. Firstly, users of the tool must become familiar
with the capabilities it offers. Furthermore, it is planned to optimize the tool further and
enhance its capabilities. Last but not least, it is challenging to measure the time saved by
using this tool because the efficiency and speed of the analysis depend strongly on factors
such as the complexity of the problem, the complexity of the digital twin, and the analyst’s
experience. This is the reason why the design of experiments (DOE) will be used in future
tests to make the results of different tests more precise and comparable with each other.

4. Conclusions

Based on the results, it can be stated that a new method for analyzing errors in
MATLAB/Simulink-based digital twins has been created. This method not only provides
an accurate, fast, and flexible way to analyze and identify errors within the digital twin
model, but it can also be applied universally to any MATLAB/Simulink-based model
without the need for retraining or accuracy checks. It is worth reiterating that this new
method requires the active involvement of an operator with basic knowledge of the digital
twin being analyzed.

In conclusion, it can be stated that the method being developed can significantly
reduce error analysis time in the case of MATLAB/Simulink-based digital twins. Our plan
for the future is to create a connection between the offline and online models of digital
twins, which can lead to a further reduction in analysis time. Furthermore, it is planned to
investigate the combination of this new methodology with Al in some of the use cases. By
recognizing this, it will be possible to further enhance the effectiveness and suitability of
this method for other use cases.
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Abbreviations

VR Voltage drop across resistor [V]
\%3 Voltage drop across inductor [V]
Ve  Voltage drop across capacitor [V]
Vac  Voltage drop across the circuit [V]

I Current [A]

L Inductance [H]
R Resistance [()]
C Capacitance [F]
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