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Abstract: This paper explores the evolving complexity of multidisciplinary development processes in battery systems.
Designing battery systems with format-flexible cells challenges traditional approaches by emphasizing iterative
optimization and data exchange between design aspects. To cope with this challenge, we integrate Model-Based Systems
Engineering to develop a descriptive model outlining the overall system development process, including its sub-steps
and iterations. Additionally, we provide an illustrative application of the methodology on one design step as part of the
overall design tool.
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1 Introduction

1.1 Development of Battery Systems with Format-Flexible Pouch-Cells

Today's development processes are becoming increasingly complex due to the multidisciplinary nature of products. One
example is the development of battery systems. This includes aspects of mechanics, thermics, electrics and chemistry
(Bouvy et al., 2012) (Albers et al., 2014). There are also various approaches to the design, optimization and validation of
battery systems. In a common battery system development process, suitable battery cells are first selected for the
requirements of the application based on their geometry as well as electrical and thermal properties (Lensch-Franzen et
al., 2020) (Rajasekhar and Gorre, 2015). The number of battery cells required can then be determined. The number of cells
connected in series determines the system voltage achieved and the number of cells connected in parallel determines the
system capacity achieved. At the same time, the packaging must also be considered. Often there is only a certain
installation space that limits the arrangement of the cells and modules. Finally, the design of the cooling system and safety
aspects can be considered. (Schmalz et al., 2020)

Format flexible cells could overrule these former boundaries and introduces a novel approach in the development of battery
systems. This provides for a flexible design of the cell shape and production. This means that, in contrast to standard
formats, individual cells can be designed variably in terms of length, width and thickness, for example. This approach
offers new possibilities in the design of the entire battery system, such as improved utilization of the available installation
space, which can mean an increase in the capacity achieved. However, it also presents new challenges in the design of the
battery system. On the one hand, the packaging becomes more complex due to the significantly increased solution space
as well as the multiple interdependencies between the different domains. At the same time, it must be possible to ensure a
uniform electrical and thermal load on the individual cells to be able to utilize the full performance or capacity of the
battery system on the other hand and to avoid differential ageing of the cells.

The approach described is being pursued by the authors as part of the project “AgiloBat — Entwicklung eines agilen
Produktionssystems fur die format-, material- und stiickzahlflexible Pouch-Zellen Produktion” (“Development of an agile
production system for format-, material- and quantity-flexible pouch cell production”), funded by the Baden-W(irttemberg
Ministry of Science, Research and the Arts, in which both new approaches to the development of such battery systems
and a production system to enable flexibility are being developed in the sense of Product-Production-CoDesign (PPCD)
(Albers et al., 2022), (Ruhland et al., 2022). The overall optimization of such a system requires various iteration loops and
case distinctions as well as the transfer of data between individual design aspects. The methodology pursued for this is
described in more detail in (Gandert et al. 2024). This methodology involves some challenges during the development
process. Support in the development process of such a complex system can be provided, for example, through the use of
model-based systems engineering (MBSE).
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1.2 Model-Based-Systems-Engineering

According to (Stachowiak, 1973), a model is a representation of natural or artificial originals. Among several common
objectives, models serve as representations to facilitate understanding or analysis, to define or specify, to communicate or
visualize, and to verify or validate systems (Walden et al., 2015). Different model types are involved in the development
process, such as descriptive or predictive models, which are selected based on the specific purpose they are intended to
fulfill.

Model-Based-Systems-Engineering is an approach to system design and development in which the creation and use of
interconnected system model, a descriptive model captured in SysML, is an integral part of the development process
(Walden et al., 2015). In MBSE, a system is represented by graphical and textual models that capture various aspects such
as requirements, function, structure, behavior and interactions. The basic idea of MBSE is to use models to understand,
analyze and document complex systems in a systematic and structured way. These models can be used to simulate and
validate system behavior, analyze system architecture and ensure that requirements are properly captured and tracked
throughout the development process (Weilkiens, 2006). It helps to manage complexity, improve communication between
stakeholders and facilitate collaboration throughout the lifecycle of a system.

MBSE also offers the option of specifying system behavior, for instance mapping processes and depicting sequences of
events over time. For this purpose, common MBSE tools offer the option of creating activity diagrams, which excel in
expressing the flow of objects (matter, energy, or data) through a behavior and focus on representing how these objects
are accessed and modified during system operation (Delligatti, 2014). This makes it possible, for example, to map an entire
design process with its sub-steps and iterations. It is also possible to define interfaces between individual design aspects
through which data or parameters can be exchanged. This can ultimately support development processes that require
collaborative cooperation between different domains. This is ensured by a holistic insight into the interactions and
interrelationships of the individual design aspects.

To cope with the complexity of developing and optimizing a battery system with format-flexible cells, we incorporate
aspects of MBSE in our approach to develop a model that describes the design and optimization process. For this purpose,
the software Cameo Systems Modeler by Dassault Systems is used to create a design supporting model implementing the
methodology. The design supporting model represents the different steps and functions executed by the actual design tool,
which is implemented in MATLAB. Based on (Friedenthal et al., 2012), the design supporting model to be developed
serves as a descriptive model, providing a common and discipline-independent understanding, whereas the MATLAB tool
functions as a predictive model, used to explain and simulate the behavior of the battery system. The followed methodology
and derived requirements for the design supporting model are described in the following chapter. Afterwards an illustrative
application of the methodology on the design step Installation Space Optimization as part of the overall design tool is
shown.

2 Methodology for Supporting the Application of Design Tool

The overall design and optimization process of battery systems with format-flexible pouch cells is illustrated in Figure 1
(a) and described in more detail in (Gandert et al. 2024). To support the development and application of this design process,
the methodology of creating the design supporting model is elaborated and is depicted schematically in Figure 1 (b).
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Figure 1: (a) The design process of battery systems with format-flexible pouch cells as presented in (Gandert et al. 2024) and (b) the
elaboration process of the design supporting model; Context of step II (blue) and step III (orange) corresponding to the design process
are marked accordingly.
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The elaboration process of the methodology can be divided into the following steps with the enumeration corresponding
to Figure 1 (b):

. Analysis of Requirements: This stage involves identifying the needs and expectations of the stakeholders, who
are expected to work with the design supporting model. This provides the basis for determining what the system
should accomplish and what features it should possess.

1. Modelling of Activities in Each Design Steps: Corresponding to the derived requirements, the activities
involved in each design step, i.e. step 2 — 6 marked accordingly in Figure 1 (a), are modeled, which includes the
essential sub-activities and iterations.

11. Definition of Interfaces and Data Flows: In this step, interfaces between different system elements or activities
are defined, along with the format and content of data flows between them. This involves identifying the inputs
and outputs, demonstrating how data is exchanged and processed within the system.

v. Specification of System Model Dynamic Behavior: This stage focuses on specifying how the system model
behaves dynamically, based on the dependencies between different design steps, in response to various inputs
and events initiated by the user. It includes defining sequential and concurrent behavior over time as well as state
transitions.

2.1 Analysis of Requirements (Step I)

Following the approach presented in Section 1.1 and Figure 1 (a), we conducted the development of battery systems with
format-flexible pouch cells ourselves, during which we observed and consolidated the encountered difficulties. Moreover,
we have identified challenges associated with collaborating with engineers from diverse domains during this process.
Given these challenges, it is necessary to distinguish between different roles undertaken by people involved in the
development process. There are engineering teams that are developing the battery system using the design tool and method
described in Figure 1 (a). Also, there are engineering teams that have developed or are improving the described tool and
method. The developed and described system model in this article is aiming to consider both views and address the
regarding challenges.

Due to the complexity of the design tools involved in the development of battery systems and the close interaction of the
various domains, it is difficult for the engineering teams, which are respectively responsible for one of the design steps, to
keep track of the preceding and subsequent steps as well as the interaction between them. The lack of the overview and
information makes it challenging to proceed with the design process smoothly or make decisions effectively. Engineering
teams may either initiate the design process and later discover the need for input from previous steps, or they may modify
the design within their own domain without realizing the potential impact on subsequent steps. Furthermore, the absence
of data traceability poses a challenge in understanding where data is utilized or modified throughout the process. It
becomes uncertain whether the data structure at the end, altered through numerous manual changes, contains the latest
design information. Considering the reusability of this approach, each step should be clearly documented and
understandable as well.

The challenges described lead to several requirements:

e Overview and Sequence: The overall process flow, sequence of design steps and the iteration loops should be
presented.

e  Guidelines for User: This involves establishing guidelines to aid users in quickly assessing the current stage of
development, providing input, understanding subsequent steps, and identifying where input may be lacking
throughout the design process.

e Traceability of Data: To ensure clear traceability of data within the resulting dataset, it is essential to capture
where data is utilized or modified within each design step and ascertain whether the data is adequate for initiating
the next step.

e Comprehensive Documentation: There is a need for providing a description of individual sub-activities and sub-
functions in the design steps to ensure clarity and understanding for each discipline involved.

2.2 Modelling of Activities in each Design Steps (Step 1)

Among the options of MBSE to specify system behavior (activity diagram, sequence diagram and state machine diagram),
we chose to implement the methodology using activity diagram, as it provides the best readability and is particularly good
at expressing the flow of objects and complex control logic. The design steps 2 — 6 according to Figure 1 (a) are in the
focus of our consideration and are represented as a distinct box within the diagram. Apart from the design steps, data
preprocessing and data storage in form of MATLAB Struct are included as essential activities. An annotation panel is
added, where description or information of individual sub-activities and sub-functions is provided. Within each design
step, various activities shall be performed to accomplish specific objectives. These activities are represented as sub-nodes
or components within the corresponding step box. The sequence in which activities are performed within each design step
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as well as between them are then defined indicated using dash arrows. The activity diagram of the design supporting model
is shown in Figure 2, illustrating the overview of modeled design steps and essential relating activities.

2.3 Definition of Interfaces and Data Flows (Step I11)

Activities within the design steps that requires inputs and/or produces outputs are identified in the first place. The interfaces
are represented using input/output pins attached to the activity box and the arrows between the pins indicate the flow
direction. Some design steps involve decision points where alternative paths or branches can be taken based on certain
criteria or user behavior. Figure 2 shows some examples of the defined interfaces as well as the flow of data between
activities.
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Figure 2: Overview of the modeled design steps and key activities using MBSE.

2.4 Specification of System Model Dynamic Behavior (Step 1V)

To model asynchronous behavior of the system model, for instance when certain activity must wait for another event
occurrence before it can continue its execution, signal event is used. The signal is set after the prerequisite activity, whose
notation is a convex pentagon (shaped like a signpost). Once the prerequisite activity is carried out, this signal is triggered
and will be accepted by the activity on the receiving end. The reception of a signal is indicated by a concave chevron
arrow.

Within each activity box, it is possible to extend functionality by integrating scripts or functions from supported software.
For example, the workflow can be enhanced by integrating certain MATLAB functions to execute specific tasks. We
integrated MATLAB functions for comparing and verifying data, i.e. ensuring that the input data conforms to the required
format and completeness before proceeding with subsequent steps as well as assessing that all relevant information of
output generated by the design process is captured and stored appropriately.

To enhance usability, users are provided with relevant information through pop-up windows whenever input or decision-
making is required.

The design supporting model is elaborated in an iterative approach, once new activities, functions or interfaces are added
into the existing workflow, the overall process is executed to verifying the compatibility with existing functionalities and
assessing whether the overall process achieves the desired outcomes.

3 Hlustrative Application

The chosen application case of a battery system optimization using format-flexible pouch cells is a highly iterative process
with multiple domains and interactions. It requires different individual optimization tools. These subtools are often
developed separately with multiple inputs and outputs which have to be matched to other subtools. They are also partly
automated with iterations of several parameters or need user inputs at some point. Therefore, this example offers
challenges both for the developer of the optimization tools as well as the developer of the battery system who is using
these tools. The developed methodology of this paper applied to one part for support.
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3.1 Modelling of Installation Space Optimization (Step II)

An essential step in the design and optimization of a battery system with format-flexible cells is the filling of the installation
space available for the battery system. This step is discussed in more detail in the following example. This consists of the
essential steps of defining the installation space itself. The module configuration with its components consisting of cells,
cooling and safety components. The installation space is then scanned to determine the possible module and cell sizes. In
addition, different definitions of the module configuration or arrangement orientation can be evaluated by iterating the
procedure in order to find an ideal arrangement of the cells in the installation space. The exact procedure is described in
(Muller-Welt et al., 2022). The individual functions are modelled as actions within the main activity of installation space
optimization. An overview of this can be seen in Figure 3.
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Figure 3: Main activities within the installation space optimization activity

The individual actions shown represent functions within the design supporting model and in turn consist of sub-functions
which, for example, realize the geometric determination of the maximum dimensions of the cells that can be integrated
into the installation space or the determination of the layer structure required for the respective cells. In addition, iterations
were implemented using the varied parameters such as cell thickness, cell type, arrangement direction and module
configuration by means of feedback from the control flow in the activity diagram. These are also required as input for the
execution of the design step. Some of these can either be defined directly by the user or are transferred from other design
steps.

This type of mapping of the individual functions provides the user of the design supporting model with graphical support
for understanding the overall process that is used to optimize the cell configuration within the installation space as well as
the nested program sequence. The implementation as an activity diagram also provides a simple way of examining the
program flow when integrating new functions or further iteration loops or case distinctions.

3.2 Definition of Interfaces and Data Flows (Step I11)

A very important factor in ensuring the functionality of the entire design supporting model is the definition of interfaces
for data transfer between the individual subsections. In the case of installation space optimization, interfaces to the
preceding modular toolkit, the user and the shared data structure are provided for this purpose. These are shown as
examples in Figure 4 (a).
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Figure 4: (a) Definition of interfaces or step of installation space optimization, (b) additional information for user input, (c)
implementation of data check for completeness

To carry out the installation space optimization, the concept selected in the modular system is first required, which largely
defines the module design and the installation space required for additional components for the cooling system and safety
aspects. A fixed data format was defined for these, which was modelled as the required input "input_ModularToolkit" for
the installation space optimization. The required parameters were also defined by boundary conditions from production,
such as maximum and minimum cell dimensions or available cell types, consisting of a specific material and properties of
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the cell layers, and an "input_Struct"” data structure was defined for the transfer. This is read from a higher-level data struct,
which is used for the entire design process. Similarly, the "output_Struct™ interface was modelled to transfer the results of
the installation space optimization. Finally, there is also an interface for input variables that must be defined by the user
for the specific application "input_User".

To support the user, pop-up windows have also been modeled with detailed explanations of required inputs and case
distinctions that appear during the execution of the activity diagram. An example of this can be seen in Figure 4 (b). For
example, there are two options for defining the available installation space. This is represented in the design supporting
model by coordinates of the vertices. These can either be entered directly by the user in the form of X, y, z pairings or
defined by importing a stl-file containing this data.

Another functionality for ensuring consistent data transfer in the modeled interfaces is the verification of data structures.
This is particularly important for data transfer between design steps that are not developed or executed by the same person.
In the case of installation space optimization, this primarily involves reading in data from the MATLAB struct on the part
of the production-related boundary conditions and existing cell types, as well as transferring the data to the subsequent
electrical and thermal design steps. For this purpose, actions were also modeled in the control flow before and after the
respective interfaces, which enable a comparison of data structures. These are shown as examples in Figure 4 (c). For the
comparison, a required struct can always be compared with a received struct in order to quickly identify missing
parameters.

3.3 Execution of Model for Support of Design Tool Application (Step 1V)

The execution of the activity diagram in the MBSE model is partially illustrated using the example of the main activities
of the installation space optimization in Figure 5. This shows a visualization of the program flow. This can be used in the
application for various aspects. On the one hand, it can be used to test the integration of new functions or design sequences
in the overall process. On the other hand, this supports users of the design supporting model who were not directly involved
in the development. This can be particularly helpful in the many interactions between the definition of a cooling concept,
the subsequent filling of the installation space, the thermal and electrical evaluation and the potential redefinition of the
cooling concept.
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Figure 5: lllustrative execution of activity for installation space optimization

The process is run through step by step and highlighted in color as shown in Figure 5 (a). Green parts represent steps that
have already been run through, yellow parts represent steps that have already been run through and red parts represent the
current step. This visual support is particularly helpful in the context of the overall process, as it makes it possible to
quickly identify program sections that have not been run through in the event of case distinctions or causes for aborts in
the event of missing inputs. Further assistance could be provided in the form of queries to the user during iterations or
case distinctions as well as direct integration of partial results from MATLAB functions into the workflow. As an example,
Figure 5 (c) shows a plot of the defined installation space, which is generated by calling the MATLAB function.
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Figure 6: lllustrative data check for the resulting structure generated by filling the installation space
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The resulting structure generated by filling the installation space can finally be compared with the structure required for
the next design step. An example of how the function shown in Figure 4 (c) is used is shown in Figure 6. A key component
is the identification of differences between the required and defined struct. After executing the function to compare these
two data structures, the user receives information in the form of a pop-up window about where an entry is still missing,
and which fields are updated with the result of the executed design step. The user can then specifically check the fields
detected, modify them and run the function of data check again.

4 Discussion and Outlook

In this paper, a design supporting model is elaborated and demonstrated by applying MBSE to support the process of
optimization of battery systems with format-flexible cells. An overview of the entire design process and associated
functions is achieved, which provides users with a comprehensive understanding of the workflow, highlighting key
activities and decision points. Annotations are included to provide explanations for understanding the design process.
Some activities are extended to incorporate MATLAB functions within the design supporting model, in particular enable
comparing and verifying the input data for each design step and output data produced afterwards. Upon completion of the
design process, the final MATLAB struct containing relevant design properties is saved. By integrating MATLAB
structures directly into the design supporting model, traceability and consistency of design information are maintained,
facilitating collaboration and decision-making across the development cycle.

In an illustrative application, the successive activities during the design process were successfully mapped. In some cases,
functionalities were implemented that provide support both during the development of the design supporting model and
during its actual use. These include graphical representations of overall processes and notes on individual components, as
well as functions to ensure the consistency of data sets that are exchanged between individual design aspects. These
supports were developed based on requirements derived from a battery optimization example, which is a highly complex
optimization process. The implemented design steps as well as interfaces are specific to this process. Nevertheless, the
developed method can be applied to other development processes. It is especially offering benefits for iterative and multi-
domain development processes.

The design supporting model is capable of fulfilling the initial requirements defined in Chapter 2.1. It provides an
overview of the design process flow, as well as the involved design steps and design tools. Moreover, users of the design
supporting model receive guidance through prompts that assist them in inputting relevant data and making design
decisions. For the users of the design tools, i.e. a battery system developer, the benefits of our approach lie in streamlining
the design process and facilitating decision-making. The design supporting model guides users through a structured
workflow, prompts them to input relevant data at each step, which ensures that the user provides necessary inputs to better
assess the current stage of development, identify areas for improvement, and understand the implications of design choices.
As for engineering teams who work on developing specific design tools, i.e. the tool developers, the design supporting
model facilitates comprehension of the interactions among the involved design tools, i.e. the required data from preceding
steps and impact of output on subsequent ones, thus enabling them to design interface between design tools better and
refine format of data exchange. In terms of traceability of data, the design supporting model captures where data is utilized
or modified in each design tool and verifying its adequacy for subsequent steps. Lastly, annotations are provided, offering
detailed descriptions of sub-tools and sub-functions.

In future work, the use of the activity diagram can be extended by feeding the results from the design tools back into the
design supporting model and saving them. This can then be done in the form of block definition diagrams and instances
for the entire system and thus be used for the further development process, e.g. for validation activities.
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