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Abstract: Battery cells experience volume changes due to intercalation and ageing processes, which
may pose a challenge when integrating cells into a battery module. This study presents an innovative,
numerical model, which spatially resolved predicts the time-dependent, overall mechanical behaviour
of battery modules caused by volume changes in built-in cells. An already self-developed battery
module model, which statically describes the three-dimensional (3D), mechanical behaviour in a 0D
simulation environment, is extended by the time dimension for dynamic modelling. The existing
model abilities and features are maintained, such as the inclusion of multiple size scales from the
cell to module level as well as the automatized model building process for the investigation of
different module designs in regard to the number and arrangement of foam pads and multiple other
design parameters. The validation of the predication abilities against those of complex, commercial
software solutions, which use Finite Element Analysis (FEA) in a 3D model environment, have shown
good agreement regarding sensitivity, robustness and numerical stability, revealing the impact and
interdependencies of model parameters as well as the numerical limits of the model. In this study,
the potential of the novel model regarding computational time and resources is underlined, making
it a useful and effective tool for fast optimization studies.

Keywords: battery module; pouch cell; lithium ion; simulation; dynamic; time-dependent; swelling;
breathing; multi-scale; ageing; mechanical

1. Introduction

It has become generally known that lithium-ion battery cells show electrothermal
in addition to mechanical behaviour. Here, reversible and irreversible volume change
in cells can be distinguished between each other. On the one hand, intercalation and
extraction processes while charging and discharging are expressed through a reversible
increasing and decreasing of the cell thickness [1-5]. Even small lithium-ion cells show
that the volume expansion of their electrode sandwich can be as much as 1.5%, when
charging with low current rates from 0% to 100% SOC (state of charge) [4]. On the other
hand, lithium-ion cells experience an irreversible volume expansion over their cycle and
calendar life due to internal degradation processes [5-9]. Post-mortem analyses show
that they include processes such as lithium plating or the growth of the solid electrolyte
interphase (SEI) [6,7]. For example, in automotive applications like battery-driven electric
vehicles, an increased number of large-size, high-energy lithium-ion cells are electrically
connected and integrated into a mechanical housing structure [10]. This time-dependent,
geometrical behaviour of the cells must be considered in the early development phase of
the constructive design of a battery module. The most common measurement to consider
this challenge is the application of foam pads between the cells of the module. The
assessment of the mechanical design of a battery module by experimental testing is a
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long-lasting process, which consumes a lot of financial resources. A design development
without any analytical simulation tool, which maps the spatially resolved, time-dependent
force displacement of a battery module according to physical laws, is inefficient and
demands multiple optimization loops, which multiplies the time and cost of the product
development phase.

There have been publications in recent years which have investigated the topic of
swelling modelling with different approaches on the cell as well as module level. Generally,
the previously proposed models can be categorized on the basis of the included number
of dimensions in 1D, 2D and 3D simulation models. On the cell level, the mechanical
swelling model is either single-domain and standalone or part of a coupled, multiphysical
model. As a standalone model, it has been shown that a simple phenomenological model
can effectively predict global swelling forces over cycles for prismatic cells, using an
experimentally calibrated, stress—strain-based constitutive model [11]. Modelling a cell
two-dimensionally also enables the prediction of cell swelling and stress, spatially solved
as a position within electrode layers. Therefore, a 2D mechanical model as part of a
multiphysical cell model to predict the electrochemical-mechanical coupled behaviour for
prismatic cells has also been developed [12]. The calculation of swelling is conducted as a
function of position within the electrode layer and time [12]. For swelling prediction on
the cell level, a homogenization scheme is applied and solved by finite element software
and then validated against a detailed cell model also using the same software [12]. A
similar modelling approach was used in a publication which investigated the ageing and
swelling behaviour of cylindrical cells [13]. Using simplified 2D geometries in finite element
software, a swelling simulation study was conducted to support the experimental ageing
results [13]. In a different publication, it was also shown by a similar modelling technique,
which couples the electrochemical and mechanical behaviour, that it is possible to model
the influence of the cell casing on the swelling behaviour [14]. When modelling the cell
swelling three-dimensionally, there are also two different approaches, standalone and
coupled. Similar to the previously described 1D approach [11], there is also a publication
where the global swelling force of a prismatic cell due to internal degradation processes
is measured in cycle life tests, and a model is derived by fitting a 3d model in finite
element software to the measurement data, which describe the desired free swelling of the
cell [15]. On the other side, there have been numerous publications which have focused
on the 3D simulation of battery cell swelling as part of a multiphysical cell model, where
different physical processes are coupled with their mechanical behaviour. A 3D mechanical
model as part of a multiphysical cell model to predict the mechanical pouch cell behaviour
of two interacting cells under overcharge conditions was developed by fluid-structure
coupling simulation using finite element software [16]. Another model which couples the
electrothermal and mechanical cell behaviour during cycling was also presented previously.
The model fully couples the three physical domains in finite element software and three-
dimensionally spatially resolves it in dependence of time [17]. In a different previously
published paper, the methodology and results of a battery cell model were presented, which
is not only multiphysical, coupling electrothermal-chemical-mechanical behaviour, but
also multi-scale [18]. In this time-dependent model, even the porous microstructures based
on the images of the surface morphologies of anode and cathode surfaces are included
in finite element software [18]. Therefore, mechanical stress in particles is also simulated
during cycling [18].

On the battery module level, there have also been some publications examining
the effects of cell breathing or swelling. These simulation models can also be divided
according to the number of spatial dimensions included in 1D as well as 3D. Numerous
studies have mainly focused on the 3D simulation of the swelling of battery modules. In
the course of the experimental characterization of possible mechanical inhomogeneities
within prismatic modules due to breathing and swelling, appropriate 3D simulations,
considering cells and other built-in components, were conducted, using finite element
software in order to study the effects on stress distribution and end plate deformation on
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the module level [19]. Similar approaches were also used in further simulation studies
of battery module swelling [15,20], while in all 3D studies, the degree of details differs.
On the one hand, simplified 3D geometries for module components are examined for
rough estimations of module elongations [15]. On the other hand, a different model
includes geometries closer to reality, in order to calculate exact mechanical stresses and
their distributions on module housing components [20]. Studies presenting 1D model
approaches for the swelling behaviour of battery modules show that their results can also
agree well with more complex and time-consuming 3D simulations. These models resemble
each other in the regard that they simplify the geometry of module components drastically
to an equivalent spring stiffness one at a time [11,21,22]. In the next step, the stiffnesses of
all cells in the module are summed up to one cumulative, equivalent stiffness [11,21,22]. If
other components are considered, such as foam pads, the same procedure is conducted for
them as well [11,21]. All equivalent component springs are connected in series afterwards.
Applying a force equilibrium equation then allows for the calculation of the global resulting
displacements and forces at the border region of the considered components, when a load
is applied. In a previous publication, the global swelling force on the module end plate
was calculated by applying a free swelling force on the equivalent spring for the cells at
first, which acted on the equivalent spring for the pads, behind which an ideal stiff end
plate was located [11]. In the next step, the force equilibrium was applied. A different
publication introduced a model in dependence of state of charge and state of health (SOH)
by applying the force equilibrium between the module frame and cell stack stiffness, in
order to predict module deformation and average pressure for the cells inside [21]. Even
though no publication gives specific details about calculation power and time, it can be
assumed that 1D simulation models offer a potential advantage in regard to calculation
time and resources, while on the other hand, they lack spatial and temporal resolution.

A substantial development in that regard was made in a previously published pa-
per which introduced a novel method for the three-dimensional simulation of battery
module swelling [23]. Within the framework of the study, a newly developed simplified
0D mathematical model was presented, which is able to predict the three-dimensional,
mechanical battery module behaviour. In comparison to previous publications in the field
of the simplified mathematical modelling of battery modules based on mass—spring sys-
tems [11,21,22], the new model is able to predict global module deformations not one- but
three-dimensionally. The biggest achievement of the model is the tremendous calculation
time advantage in comparison to complex 3D simulations, which use commercial finite
element software, without sacrificing much degree of detail by still modelling the module
three-dimensionally. The main input for the model is a cell swelling model, which is
implemented in the module model [23]. The module model then calculates the module
force—displacement behaviour over its lifetime statically. A successful validation against
experimental test data was also conducted.

In this study, the previously published static, mathematical model for the three-
dimensional simulation of the force—displacement behaviour of battery modules is extended
by the time dimension for application in dynamic modelling. Consequently, the newly
developed model distinguishes itself from previous publications in the field of the simpli-
fied mathematical modelling of battery modules based on mass—spring systems [11,21,22]
not only by modelling the force-displacement behaviour three-dimensionally but also
now is capable of dynamic modelling for time-dependent behaviour, which is a clear
distinguishing factor in comparison to the previous publication, which only applied static
modelling [23]. The key model features as well as the automatic model building process,
which comfortably and quickly allows us to investigate different module designs, are
kept for the novel model as well. The mathematical model as well as the fundamental
technical mode of operation are described, at first; in the next step, its prediction abilities
are validated against those of complex software solutions using Finite Element Analysis
(FEA) by means of a systematic sensitivity and robustness study. In addition, the ability
to predict the effects of design variations as well as the robustness and numerical stability
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of the model are investigated. After a presentation and discussion of the simulation and
validation results, at the end, a conclusion is drawn, and an outlook is given.

2. Simulation Model

The newly developed dynamic model for the three-dimensional simulation of the
mechanical battery module behaviour due to cell volume change is described in the first
part of this chapter. Consequently, an overview of the complex battery module model
is given, which is used for the validation of the simplified model. Since in this study
the focus is placed on dynamic modelling, in addition to the applied geometrical and
material parameters, the temporal and numerical parameters of the simulation need to be
investigated and are therefore described as well.

2.1. Simplified Dynamic Modelling by Novel Mathematical Approach

As an alternative to an FEA model, another 3D mathematical model for the mechanical
behaviour of battery modules is developed in the commercial software MATLAB/Simulink
R2022b. This model is a further development of an existing static, mathematical model [23].
It is intended to map the overall mechanical force-displacement behaviour of battery
modules due to cell volume change in a spatially and also time-resolved manner over their
cycle and service life, considering their individual components, such as cells, foam pads
and housing parts. By the inclusion of time, dynamic loads can be applied. The density
and mass of components are also considered, so that dynamic effects, such as impact loads,
can be mapped. On the other hand, damping effects are neglected in the novel model.

The automatized model building process by intelligent algorithms is maintained by
adopting it into the Simulink simulation environment. By simply providing the algorithm
with the data it needs via predefined constant blocks, such as geometrical and design
information about the module as well as its components and their mechanical material
behaviour, the algorithm processes the information to build up a mathematical equations
system, which represents the time-dependent force—displacements of the defined module.
In the same step, a geometrical discretization of the module and its components is con-
ducted, similar to complex finite element software. In comparison, though, the number
of elements, in which the module is geometrically discretized, is higher by several orders
of magnitude in commercial software. The model and consequently the fundamental
mathematical equations are based on physical laws and realized as a mass—spring system
with time-dependent behaviour, which can be described in matrix notations as follows in
Equation (1):

{F}= M}-{U} + [K]-{U} M
The global mass and stiffness matrices are represented by [M] and [K], while {U} and

{U} stand for the global displacement and acceleration vectors. The global force vector

{F} is equated to the sum of the products, as described in Equation (2). In explicit notation,
considering each vector and matrix entry, the equation can be described as follows:

Fq Mg -+ Mg g Kit -+ Ky uy
= N O S A S R ()
Fn Mp1 -+ Mp 1tln Kot ¢ Kmn Un

The battery module is geometrically discretized by mass nodes and interconnecting
springs with stiffnesses according to this modelling approach. All masses and spring stiff-
nesses can be written into a mass and stiffness matrix. The displacement and acceleration of
each mass node as well the forces which act on them are accordingly represented by vectors.
By setting up Equation (2), a mathematical equation system is formed for describing the
mechanical behaviour of each node as a result of the acting forces. By determining the
movement of each mass node, it is possible to describe the mechanical behaviour of the
entire module. The equations generated by the algorithm are subsequently solved with
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the Newmark-beta method [24]. The numerical integration method is paramount for the
model and follows a general procedure, consisting of a series of iteration steps to solve the
following by Newman-defined relations [24]:

Upt1 = Un + (1—y)-Un-h+y-Uny1-h 3)

. 1 . .
Un+1 = Un +un'h+(2_ B) 'un'h2 + B'un+1'h2 4)

While h stands for the time interval and u for the displacements, the two parameters
v and (3 were introduced as part of the method. Basically, they allow the user to have
influence on the numerical integration process by adjusting them. While the parameter
v affects the accuracy of the results, the parameter 3 has influence on the stability of
the numerical integration procedure [24]. The parameter vy is fixed, since an artificial
damping is introduced into the investigated system, if it differs from the value of 0.5 [24].
In contrast, the parameter 3 may vary and should lie between 0 and 0.25 [24]. The selection
of the parameter (3 not only influences the acceleration during a time interval but also
shows a general correspondence for some values [24]. Specifically, consistent variation in
acceleration during a time interval can be determined for at least four (3-values [24], which
are shown in Table 1.

Table 1. Influence of numerical stability parameter 3 on acceleration during time interval [24].

Numerical Stability Factor 3 Value Acceleration During Time Interval
B 1/4=0.250 Uniform
Bo 1/6 =0.167 Linear variation
B3 1/8=0.125 Step function
Bs 0 Double pulses

Analogous to complex FEA software Abaqus 2023 Hotfix 1, the nodes of the elements
are shared by adjusting elements. To simulate multiple components of the battery module,
such as cells, compression pads and housing and their interaction, additional air layers
with very low stiffness and negligible thickness are modelled around each component.
This helps to capture the individual deformations of the components similar to multi-
body simulations.

The jelly stack inside the cell is modelled as a homogeneous body, on which the
swelling forces are applied, leading to the deformation of the cell casing and subsequently
other components, causing neighbouring elements to collide with each other. This is mainly
due to the very low stiffness and thickness of air layers. For the calculation of the force,
when two components come in contact, the following Equation (5) is used [25]:

Fo = —wn-g,€e, ()

Here, F stands for the contact force, wy, for the penalty factor, g for the gap function
and e, for normal direction vectors.

Furthermore, the model offers the possibility to restrict the displacement and rotation
of user-defined nodes. Therefore, the fixation of the module at its corners by screws
according to a specific mounting position inside a battery system or test jig is applicable.
Also, the fixation of components by adhesive joints, such as between cell cans and the
adjacent module frame, can be implemented and investigated.

Besides the previously mentioned input data, the algorithm needs information about
the type of investigated battery module, since the simulation model is suitable for modules,
which consists of pouch or prismatic cells, also considering a parameterizable metal case of
the cells. When it comes to parametrizing the mechanical material behaviour of the other
module components, there are different options. Simplified material behaviour can be
entered, such as the Young’s Modulus (YM) for cell and its jelly stack and module housing
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components, as well as more complex force—deflection curves (FDCs) for foam pads. Due to
the wide range of selection options in pre-processing, the developed model offers maximum
flexibility for modelling battery modules of different geometries, arrangements, materials,
cells and other properties. A geometric visualization of the configured battery module is
also available for checking the input data. Due to the model’s dynamic nature and in order
to calculate the time-dependent displacements and velocities, it is required to specify a
time step size and a total simulation time. Figure 1 gives an overview of the relations of
the processes of the newly developed dynamic simulation model. As already mentioned, a
necessary data and information set about the module and its components is needed as an
input for the algorithm to build up the model. This information is only needed once at the
beginning of the simulation. On the other hand, since the simulation is time-dependent, for
the mechanical state of each cell, information about its respective jelly stack needs to be
provided for each time step, because after model build-up, the simulation starts running
and processing the information. The momentary, spatially resolved Young’s Modulus and
dimensions of each cell jelly stack can be provided by submodels, which are connected to
the module simulation model.

Input
Initial Parametrization
Battery Module Design
* Design Parameters

= Total dimensions
= Number of cells and pads
= Assembly of pads
* Geometrical dimensions and
mechanical material properties
= Cell, housing, pads,..
= Adhesive Joints
Boundary Conditions
= Fixation of endplates and

module housing
Cell Behavior 1. Model Development Module Behavior
For Each Cell Mathematical Equation System Battery Module
* Spatially resolved | ¢ Creation of 3D component geometries and
snEdremiesll assembly to module (incl. boundary conditions) « Overall mechanical
behaviour of cells § . get up of equivalent mathematical equation E:?tz\rl}l,o;roaflﬂe
@1 @y oo Gp system ..
{F} = [M]'{U} +[K]{U} (@) * Spatially Resolved
, . - Parameters
* Young's 2. Simulation
Modulus: Solving Equation System LD ement
OCLIUS: .g q Y = Deflection
18, s, * Application of Newmark-f3-method » Compression
; =n + (1=y)-tin-h + v-ii.1-h 2 = Rotation
= Cell Une1 = On + () lnch+yling ©) = External
dimensions: 1 Pressure
We,, D¢, He, Up4] =Un +uph+ (5‘3) “iinh? + Briin+1 h? (4)
Input Simulation Model Output

Figure 1. An overview of the processes for the novel dynamic simulation model (updated).

After defining the model parameters and input data, all components of the battery
module are created as 3D volume elements with linear interpolation so that the complex
model can be simplified, using a mathematical system of equations. The simulation model
then solves the equation system applying the Newmark-beta method, in order to map the
swelling behaviour of an entire battery module. Once the equation system is solved, the
results of each time step are outputted, which includes spatially resolved displacements,
movements, compressions, deflections and much more information about the current state
of the module at each time step. Finally, the visualization of the deformed module geometry
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with the display of displacements is implemented for a meaningful interpretation of the
simulation results.

2.2. Complex Dynamic Modelling by Commercial FEA Software

In order to validate the previously described simplified model, a complex model of
a battery module is created by the use of the commercial software Abaqus FEA. A direct
comparison of the results allows for not only a qualitative but also quantitative assessment
of the newly developed simplified model. The steps for the model build-up follow the
common state of the art, which were already used in a previous publication regarding
the static model for mechanical battery module behaviour [23]. Mainly, the steps consist
of modelling the geometries of each component at first, before their material behaviour
is parametrized. All components, such as cells, jelly stacks, pads, module frame and
end plates are assembled together, afterwards. The meshing as part of the geometrical
discretization is conducted in the next step. Here, it must be noted that the number of
elements used is significantly higher in contrast to the previously described mathematical
model. After contact definitions, boundary conditions and loads are set, the simulation
time and time step size have to be defined. In order to have comparability between the
models, it is important to set up the same total simulation time in order to see if dynamic
effects are mapped accordingly. A dynamic, explicit solver is configured in the complex
model, in order to simulate with high accuracy by the application of small time step sizes.
Finally, after all the parametrization is finished, the simulation is started. The investigated
battery module is also identical to the one from the previous paper [23]. The investigated
module consists of 24 pouch cells with multiple foam pads, which are all integrated into a
single-part mechanical housing. End plates are welded onto the open ends of the housing.
By setting limiting boundary conditions, the module is mounted at its corners. In the
following Figure 2, a schematic representation of the 3D model in the Abaqus FEA software
environment is shown. Additionally, a section cut is placed, and a cross-sectional view of
the module is pictured. Meanwhile, Figure 3 shows the model after the meshing process is
finished, and the high number of elements can be reviewed.

z

Section A-A x—ly

< >
Module Foam Pouch Svlt,d;;inn
Housing Pad Cell Axi B
xis

Figure 2. The view of the investigated battery module in the complex 3D simulation environment as
the top (left) and sectional (right) view [23,26]. Redrawn with permission from Bozalp et al., Proceed-
ings of the 11th International Conference on Simulation and Modeling Methodologies, Technologies
and Applications SIMULTECH; published by SIMULTECH, 2021. Redrawn with permission from
Bozalp et al., Proceedings of the International Conference and Exhibition SIA Paris 2021 Powertrain
& Power Electronics; published by SIA, 2021.
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Figure 3. The view of the investigated battery module in the complex 3D simulation environment after
the meshing process with the cut-off module frame [23,26]. Redrawn with permission from Bozalp
et al., Proceedings of the 11th International Conference on Simulation and Modeling Methodologies,
Technologies and Applications SIMULTECH; published by SIMULTECH, 2021. Redrawn with
permission from Bozalp et al., Proceedings of the International Conference and Exhibition SIA Paris
2021 Powertrain & Power Electronics; published by SIA, 2021.

3. Model Validation by Study of Sensitivity, Robustness and Numerical Stability

A modified local sensitivity study is conducted not only to validate the simplified
model regarding its prediction ability for the dynamic swelling behaviour of the inves-
tigated battery module but also to prove its robustness. For this reason, a systematic
simulation study will be conducted in this section. The effect of the stiffness of different
battery module components on the overall module force-displacement behaviour is stud-
ied. Therefore, the focus is placed on the module components along the main axis of cell
swelling, which have the highest impact on module deformation (Figure 2). These include
the stiffnesses of the jelly stack of the cells, the module housing, which consists of multiple
components, such as the top, bottom and end plate, and foam pads. In Figure 4, a schematic
overview of the local sensitivity study is pictured.

Simulation Model

Variance of Input Variables

Young's Young's Numerical
Swelling Modulus Jelly Modulus Stability
Speed Stack Housing ~ FD-CurvePad  Parameter

X1 ] X3 X3 Xg [ ]] X5

—— Increased —— Reference —— Decreased

Sensitivity Analysis

Empirical Variance of Output Variables

Young's Young's Numerical
Swelling Modulus Jelly Modulus Stability
Speed Stack Housing FD-Curve Pad  Parameter 8
d_t—— d_t+— d_t+— d_t+ — d_

Vs — 7 - Vs - Vs
A / y 4 y/

d = Module Frame Deformation

Figure 4. An overview of the local sensitivity study. Based on [27].

Another input parameter, which is of the same importance as the other just described
mechanical design parameters, is the configured simulation time. Provided that all the
parameters of the models are the same, especially the applied time-dependent, linear
swelling strain on the cell jelly stacks and their mass, the simulation time defines the
resulting dynamic effects of the system and therefore the end results. The numerical
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stability of the model is also examined in this chapter. For this reason, the impact of the
previously described numerical stability parameter 3 on the overall module results is
investigated by taking on the values of Table 1 one at a time while investigating the other
input variables. Since preliminary investigations have revealed that the simplified model
does not converge for the border limit operation value of (34, the focus of this investigation
is placed on B to B3.

In view of the above, the model of the investigated pouch battery module is set up with
the simplified mathematical model in Simulink as well as with the commercial software
Abaqus FEA. In the first step, this is conducted by using the reference geometrical and
material properties for each component and the overall module. It is also ensured that
both the simplified mathematical and complex model have the same input parameters
regarding the total simulation time as well as the temporal evolvement of the cell jelly stack
swelling ratio. After model development is completed, one investigated input parameter is
systematically changed by a specifically defined value around the reference centre value for
each simulation case. An overview of the applied Design of Experiments (DoE) is shown in
Table 2. While 0 stands for the reference value of an input parameter, —1 and +1 represent
the expression of a characteristic. The investigated input parameter is changed by a fixed
value. While +1 means that a fixed value is added to the reference value, —1 stands for the
opposite. During the analysis of the mechanical material input parameters, additionally for
each test also, the numerical stability parameter {3 is changed, in order to investigate its
effect on the results.

Table 2. Design of Experiments (DoE) for model validation study. Increase of reference value by
fixed value (+1) represented in green and decrease (—1) in orange. Numeric stability parameter is
investigated in each test case by use of 31 (light blue), 3, (light green) or 35 (light yellow).

Test Swelling Speed ~ YM Jelly Stack  YM Housing FDC Pad Parameter f3

1 0 0 0 0 B
2 0 0 0 B
3 0 0 0 B
4 0 0 0 By
5 0 0 0 0 B3
6 0 0 0 By
7 0 0 0 B3
8 0 0 0 By
9 0 0 0 B3
10 0 0 0 B
11 0 0 0 B,
12 0 0 0 B3
13 0 0 0 B
14 0 0 0 By
15 0 0 0 B3
16 0 0 0 B
17 0 0 0 By
18 0 0 0 B3
19 0 0 0 B
20 0 0 0 B,
21 0 0 0 B3
2 0 0 0 B
23 0 0 0 By
24 0 0 0 B3
25 0 0 0 B
26 0 0 0 By
27 0 0 0 B3
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The aim of the first three simulations is to map the ability of the simplified model for
dynamic behaviour over time. Secondly and equally important, the first simulations are
needed to determine the optimal total simulation time and time step size for the simplified
model. In general, the trade-off between the time step size and the accuracy as well as
stability of a numerical simulation is well known. While a small time step size provides
high accuracy and stability, it extends the computing time. Therefore, a small time step
size and total simulation need to be chosen for the simulations in this study. But due
to varying model properties and settings, such as the number of elements or simplified
physical equations, as well as a different solver type and method, it is necessary for the
numerical stability of the simplified model to apply a time step size different to the complex
FEA, while the total simulation is set as identical. For the following Tests 4-27, the same
determined total simulation time and time step size are applied for each model itself.

The results of the simulations will be evaluated at defined points on the battery module
housing. Specifically, the deformations of the defined characteristics points are examined
to assess the quality of the spatially resolved prediction of the mechanical battery module
behaviour. In Figure 5, it is schematically shown which points on the battery module
housing are investigated.

(4)

(C)

O Deformation Measuring Point

Figure 5. Illustration of deformation measuring points on battery module housing [23,26]. Re-
drawn with permission from Bozalp et al., Proceedings of the 11th International Conference on
Simulation and Modeling Methodologies, Technologies and Applications SIMULTECH; published by
SIMULTECH, 2021. Redrawn with permission from Bozalp et al., Proceedings of the International
Conference and Exhibition SIA Paris 2021 Powertrain & Power Electronics; published by SIA, 2021.

4. Results of Model Validation

In this chapter, the results of the previously described systematic sensitivity, robustness
and numerical stability analysis of the simplified model are presented. The impact of each
investigated parameter is presented in a separate subchapter one at a time.

4.1. Variation in Swelling Speed

In this subchapter, the simplified model is examined regarding its ability to map the
dynamic evolvement of the mechanical force—-displacement behaviour of the investigated
battery module spatially resolved over time during cell jelly stack swelling. In the first step,
the examined components of the module, represented as the input parameters x; to x4, are
simulated with a fixed set of mechanical properties and stiffnesses in Test 1. This set up
also represents the reference module design and test. The results of the simplified model in
Test 1 are shown in Figure 6.
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Test 1: Dynamic Deformation of Battery Module Housing
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Figure 6. Temporal and spatial evolvement of battery module housing deformation in response to
cell jelly stack swelling (Test 1).

The swelling speed as input parameter x; is varied in Tests 2 and 3 as the only model
parameter. The results of these simulations are shown in Figure 7. For each assessed node,
there is a diagram, which shows a comparison of the results of the simplified and the
complex model with changing simulation time.
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Figure 7. Comparison of time-dependent deformations of battery module housing at different nodes
in dependence of swelling speed of cell jelly stacks (Test 1-3). Considered deformation point on the
module housing is highlighted in purple: (a) node A (b) node B (c) node C (d) node D.
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The results show that the simulation time of 0.5 s shows the best agreement between
Simulink and Abaqus FEA regarding the total predicted displacements, when the cells reach
their total swelling strain. Therefore, for the following sensitive analyses, this simulation
time and time step size are used.

4.2. Variation in Young’s Modulus of Cell Jelly Stack

In Tests 10 to 15, the impact of the cell jelly stack stiffness on the overall mechanical
behaviour of the module during cell jelly stack swelling is presented. The Young’s Modulus
of the jelly stack of the cells is reduced and then increased by a fixed value around the
reference centre value (13 MPa). Figure 8 shows a comparison of the deformation results
at the end of the simulation time of 0.5 s for the different nodes on the battery module
housing. In each diagram, it is also demonstrated how the numerical stability parameter 3
effects the prediction of the simplified model.

Sensitivity of Jelly Stack - Sensitivity of Jelly Stack -
Deformation at Node A Deformation at Node B
5.00 5.00
E 4.00 E 4.00
= 350 E 350
g 3.00 g 3.00
£ 2,50 £ 250
g 2.00 £ 2.00
£ 1.50 £ 150
A 1.00 A 1.00
0.50 0.50
0.00 0.00
9 10 11 12 13 14 15 16 17 9 10 11 12 13 14 15 16 17
Young's Modulus of Jelly Stack / MPa Young's Modulus of Jelly Stack / MPa
—@— Abaqus FEA == Simulink ; —@— Abaqus FEA == Simulink 3,
=i Simulink {3, @ Simulink 35 —f— Simulink 3, —@— Simulink {35
(a) (b)
Sensitivity of Jelly Stack - Sensitivity of Jelly Stack -
Deformation at Node C Deformation at Node D
5.00 5.00
£ 4.0 £ 4.00
Z 350 < 3.50
.5 3.00 .g 3.00
£ 250 £ 250
g 2.00 g 2.00
£ 150 S 150
S 1.00 S 1.00
0.50 0.50
0.00 0.00
9 10 11 12 13 14 15 16 17 9 10 11 12 13 14 15 16 17
Young's Modulus of Jelly Stack / MPa Young's Modulus of Jelly Stack / MPa
—@— Abaqus FEA == Simulink 3, —@— Abaqus FEA == Simulink 3,
= Simulink (3, —@— Simulink (3, —@— Simulink 3, —@— Simulink 33
() (d)

Figure 8. Comparison of time-dependent deformations of battery module housing at different nodes
in dependence of Young’s Modulus of cell jelly stacks and B-parameter. Considered deformation
point on the module housing is highlighted in purple: (a) node A (b) node B (c) node C (d) node D.

4.3. Variation in Young’s Modulus of Battery Module Housing Components

In the next step, it is shown how the stiffness of the battery module housing, expressed
by its Young’s Modulus, influences its deformation due to the built-in, swollen cells (Tests
16 to 21). The Young’s Modulus of the module housing is reduced and then increased by a
fixed value around the reference centre value (69 MPa). Also, in this case, the simulations
are conducted with the simplified model first and then validated against the complex
model, using finite element software Abaqus FEA. The impact of the numerical stability
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parameter {3 in the simplified model is again included. These results are shown in the
following Figure 9.
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Figure 9. Comparison of time-dependent deformation of battery module housing at different nodes
in dependence of Young’s Modulus of battery module housing and p-parameter. Considered de-
formation point on the module housing is highlighted in purple: (a) node A (b) node B (c) node C
(d) node D.

4.4. Variation in Force—Deflection Curve of Foam Pad

At last, the sensitivity study focuses on the impact of the foam pad, which has the
main function of offering space for cell swelling, while its increase in reaction forces is
moderate. Therefore, the force-displacement curve of the applied pad is influential for the
mechanical behaviour of the module. For the last Tests 22 to 27, the force—displacement
curve of the pad of the reference module from Test 1 is adopted. While in Tests 2224 a
curve for a softer pad is used (Pad Stiffness 1), the pad of Tests 25-27 has a steeper increase
in reaction force (Pad Stiffness 3). These results are graphically summarized in Figure 10.
When changing the (3-parameter for the soft pad from its reference value, the simulation
becomes instable, and the calculation is aborted in the simplified model.
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Figure 10. Comparison of time-dependent deformation of battery module housing at different nodes
in dependence of pad force—deflection curve and -parameter. Considered deformation point on the
module housing is highlighted in purple: (a) node A (b) node B (c) node C (d) node D.

5. Discussion

In this chapter, the previously shown results of the sensitive analyses are interpreted
and discussed. For this reason, the outcomes of each investigated input parameter are
analyzed one at a time and in the same order as previously presented, starting from Test 1
as the reference module. Subsequently, putting the partial analyses of all tests together, an
overall assessment of the novel model is conducted.

In the first step of Test 1, the reference setting of the module design was configured, and
its swelling behaviour was simulated. The results, presented in Figure 6, clearly show that
the novel model not only has the ability of resolving the overall module spatially but also
temporally. While in the first time steps until 0.02 s each cell jelly stack swells by 0.014 mm,
the module housing does not show any deformation, which is mainly due to the foam pads,
which absorb the forces during that time and doing so, largely restrain them from being
passed on to the module frame. Afterwards, the forces act on the inside of the module
housing, and a deformation is effective on the module outside. The deformations are
distributed inhomogeneously over the housing area in the main swelling direction, while
the biggest deformation can be observed in the centre region (Node A). This proportionally
large area has a lower structural stiffness compared to the edge and corner regions (Node B
and D) and therefore gives in more easily, even though the material stiffness is parametrized
the same for the whole housing components. When comparing the results of the simplified
model from Simulink with different simulation times and therefore different swelling
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speeds of the cell jelly stacks, the slope of the module housing deformations also develops
accordingly to the speed (Figure 7). A comparison of the results of Test 1 with those of
the complex model reveals that they match well after firstly overpredicting them. On the
other hand, when comparing the results of Tests 2 and 3, where the simulation time is
reduced and elongated, the simplified model firstly also overpredicts the deformations
(Figure 7). While in Test 2, the overpredicted deformations keep increasing, in Test 3,
at first, they level but end up underestimating the deformations towards the end of the
simulation time. Consequently, the complex model predicts, independent of the swelling
speed, the same total module housing deformations, while in the simplified model, the
deformations increase with higher swelling speeds. One possible explanation for this
behaviour in the simplified model is the non-consideration of damping effects in its main
underlying Equation (2). For example, vibrations or structural responses in the model
are not damped and therefore can build up over the simulation time, leading to higher
total deformations. On the other hand, accuracy differences between the model results
in general are due to the different time step sizes used in each model. Specifically, the
time step size in the simplified model is greater than the one used in Abaqus FEA by a
factor of nearly 800, allowing for much shorter total computation times (Figure 11). Since
there is a general correspondence between time step size as well as number and model
prediction accuracy, this in turn implies that deviations in the results are to be expected.
Furthermore, the novel model has more simplifications to it, such as a significantly lower
number of volume elements, which would also explain deviations and lower accuracy. In
total, the number of elements used in the complex model is higher by a factor of nearly 2300
(Figure 11). Not only does the number of elements differ but also their shape. While the
complex model uses different kind of element shapes, depending on the component and
its geometric complexity, in order to simulate with best possible accuracy, the simplified
model only uses one particular shape for the reasons of simplification and speed in the
model build-up phase. Due to the listed model parameters, which are known for having
a strong influence on the results, further analyses are recommended to fully clarify their
effects on the results of the simplified model.

Relative Relation of Model Parameters

Calculation Kernels
100.00%

Volume Elements Time Steps

0.042%

Total Calculation Time re-processing Time

—— Abaqus FEA Simulink

Figure 11. Relative relations between simplified and complex model parameters on average.
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After the simulation time of 0.5 s was identified as the one with the best matching
of the results, the following sensitive analyses were conducted, applying the determined
simulation time. In general, the sensitive analyses show that the novel model is robust
and able to predict the effect of design changes on the mechanical stiffnesses of the investi-
gated components, when the cells reach their maximum swelling state at the end of the
simulation time. As seen in Figures 8-10, the model maps the slope and direction of the
deformation gradient correctly, when changing the stiffnessor force-displacement curve
of an investigated design input parameter. Considering the reference (3-parameter, it is
noticeable that the highest match of the model results is provided for Node A, while the
other nodes follow the general trend well, when changing the stiffness of a parameter but
keeping an off-set. The previously described model parameter differences, such as element
number, size and shape, have a major influence on the displacement of nodes, possibly
explaining this behaviour. Another factor which needs to be considered when it comes to
the accuracy of the novel model is the numerical stability factor 3. The acceleration during
the time intervals, expressed by the parameter, impacts the calculated displacement of the
model nodes and consequently the accuracy of the predictions, which is most likely also
due to the non-consideration of damping effects. In Figures 8-10, it is shown that a change
in the parameter influences the simplified model results in comparison to the ones of the
complex model. Especially, nodes B, C and D can reach a much better accuracy by adopting
the parameter (3. In the considered range for the input parameters, all the simulated test
cases finished without any instability in the numeric procedure except for the investigated
ones of the soft pad. Here, a variation in the 3-parameter from its reference value leads to
instabilities in the numerical solving procedure, ending with a numerical abortion. This
is another good example for the influence and effectiveness of the parameter to actively
control the numerical stability of a simulation.

6. Conclusions

Within the framework of this study, an existing simplified mathematical model, which
statically describes the overall three-dimensional, mechanical behaviour of battery modules
under cell swelling conditions, was successfully further developed by adding the time
dimension to it. By the expansion of the fundamental physical equations that are underlying
the model, the module behaviour is not only spatially but also temporally resolved, enabling
it to map time-dependent, dynamic effects. In the field of the simplified mathematical
modelling of battery modules based on mass—spring systems, the novel model shows
significant progress that has been made by creating a model which distinguishes itself from
previous publications by mapping the three-dimensional force-displacement behaviour
and at the same time enables dynamic modelling for time-dependent behaviour, which
is also a clear step forward in comparison to the previous publication applying static
modelling [23]. Furthermore, the included algorithm, which automatically builds up a
mathematical equation system representing the investigated module by simply provided
module parameters, such as the number of cells and pads and their arrangement, was also
further developed. In doing so, the maximum flexibility for modelling battery modules
of different designs is offered. New features added to it include the spatial fixation of
individual or a group of nodes, in order to consider design properties, such as adhesive
joints between components or the mounting conditions of the module in a battery system
as well. Besides the geometrical configuration of all the module components, such as
cells, jelly stacks, pads and module housing parts, their mechanical material behaviour
is also parametrized by adding information, such as Young’s Modulus or even force—
deflection curves.

The ability of the model to predict the overall time-dependent mechanical behaviour of
battery modules was investigated for an exemplary battery module design. For validation
purposes, a module, consisting of 24 pouch cells and multiple foam pads, was modelled
with the novel mathematical model as well as in complex finite element software Abaqus
FEA. In the process of conducting the first small study regarding the optimal simulation
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time and time step size, the simplified model’s ability to spatially and temporally resolve the
force-displacement behaviour with the biggest deformations to be observed in the centre
region (Node A) was revealed. In doing so, the novel proved its ability to map structural
inhomogeneous stiffness distributions, e.g., of the module frame. A subsequent local
sensitivity study demonstrated that the novel model is also able to predict the global force—
displacement behaviour well, mapping the slope and direction of the deformation gradient
accurately, when changing the stiffness or force-displacement curve of the investigated
design input parameter. In this process, this study affirms that numerical stability parameter
3 needs to be chosen carefully in order to predict the spatially resolved deformations of
the module. Due to the fact that the novel model simplifies and reduces not only the
geometrical but also temporal discretization, it reveals its potential regarding the total
computation time and capacity needed. Even though in comparison to the complex model,
the novel model does not even need 1% of the number of calculation kernels and 10%
of the total calculation time on average, the examined deformation results show a good
agreement between the two models, which can make it a useful and effective tool in the
early development phase for fast optimization studies.

To the best knowledge of the authors, it is the first time that a simulation model
allows for the mapping of time-dependent mechanical battery module behaviour three-
dimensionally under cell swelling conditions, which is based on a simplified mathematical
approach in a 0D simulation environment. Even though the novel model in its current
state shows good results and has brought significant improvements to the mathematical
simulation of mechanical battery module behaviour, there is still optimization potential
left to increase the accuracy and structural model behaviour. Especially the impact and
interdependencies of model parameters as well as the demonstrated numerical limits of
the model need further investigations.

7. Outlook

In view of the above, multiple model parameters need further examination regarding
their impact and interdependencies. For example, the effect of the non-consideration of
damping processes in the main underlying equation needs to be investigated in following
studies, possibly explaining if undamped vibrations and structural responses in the model
build up over simulation time lead to higher total deformations. Another aspect which
needs further examination is the potential increase in accuracy by raising the number of
time steps and volume elements used in the simplified model.

Moreover, the numerical boundaries and instabilities of the model need to be explored
more extensively. In the current state, there are already exemplary model limits demon-
strated, such as during the sensitivity analysis of the soft pad. In this context, the influence
of the numerical stability parameter 3 on the numerical procedure as well as on the overall
results is another research aspect for further studies of the model. The effect of the time
step size on the prediction accuracy of the novel model as well as on its numerical stability
also needs further examination and is highly recommended for future work.
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