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A design analysis method for the concept of a modular battery pack based on physical modeling is presented,
particularly for a prototype still under development. The originality of this work is threefold: A system
engineering framework that aims to provide a process for design-based analysis. The construction of a modular
battery system model and a focused examination on the technological implications of its design. This is
achieved by a reliable assessment of the primary system components, the battery and dc-to-dc converter,
proving consistency with recent insights from experiments and literature. The process is not limited to a

specific design but can be applied to any battery system and serves as a starting point for further design

optimization.

1. Introduction

Lithium-ion batteries (LIB) have gained high attention and are most
promising to become a key enabler for sustainable development and
climate neutrality on a global scale (Nations, 2015; Zubi et al., 2018;
Poblete-Cazenave et al., 2021; Rojas et al., 2024). They can be used
in modern energy services, i.e. grid support, voltage control, frequency
regulation or e-mobility, as the technology enables much higher energy
and power density as well as fast charging functionality compared to
other existing battery technologies (Korthauer, 2013; Grey and Hall,
2020). However, LIBs lacking thermal stability and suitable perfor-
mance requirements for their application in a battery system may fail
early in their projected lifetime (Zhao et al., 2015; Khan et al., 2017;
Arora, 2018). As battery cell and system demands from the application
increase, system design and requirements engineering become more
challenging (Saw et al., 2016; VDI/VDE, 2021; Frith et al., 2023).

To evaluate a battery design, you need to understand physical
processes, data availability, modeling approach, numerical constraints
and limitations to derive a proper strategy: The assessment of batteries
involves geometrical (Zhao et al., 2015; Vega-Garita et al., 2017),
electrochemical (Newman and Tiedemann, 1975; Jokar et al., 2016;
Chen et al., 2020), electrical (Omariba et al., 2019; Geng et al., 2021),
thermal (Bandhauer et al., 2011; Kim et al., 2013; Lundgren et al.,
2015; Khan et al., 2017; Li et al., 2022; Chang et al., 2023; Ren et al.,

2023) and mechanical (Marcicki et al., 2017; Arora, 2018; Epp and
Sauer, 2021; Xi et al., 2022) dependencies, a multiphysical problem.
While previous studies often focus on evaluation methods, the broader
engineering implications are often overlooked. Achim et al. (2022)
emphasize the challenges in battery system design due to versatile
components and functional correlations. Existing product structures
lack flexibility and adaptability for future battery designs. They rec-
ommend a generic domain-based product architecture to simplify and
structure product design architectures. However, an actual implemen-
tation and validation are still required. Madani et al. (2023) did a
review study on the thermal properties and effects of battery thermal
management systems (BTMSs). They came to the conclusion that an
accurate battery model is needed for the best performance and safety
analysis of lithium-ion batteries. Stand-alone thermal models are not
accurate. Instead, electrochemical, electrical, and thermal aspects must
be coupled. Astaneh et al. (2022) developed a multiphysics simulation
optimization framework specifically for lithium-ion battery pack design
in electric vehicles. Their work acknowledges the need for such a
framework during early cell design, where research on cell-to-pack
interactions is limited. However, it is important to note that their
study primarily focuses on parameter optimization, without extensively
exploring broader system implications. Every research group highlights
the importance of adopting a structured approach to formulate design
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recommendations, particularly during early development when not
all constraints are fully understood. Hence, in the present work, a
straightforward, simple simulative engineering framework is addressed
to provide practical engineering tips.

Before solving a problem, make sure you know what you need
to achieve: Schlick et al. (2012) stated that the high cost of battery
development and production compared to the low sales volume makes
electrification unlikely for many applications. Due to economies of
scale, modular system topologies based on standardized subunits could
improve application diversity. Rothgang et al. (2015) stated that a
modular battery system connected to a combined link via de-to-dc
converters would allow for greater flexibility in system design while
improving durability and safety. Power converters must be highly
efficient and reliable (Doki¢ and Blanusa, 2014; Sutikno et al., 2023).
However, in practice, converter efficiency ranges from 70 to 95% (Sev-
erns and Bloom, 1985; Alatai et al., 2021). In the present work within
the research project BaSyMo (Zahid, 2018; Liebig et al., 2019a), the
ideas are merged and the following design is examined: “A modular
battery system design with a dc-to-dc converter within one block. Each
block should be voltage-controlled, meet application-oriented electrical
requirements, and easily fit energy demand by adding blocks”.

To generate promising system design decisions, it helps to look at
existing solutions: Reiter et al. (2019) advised simulating subsystems
with quick computing, efficient parameterization, and high precision
to develop a reliable system concept. In other words, the simulated
system design behavior can be understood on the basis of simpler
benchmark models that are already validated in a broader operation
scope. In previous studies (Liebig et al., 2019b, 2020) we conducted
experiments and simulations on the same prismatic battery that is
considered in the design evaluation to study its electrochemical and
thermal behavior under static and dynamic conditions. Several stud-
ies (Kim et al., 2013; Li et al., 2022; Chang et al., 2023; Ren et al.,
2023; Xi et al., 2022) analyzed the relationship between temperatures,
heat generation, heat dissipation and operation modes by means of
an established electrochemical-thermal coupling model for prismatic-
type battery cells and/or packs under varying operation conditions.
Hence, in the present work, these studies are utilized as benchmarks to
interpret battery behavior with influence from the dec-to-dc converter.

In view of the above, the aims of this work are:

(I) To provide a simulative design engineering framework for vir-
tual assessment of a lithium-ion battery system to support the
design research at limiting conditions in the early phase of
development.

(II) To carry out a reliable assessment of the primary system compo-
nents, the battery and dc-to-dc converter, and prove consistency
with recent insights from experiments and literature.

(IlI) To demonstrate the thermal evaluation of the BaSyMo design to
understand the effects of the temperature dynamics of its key
components and their system-level consequences.

The remainder of the paper is organized as follows: For (I), the
methodological approach is described in Section 2 in detail to re-
alistically be reproduced in Section 3 during its application to the
BaSyMo design. For (II), the models are set up in Section 3 and their
verification is addressed in Section 4. For (III), in Section 3, two use-
cases are presented based on actual application conditions, analyzing
the feasibility of the design variants. A conclusion is presented in
Section 5.

2. Methods - Mathematical modular battery system model

The systematic framework proposed in Table 1 is to solve the above
product design problem with the support of simulation equipment.

The methodology is meant to offer general guidance for decision-
making during design evaluation within five steps, especially with
a focus on the demanding challenges of a modular battery system
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design. In step 1, the principle design and technical requirements
are identified as design constraints. From this, a base-case design is
generated, and available physical settings are identified. In step 2, the
main performance characteristics, operation limits and hotspots of the
main functional units are identified. In step 3, the base-case model is
built and performance metrics are collected. To improve the hotspots,
a few design targets and alternative designs are generated in step 4.

2.1. Step 1: Identify the principle system design and technical requirements
and generate the base-case design

Consumer preferences need to be translated into a set of tech-
nical requirements by using a knowledge base and heuristics. The
requirements can be physical properties (mechanical, electrochemical,
thermal, etc.), functional performance, or product characteristics. To
ensure high product quality, the design constraints for the technical
requirements should be specified as depicted in Table 2.

The logic follows requirements necessarily fulfilled by cell, con-
ventional systems, or modular system design choices and contains
an intrinsic hierarchy. Each of the corresponding design targets is
interesting to evaluate within the system design development. The
overview shows that system properties with an electrochemical energy
storage background are mostly already predetermined by the selection
of the cell type. This work focuses on a modular battery system design.
Hence, we are primarily interested in how the additional design re-
quirement for a modular system influences the already existing system
characteristics.

As a reference, a base-case product is presented that meets the prin-
ciple design specifications. Generally, this can be an existing product,
but for a prototype, it must be developed based on brainstorming, tech-
nical know-how, heuristics, and marketing experience (Seider et al.,
2017; Zhang et al., 2020). While the general functional design could
be independent of physical properties, a specific base-case design is
usually based on a fixed set of design parameters.

For the module design in mind power conversion and flexibility
requirements within the base-case design are taken care of by using
four integrated dc-to-dc converter in combination with a battery pack,
i.e. 12 battery cells in series connection. The electrical circuit represen-
tation as principle design and a mockup unit, a full size design model
of the device used for demonstration, are shown in Fig. 1.

Results of the base-case design evaluation are shown in Section 3.1.

2.2. Step 2: Identify the main performance characteristics for the principle
components

In this section, the system requirements and main performance
characteristics are analyzed. At an early stage in development, usually
no or insufficient performance and operational data are available for
the main components, so property data must be collected through
experimental characterization methods or literature research.

From the systems perspective, the battery cell and converter need to
fulfill the spatial and electrical design requirements, while temperature
safety is ensured at each operation state. Simply put, all the battery cell
data is suitable for the basic design that accommodates the prismatic
format of the PHEV2, while the electrical properties fit the operating
range of the converter prototype. The battery type chosen in this
study is a prismatic PHEV2 type with a NMC-based positive electrode
and a graphite-based negative electrode material. Electrical properties
comprise a nominal capacity of 40.0 Ah, a cell potential of 2.8 V to
4.2V, and maximal allowed continuous current of 5.0 C during charge,
and continuous current of 10.0 C during discharge operation. According
to the manufacturer, the battery cell temperature is allowed to reach
45 °C during charge operation and 65 °C during discharge operation.
Even though, safety limits are maintained throughout the lifetime,
cell operation at elevated temperature, elevated current, and/or low
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Table 1

Key steps of methodology.
1. Identify principle system design and technical requirements and generate a base-case design.
2. Identify the main performance characteristics (dependent on each component)

and operation limitations through,
« experimental data from measurements and corresponding model development,
« validated physics-based model from the literature.
3. Build a base-case model design and evaluate metrics at hotspots (stages of major impact)
through technological case studies, i.e.:
- combinatorial or functional estimation of component units within the system.
« estimation of components for various operation conditions.
4. Generate design targets and alternative designs through the translation of system behavior
into design metrics (i.e. power, durability and safety) and repeating methodology.

Table 2
Requirements for the battery system designs (Cell C, System S, Modular M).

Criteria Description Constraint

Cell design

Safety The Possibility of a critical safety hazard by the cell is low. C
Energy The energy provided by the cell meets the user’s demand. C
Power The power provided by the cell meets user demand. C
Durability The cell lifetime meets the application requirement. C
Cost Low battery material resource and availability cost. C
Fast charge Capability for the cell to be charged in fast times. C
Conventional system design
Safety The components run within safety margins. S
and catastrophic events are avoided.
Power The system operates at high efficiency and provides S
stable power at all system states.
Durability The service lifetime fulfills optimal cell life conditions. S
The influence of temperature on the aging of the cells
is monitored and moderated by the system.
Cost The system is reasonably priced compared to cell costs. S
Reliability The system performs reliable during service lifetime. S
This includes dust-, water- and air-tight as requirement.
Cooling mechanisms within a BTMS might be available. S
Easy-to-use The system should easily be installed and S
maintained within the application.
Modular system design, i.e. BaSyMo
Safety Thermal runaway can be captured within one module, and M

components act thermally negligible towards each other.

Easy-to-use An average person should be able to transport and connect M
the module between various applications. Hence, the module
should not weigh too much and the weigh should be evenly
distributed among its volumes.

Flexibility The output voltage adjustment utility is effect-neutral M
versus battery service-lifetime.

I
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a) Prototype dummy with base-case design b) Principle design as electrical diagram

Fig. 1. (a) Several perspectives on the base-case design and (b) Exemplary electrical diagram of the prototype during operation, while connected to a device on one channel,
paralleled on a device with two additional channels, and idle at the last channel, where each device-connection could be configured on their own voltage level, and the dotted
line resembles the system casing.
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and high SoC conditions for a long duration might lead to decreased
durability (Smith et al., 2016; Keyser et al., 2017).

For the module flexibility purpose, a dc-to-dc converter has been
developed, that is based on the LT8708 chip from the manufacturer
Linear Technology/Analog Devices (California, United States of Amer-
ica), a high-performance synchronous 80 V four-switch Buck-Boost
dc-to- dc controller with flexible bi-directional capability (Linear Tech-
nology/Analog Devices, 2018). The maximal electrical output current
per converter is designed to be 20 A, hence, translating to a maximal
current output of 80 A of the system and a maximal power output of
4.8 kW of the system in relation to 60 V output voltage. To increase the
strength of the housing and to protect the converters from mechanical
and thermal shocks, the back of the module in which the converters are
integrated is made of metal. The rest of the casing is made of plastic.
A control unit and a display are mounted on top of the module. The
component placement and casing design are meant to be symmetrical
towards the center of the battery to ensure even weight distribution.

Results of the component assessment are discussed in Section 3.2.

2.3. Step 3: Build base-case model design

The model variants are based on the finite-element method (FEM)
and implemented in the COMSOL Multiphysics® v5.6 (Stockholm, Swe-
den) simulation platform using the lithium-ion battery submodule for
the definition of the electrochemical behavior of the battery cells and
system components and the heat transfer in solids and fluids submodule
to describe the thermal behavior within the system environment with
respect to fluid flow conditions provided by the laminar flow submod-
ule. Throughout the operation scenarios, the governing equations of the
models are computed in a transient and spatially resolved manner. At
first the model equations are described with respect to their physical
nature. Then, the model layout including the positions of the boundary
conditions, is presented.

Heat transfer in Solids: The heat propagation within solid domains V' C
R? at position s = (x,y,z) € V and time t € T [0,7], = > 0, is
calculated by the transient heat transfer equation. Domains emitting
heat are denoted with regard to the battery cells’ electrode stacks
by Viacx UkEK Vitack.ks k € K, and the converter by V,,,, =
User Veonvi = Uier Ujes Veonvij» i € 1, j € J, for the ith de-to-de
converter and its jth component. The equations are depicted as follows:

Qk (S, Zstack,k) , S € Vsrack,k

209 =
pCP; + ‘OCI’v ' (kV19) = Qij (S’ Zconv,i) » SE Vconv,ij
@
0 5 8 ¢ Vconv U I/batr
N—— —
Diffusion Conduction Heat Source

where § : TxV — R is the temperature, Q : Verx XRXR - R is
the heat dissipation density dependent on the state vector Zmekk =
[84vg k> Lpack ], while Q;; = V,p, ;; XRXRXRXR — R is the heat dissipation
density dependent on the state vector fwnv’,. = Upacks Upack> Lour,is Uout,i)s
where 9, © T X Ve, — R is the volumetric average electrode
stack temperature within the kth stack V. epxs Ipeex * T— R is the
battery pack current, U, : T — R is the battery pack voltage, I
T — R is the ith dc-to-dc converter output current and U,,,,; : T — R
is the ith dc-to-dc converter output voltage. The material properties are
p:V =R density, C,:V xR — R temperature-dependent specific
heat capacity under constant pressure, and k : V x R — R3*3 thermal

conductivity.

conv,i *

Heat transfer in Fluids: The heat propagation within the fluid domains
F c R? surrounding the battery system components is considered at
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position s = (x,y,z) € F and time t € T = [0, 7], 7 > 0, as follows:

pC,2  + pCuV9 - V-kVE) = 0
()]
—— —— —
Diffusion Advection Conduction
where 9 :TxF — R is temperature, p: FXR—> R is density,

C, : FxR — R is specific heat capacity under constant pressure and
k: FxR— R is the thermal conductivity matrix. The vector
u : F - R3 describes air-stream velocity within the fluid domain F.

Fluid Dynamics: The environment surrounding the battery system parts
is modeled with stationary equations of both momentum balance
Eq. (3) and continuity Eq. (4), to replicate the weakly compressible
fluid flow behavior within the fluid domain F c R? representing air:

o) 5 v e (5 (5 - 209

Weakly Compressible Flow

3

v(,;?[):o

Therein, p : FXR —» R is density and x4 : F XR — R is dynamic vis-
cosity; both are calculated in dependence of constant external temper-

C)

ature 9,,,. The vector u : F—R? is airstream velocity, p: F > R is
the pressure variable and I is the identity matrix.

On each boundary .S the temperature § is defined as follows:
9 : Tx S — R. The energy and fluid flow through boundaries are de-
fined and scaled based on the normalized orthogonal vector
niS— R3, as well as the weighted temperature gradient kV 9, both
associated with the local boundary S.

Convection: The heat transferred via convection is considered on a
boundary S = aV ¢ R? of a solid volume V c R3 pointwise for s € S
by the following Robin condition:

kY 9= hg (9= 8,) 5)

Therein, hg = const. is the convective heat transfer coefficient at the
boundary S and 9,,, = const. is the temperature of an external domain.
This boundary condition applies to the thermally isolated ground of
the battery system module. Elsewhere, convection on battery system
surfaces is implicitly defined by interactions with a surrounding fluid
domain.

Radiation: The heat transferred by radiation is considered on a bound-
ary S = oV c R? of a solid volume V c R? pointwise for s € S by the
following Robin condition:
ot -9

1 kV 9 =oceg (90 -9 6)

)

where ¢ is the Stefan-Boltzmann constant, e¢g : S - R is emissiv-
ity and 9,,, = const. is the external environment temperature. This
condition is applied to battery system surfaces facing a fluid domain.

pen are defined in the heat transfer

Open Boundary: Open boundaries S,
and fluid flow models by conditions on the velocity vectors u and  for
5 € S0, In the thermal model, the conditions are simulated as follows:

vspace-0.25 cm

{

In the fluid model, the normalized orthogonal velocity vector ns €

Sopen 18 adjusted as follows:

[—pl+ [u<<vﬁ + (VZ)T> - %(V-Z) 1>”Z=fo;

9

o )
—n-kV9Y

<0
=0 >0

(8
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where f, = const. is the stress associated with the open boundary. In
this context, zero stress is selected for all model research situations,
signifying the absence of external velocity field-induced stress.

Symmetry: Symmetry boundaries within the heat transfer and fluid flow
models are denoted by S,,,,. In the thermal model, the condition is

simulated as follows:
—n-kV9=0 )

In the fluid model, an adjustment on u and n,s € S, is done as
follows:

Uu-n= 0
KZ~(K;~;)Z= 0
where K- = [M<<vﬁ + (VZ)T> - %(V~Z>I>]Z

Inlet Fluid Flow: This model is intended to mimic the climate chamber
fan effect on the flow of fluid towards the battery system from the
boundary .S;,. This is done by adjusting the normalized orthogonal
velocity vector n.sES, in

- -
n=-V,n

1D

where V;, = const. is the inlet velocity control parameter. The velocity
is chosen based on the model study environment conditions.

Outlet Fluid Flow: The outlet of the fluid flow field is simulated opposite
to the inlet at the boundary S, by adjusting the normalized orthogonal

out

S
velocity vector n,s € S, :

[—p(s)l + [,4 ((vZ + (VZ)T>

where p, = const. is the pressure associated with the outlet velocity.
In this context, all model study cases are conducted at atmospheric
pressure, and backflow of fluid is prevented. This condition maintains
the direction of the fluid flow at the outlet.

3

5 (v . Z) 1)” n=-pon  (12)

Coupling of Physics: By the Egs. (1) to (2), the thermal behavior of the
battery system and its components can be calculated in dependence
of the heat generated within the electrode stack and the converter
components, while simultaneously exchanging the average temperature
of the battery packs electrode stacks 9,,, with the electrochemical cell
submodel. The Egs. (2) and (3) are one-way coupled to the velocity
term u due to the fact that a stationary fluid flow is computed in
the exterior domain of the battery building block of the tempera-
ture distribution before the transient calculation. Hence, work induced
by velocity or pressure changes due to temperature variation of air
can be neglected, although air density is still temperature-dependent
in Eq. (2). Furthermore, buoyant flow generated by a temperature-
dependent air density within the framework of gravitational fluid force
is disregarded. The simplification is justified by the presence of a
predominant flow field and increased conduction along solid domains
that are very thermally conductive, like steel and copper.

The behavioral system simulation is performed with respect to the
electric diagram shown in Fig. 1. Kirchhoff’s law of electro-circuit is
used for the cell currents and voltages, together with the following
energy conversion relations: P,, = P, and P = IU, which hold true
for the main circuit and each electrical component’s subcircuit. The
following set of equations are solved as ordinary differential equations
for timer € T = [0,z], ¢ > 0, where Py app 18 the total applied system
power, P,,,; is the applied power of the ith converter, and P,,, is the
battery power, each with respective current and voltage variables:

4
Psys,app = z Papp,i = Z Iapp,anppJ (13)
iel i=1
PconU iout lapp,i Uapp,i
Py = Z Pcanv,i,in = Z = Z (14)
iel ier  Meonv,i =1 Mapp.i
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Pbatt — Pbatr - Pbatt
Uban ZkeK Uy ('9avg,k) 2 (UI (Savgyl) + -+ Ug (19avg.6))
(15)

1 batt —

where the Egs. (13) to (15) manage energy balance, while Eq. (15) is
used as input for electrochemical submodels of each electrode stack
within the battery pack. Thus, thermal influences on the cell voltage
and heat generation rate of each battery cell are considered. Therein,
the cells have the same current in the series connections, and the total
pack voltage is the sum of the voltages passing through each cell (Yang
et al., 2022). This model simplification is radical in comparison to the
real physical system; however, the coupling provides a practical first
approach. The coupling remains feasible for brief simulation periods
at the level of individual batteries, provided that the temperature
variation within the electrode domain is negligible (Lundgren et al.,
2015). In general, the coupling is a matter of research since it has
a huge impact on heat propagation patterns within the cell model,
especially with regard to the highly thermally conductive layer and the
terminals (Liebig et al., 2020; Queisser et al., 2021). Battery pack sim-
ulation results are expected to be more realistic with short simulation
duration times and lower temperature nonuniformity.

Heat generation: Instead of a fully reduced behavioral model on system
level, a spatially resolved thermal model is preferred in this work,
since direct heat emitted from the converter array is of interest. Each
electrode stacks average volume temperature and the battery pack
current are used to solve for separate heat generation rates Q. k € K;
coupling is as depicted in the Egs. (1) and (15). Main heat loss at
the converter components originates from inside of the components.
Therefore, a volumetric heat generation density Q;; is considered for
the ith converter and its jth component as follows:

I, .
Q= ( app ) Oijmri€ljET (16)
Iapp,i,mux
where the maximal simulated heat generation density Q, ;. of the

ith converter and jth board component is scaled by the ratio of the
provided 1,,,; and maximal I,,, ., output current measured in the
characterization experiment at the examined converter operation state.
The experimental and simulative look-up table data is provided in
Appendix A.2. The Eq. (16) is spatially coupled to Eq. (1).

The schematics of the system model implementation and the layout
of the battery system model are illustrated from several perspectives in

Fig. 2.
2.4. Step 4: Generate design targets and potential alternative designs

Various product design targets can be proposed to improve design
hotspots. Indeed, the first step is to identify the information needed
rather than get a detailed design solution. This is important because
most relevant data is often not available for LIBs, but important design
choices can be made even in the absence of data. In this work, the
following alternative variants are examined:

+ Cell material matters: The basic design is defined with a NMC
cathode-type battery cells. What would be different if LFP mate-
rial were used instead?

+ Flexibility as an Option: Applications might use the SoC-
dependent voltage feedback of a battery and control the current
accordingly. What would be the thermal implications of using the
battery without the converter?

The task is to decide on the physical model design. Through the
modeling of chosen technological use-cases, performance metrics can
be quantified, and hotspots identified. The electrode, cell and converter
submodel are the best ways to sort and rate different BaSyMo module
designs based on how well their parts work.
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Fig. 2. (a) Schematics of the system model and several 2D perspectives of the base-case design at (b) the battery pack: yx-plane at z = 85.0 (mm), (c) back-plane: mixed parallel

yz-planes at x = {116.50,121.50,141.50} (mm), (d) connections: yz-plane at x = 153.50 (mm) and (e) battery six: xz-plane at y = 13.25 (mm).
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Fig. 3. Multiscale and multi-physics battery and converter model hierarchy for module design analysis with submodel benchmarks.

The hierarchical structure in the present battery system model
design and the associated model plausibility levels are illustrated in
Fig. 3.

3. Results and discussion

System design requirements are evaluated with respect to cell, con-
ventional system and BaSyMo specific characteristics, as defined in step
1. In step 2, performance characteristics of the converter and battery
are evaluated and components models are build. In step 3, the base-
case model is evaluated in relation to worst-case conditions. Finally,
the possible benefit by an active BTMS as alternative design variant
under the compromise of additional cost is evaluated and compared to
the base-case result in step 4. The reader is referred to Section 4 for
model verification of the battery, converter and the battery system in
separate settings.

3.1. Step 1: Principle system design evaluation - Why cell material matters

The aim of comparing relative design quality criteria is to show
how the framework can be used to efficiently identify the information
needed for designing a product, rather than getting a detailed design
solution. The data can be considered a starting point for further system
rating since an ideal system preserves power, energy, durability and
cost at the cell level, while safety and fast charge could be enhanced
at the system level. It is well known that using LFP material, instead of
NMC material, the safety risks are decreased, however, energy density
is compromised (Brand et al., 2013; Graf, 2018). Easy-to-use and flex-
ibility are projected to improve in the base-case design in comparison
to conventional systems independent of the same cell material type.
Furthermore, the need for power electronics increases cost, but BTMS
could be simplified, when the base-case design without active cooling
operates within the allowed temperature window by the manufacturer.
Implications on safety, power and durability criteria are examined in
more detail with respect to the thermal implications of the model study
in technologically relevant operation scenarios. The starting point of
the design evaluation is shown in Fig. 4 that summarizes attributes in
this study with respect to a focus on cell and system design; scaling
based on Refs. Hautier et al. (2011) and Graf (2018).

3.2. Step 2: Evaluate the limiting principle component characteristics

The characteristics of the principal components, the dc-to-dc con-
verter and battery, are translated by experimental characterization into
performance prediction models in this section. The dc-to-dc converter
prototype is based on metal-oxide-semiconductor field-effect transis-
tors (MOSFETs). The thermal performance of the dc-to-dc converter

is measured within the experimental study to examine thermally sig-
nificant hotspots and component limitations with respect to maximum
temperature restrictions and their influence on the model replication
and system limitations. The battery cell data considered in this work
is referenced from previous work (Liebig et al., 2019b, 2020). A bat-
tery model is established based on characterization experiments and
separate validation scenarios in hierarchical physical model depth. The
reader is referred to Section 4 for more details on the battery model
validation.

The voltage level U,,,, which corresponds to the battery pack, is
modulated by a H&H NL1V80C40 dc-source/sink. The voltage level
U,,,» Which represents the application, is modulated by a Delta Elec-
tronica SMK15K Series dc-source/sink. Flow of Current is direction
dependent when measured. A negative current on either side of the
converter means that energy is leaving, while a positive current means
that energy is entering the converter. Thus, from the converter’s point
of view, a negative current I,,, corresponds to the charging process of
the battery pack, while a positive current I,,, corresponds to the dis-
charging process of the battery pack. The electrical values are measured
with a time resolution of 1 s. The converter efficiency is calculated
based on the absolute input and output power ratio, while the converter
heat loss is calculated as absolute difference between input and output
power. The constant current mode of the dc-to-dc converter is utilized
to illustrate its electrical performance. The constant current mode
employs a U,,, = 30 V input voltage and output voltages ranging
from U,,, = 10 V to 50 V with resolution U, = 10 V, respectively.
This configuration represents known applications spanning from 12 V
to 48 V. A variation of the voltage U,,, is not presented, since the
efficiency of the converter is modeled as battery voltage independent.

The tests of the converter board are performed within a Votsch
climate chamber VC 7018 within an allowed temperature range of
—75 °C to 180 °C, which is temperature regulated by air circulation.
The tests of the converter board are performed within a Votsch climate
chamber VC 7018 within an allowed temperature range of —75 °C to
180 °C, which is temperature regulated by air circulation. Assuming
the climate chamber remains tightly sealed throughout operation, the
thermal influence from the exterior are considered to be negligible.
Furthermore, to mitigate the effects of uncertain reflected heat ra-
diation, the inner chamber surfaces are clad in black molton, and
to increase surface emissivity, the surfaces of the dc-to-dc converter
are painted with a non-electrically conductive substance. The infrared
temperature image of the converter object and its attached cooling
block is captured by a Flir AX8 thermography camera. An Agilent
34972A with three PT100 sensors, having a —40 °C to 85 °C (+0.1 K
accuracy) temperature range each, is used to measure the temperature
pointwise. The locations right next to the converter board, as well as the
back side of the attached cooling block, are chosen to evaluate transient
temperature readings. All temperature measurements are taken with
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Fig. 4. (a) Relative impact of LFP and NMC positive electrode material choice on the system performance and (b) base-case design in relation to a system based on a Graphite-NMC

cell type.
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Fig. 5. Measured electrical and heat loss of the converter at U,,, = 30 V battery voltage, simulating a battery pack at a fixed SoC, during discharge ((a), (b)) and charge operation

(@), (@).

a time resolution of 10 s. The increase in stationary temperature is
measured at each use-case scenario within a current load ramp from
1 A to 20 A, step-wise by 5 A rise. If no temperature change occurs
for at least twenty minutes in a current step, the average temperature
value of the last five minutes is used as the performance log.

Electrical efficiency and heat loss results are shown with respect to
use-case scenarios during charge and discharge operation in Fig. 5.

During charge operation, the battery current I,,, varies within the
range above —0 A to —10 A, the stable applied power P,,, varies within
the range above 0 W up to 400 W, and the efficiency varies up to
93%. During discharge operation, the battery current I, varies within
the range of 0.25 A up to 21 A, the applied power P,,, varies within
the range of —1 W up to —550 W, and the efficiency # varies up to

95%. When the performance of the converter becomes thermally or

4092



G. Liebig et al.

Energy Reports 11 (2024) 4085-4101

Table 3
Power and temperature characteristics during stationary thermal test evaluation.
Use-case Battery Applied Electrical Surface Surface Surface
scenario power power efficiency temperature temperature temperature
centered at at casing close at casing close
back-plane to battery port to applied port
Py (W) Py W) n(1) T (°0) T (°C) T (°C)
Discharge boost 5523 +12.8 =503.6 + 12.0 0.91 +0.01 334+02 29.2+0.23 30.6+0.1
Charge buck —162.4 + 1.09 201.8 £ 15 0.80 +0.01 32.8+0.1 25.90 +0.17 28.7+0.1

electrically unstable, operation is halted. The stable applied current
1,,, window decreases with increasing voltage U,,, in both energy
transfer directions. Performance results with respect to a 60 V ap-
plied voltage level could not be provided due to the lack of stable
operation. The maximum efficiency in both scenarios is reached in
the first third of the applied current range. Efficient operation above
90% is achieved with restrictions to operation modes |I,,,| > 2 A and
U,y > 20 V. The maximal applied power achieved during discharge
operation was —550 W with a heat loss of around 55 W. Based on
the electrical efficiency, each applied voltage-oriented operation mode
has a restricted optimal applied output current. While the current
levels are almost similar, when the battery and applied voltage levels
are equal, there is an antiproportional trend during the buck and the
boost operations. This trend is accompanied by a more stable efficiency
of roughly 90% independent of the energy transfer direction at each
evaluated applied current level when the battery and applied voltage
equal, while a decrease in efficiency at low and high current levels is
more pronounced when an offset between the battery and applied port
is present. Less efficiency is accompanied by increased heat generation,
which thermally limits the applied power of the converter due to
the passive thermal design. Hence, active cooling could enhance the
maximal applied power for the present design.

Table 3 shows the average result of transient temperature sensor
measurements on local spots of the cooling block below the converter
board along the electrical configuration data.

Six temperature evaluation spots (spl) to (sp6), as well as an eval-
uation frame (box) of the dc-to-dc converter prototype, each empha-
sizing key performance indicators and overall temperature behavior,
are highlighted. The temperature sensors depict component behavior
as follows: (spl) capacitor at battery port C,,,, (sp2) inductor L,
(sp3) inductor shunt S;,;, (sp4) reference temperature 9,,,, (sp5) MOS-
FET M, and (sp6) capacitor at applied port C,,,. Since the color table
in chosen to focus on hot spot evaluation with respect to varying heat
loss distribution, each use case follows its own coloration. Temperature
limits are visible within the temperature evaluation box in terms of
the maximum (max, red cross), minimum (min) and average (avg)
indicators. The stationary temperature distributions during the two
previously identified use-case of interest for the respective charge and
discharge scenarios are presented in Fig. 6 along with their respective
model replicas.

The hottest spots are visible during discharge operation at MOSFET
M, (spl,max) and during charge operation at MOSFET M; (max). The
average experimental temperature along the converter board varies
roughly around 45.0 °C in both use-cases, while the local maximal
experimental temperature is at 128.0 °C during discharge operation
and 100.0 °C during charge operation. The maximal simulated tem-
perature in the charge use-case scenario is 101 °C and the maximal
simulated temperature in the discharge use-scenario is up to 133 °C,
both at the same MOSFET spots. The average temperature level of the
converter board in the charge use-case scenario is 51.6 °C, and the
average temperature level in the discharge use-case scenario is 60.9 °C.
Although accurate predictions are made for local hot spots, the mean
temperature is overestimated.

The efficiency during discharge and charge cases strongly differs
due to the converter configuration. The MOSFET, shunt and inductor
locations mostly generate heat, while heat is significantly dissipated
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along the applied port and backplane. The highest temperature hotspots
vary with respect to the operation mode: M, during charge buck mode
and M; during discharge boost mode. When the converter battery
and applied voltage are equal, a superimposed switching process and
accompanied heat generation are visible, i.e. at MOSFET M, and M,
during charge operation. Similarly, a superimposed effect is to be ex-
pected at MOSFET M, and M; during discharge when the voltage levels
at the input and output voltages are equal. The measured temperature
rise at the cooling block is scaled due to the heat loss of roughly
40 W during charge and roughly 50 W during discharge operation.
While the temperature sensor measurements on the cooling block differ
with respect to energy flow, the temperature sensor measurement at
the bottom of the converter is similar in both cases. The deviation
of the average simulated temperature to the experiment readings is
more pronounced during the discharge case than during the charge
case. While the temperature levels at the backplane location are slightly
underestimated during the charge case, an overestimation is visible
at the same location during the discharge case. The deviation at all
converter components is provided in Appendix A.2.

3.3. Step 3: Evaluate the base-case performance metrics at hot spots

The base-case module design is examined in terms of temperature
levels during cyclic operation at an initial and intermediate cycle with
2.0 kW (flexibility case) and 4.8 kW (worst-case) discharging and
0.8-kW charging power. A constant system power output operation
is chosen with respect to the constant converter current and voltage
operation. Since the converter prototype is not able to provide the
power level to reach 4.8 kW due to electrical or thermal overload, the
virtual converter is modeled at 95% electrical efficiency with roughly
50 W total heat dissipation in that case, while a temperature distri-
bution according to the discharge use-case during the experiment is
mimicked.

A constant power output operation is modeled at the battery pack
with a configuration of 1pl2s, 12 battery cells connected in series.
While the power output of the system is constant, input power and
current have nonlinear profiles with respect to the varying SoC of the
incorporated battery model and series connection of the battery cells.
Considering a nominal constant power rate of 1.0 P-rate in association
with a full battery system’s discharge/charge duration of 1.0 h, the
system was driven at a power rate of 1.4 P-rate during discharge
and a power rate of 0.3 P-rate during charge operation. Therefore,
the discharge profile is more electrically demanding than the charge
profile with respect to the battery pack, but the thermal impact of the
converter is increased during charging due to its longer continuous
operation. Li et al. (2022) reported in their study by comparing experi-
mental tests on cell and pack level that the total heat dissipated by each
cell in the battery pack during charge or discharge operation remains
quantitatively the same, either with 1 C-rate constant current or with
1 P-rate constant power, as the total amount of energy throughput
is roughly the same. Hence, we can directly compare constant power
mode and constant current mode in terms of heat generation and
temperature magnitudes reported in the literature.

The simulated transient temperature rise distribution (K) within the
BaSyMo is shown for the battery pack and the back-plane next to the
converter during two consecutive discharge/charge cycles in Fig. 7. The
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Fig. 6. The converter layout (a) is illustrated along with the tetrahedral mesh triangulation (b) for the numerical approach. The experimental and virtual stationary temperature
distribution (°C) are shown during (c) discharge boost operation at the state: [28.68 V,50.06V,19.25A,—-10.06 A] and (d) charge buck operation: [29.87V,10.17V,-5.47 A, 19.91 A].

worst-case condition is reached, when both, the battery pack and the
converter, are operated at the most demanding state at the end of the
intermediate discharge phase, as depicted in Fig. 8.

The maximum temperature rise at the battery pack at the end of
discharge within the intermediate cycle is simulated to be at 24.0 K at
stack 6/7 during BaSyMo operation in comparison to a minimal rise
of 14.0 K at stack 1/12. There is a strong difference in the thermal
behavior of the internal and exterior battery cells of the pack. Ren
et al. (2023) reported with decreasing battery temperature level an
increase in reversible heat generation is visible. This effect might be
visible in the case of high temperature differences, temperature levels
far below 22 °C ambient temperature and roughly 0.5 P-rate or below,
but not in the current use-case scenario. Hence, the major influence is
caused by heat being dissipated differently. From comparison with the
heat propagation pattern from previous work (Liebig et al., 2020), we
suggest the interior cell dissipates heat mainly by convective cooling on
the top terminal and side short surfaces. The exterior cell’s longitudinal
surface is directly connected to the pack casing end plate, which
additionally boosts the cooling effect.

The maximal temperature rise at the converter at the end of dis-
charge in the intermediate cycle is estimated to be 133 K. The tem-
perature rise differs between the discharge test-case (in Fig. 6) and the
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simulated worst-case condition (in Fig. 8) by up to 22 K. This devia-
tion shows that the maximal temperature magnitude at the MOSFET
location is highly sensitive to environmental conditions. In comparison
to real-world applications, however, this worst-case temperature level
is not far off as it is located at the switching location, which allows
a temperature level up to 150 °C (Linear Technology/Analog Devices,
2018). In that case, the converter operation might be thermally limited
under the harsh conditions. Either a concept for thermal derating or
active cooling needs to be considered, if the same system output is
required for the converter application.

The temperature rise distribution evaluated at the backplane is
within the range up to 17.0 K. In real-world application, this tem-
perature value is relevant, since it is the maximal temperature value
that is measurable on the entire surface of the battery system casing.
The maximum safe temperature for a device that humans are allowed
to touch without additional safety measures is typically around 50
°C (ISO, 2006). With roughly 40 °C on a metal surface, skin burn is
not an issue. However, when the environment temperature is increased,
there might be a need to reevaluate the threshold. Mimicking the
temperature distribution at the examined operation state is done appro-
priately, since the temperature distributions of the backplane mainly
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during the intermediate cycle; normalized air-stream velocity and thermal gradients are a guide for the eye.

overlap in both analyzed scenarios. Heat flow patterns at the worst-
case conditions suggest that convective cooling at the back-plane is the
dominant cooling mechanism in this scenario, which can be seen by
gradients at the interconnects and the back-plane. However, elevated
temperatures by a few degrees are visible in the worst-case scenario
in comparison to the flexibility scenario after the initial discharge
phase.

Overall, simulated temperature distributions show that the dis-
charge operation is more demanding than the charge operation with
respect to the battery pack, but the thermal impact of the converter is
increased during charging due to its longer continuous operation. The
temperature of the battery pack is lower than the maximal temperature
of charge and discharge operation defined by the manufacturer, which
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suggests safe operation within the whole operation window. While
the power output of the system is constant, input power and current
have nonlinear profiles in relation to the varying state of charge of
the incorporated battery model. With decreasing state-of-charge an
increasing current, and a proportional increase in heat generation
is simulated. Similar cell behavior is known from a study by Kim
et al. (2013). In the current case during discharge operation, increased
temperature rise is simulated, when the battery pack state of charge
is below the 10% SoC threshold, which correlates to an open-circuit
potential of roughly 40.5 V. Hence, state of charge levels below the
threshold should be omitted to avoid increased heat generation and a
proportional temperature increase or a controller must be considered
that is able to cope with the dynamic current (Li et al., 2022).
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Fig. 9. Battery pack temperature rise distribution (K) of operation versus conventional usage at the end of discharge at the initial cycle.

3.4. Step 4: Evaluate the potential alternative designs - Flexibility as an
option

The flexibility scenario is further examined and discussed in the
upcoming section on alternative design evaluation. The battery system
module operation with the use of the converter array is compared with
the conventional usage of the battery pack without voltage adjustment
in the flexibility scenario with 2.0 kW discharging and 0.8 kW charging
power, as depicted in Fig. 9.

The temperature rise distributions at the end of discharge within
the initial cycle vary with respect to the battery pack as follows: 6.2 K
minimal rise at stack 1/12 to 10.1 K maximal rise at stack 6/7 during
BaSyMo operation in comparison to 4.2 K minimal rise at stack 1/12 to
a maximal rise of 9.0 K at stack 6/7 during conventional usage. Similar
to the previous use case, one reason for a temperature difference
between interior and exterior battery cells is suggested to be convective
cooling. However, a constant off-set of increased temperature is visible
in the BaSyMo scenario. The reason might be an increased battery
pack current, which balances the converter energy loss under the
same power demand. An increased impact during long operation is
visible and might negatively influence the battery pack operation. In
comparison to the conventional use-case, there is a higher temperature
rise at the outside lying battery cell but a more uniform temperature
rise distribution within the battery pack due to the converter impact.
Moreover, during conventional use of the battery pack, heat is propa-
gated towards the converter array, such that it acts as additional passive
cooling but increases the thermal nonuniformity of the battery pack.
Even though the converter is not in use, this is seen by a temperature
increase up to 2.0 K.

3.5. Insights by the design evaluation

The performance analysis for the modular battery system design
is presented in this section. Predictions of the battery system model
temperature states within the analyzed technological case studies are
within a valid range compared to those benchmarks reported in the
literature. The converter, however, might be driving in limiting condi-
tions when driven at exceedingly high temperature levels.

Fig. 10 summarizes attributes in this study that focus on cell and a
modular system design with finalized results for each system criteria.

Altogether, the battery pack can operate in a safe range within the
base-case system design with respect to assessed technological use-case
scenarios, while the converter configuration might be limited. Safety
can be maintained by the system design, while durability might be
reduced due to permanent thermal feedback from the converter array.
Moreover, cost could be maintained with the simple passive cooling
design, while “easy-to-use” and “flexibility” would increase with the
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Fig. 10. Final score: Base-case design in comparison to a conventional system based
on a Graphite-NMC cell type.

system design. Flexibility can even be considered as an option when
the battery voltage window fits the application’s needs.

The major result of the converter performance analysis is that it
needs to operate at 95% efficiency or below a heat loss of roughly
50 W in order to work thermally stable in the base-case design. This
constrains the overall power output of the modular system in compar-
ison to a conventional system, but allows it to provide stable power
even at low SoC of the battery pack and limits the thermal overload
at the converter components, since the module casing is able to pas-
sively cool the converter without excessive temperature levels at the
exterior surface of the module casing. Under the assumption of this
condition, a maximal temperature rise of 24 K was simulated at 4.8 kW
discharge operation at the battery pack, which can be considered the
most demanding technological use-case scenario for the present design.
Although, the influence of cooling by convection is limited in decreas-
ing the temperature levels of components within the battery system
design, the temperature of the battery pack is lower than the maximal
temperature of charge and discharge operation defined by the manu-
facturer. Hence, the base-case design performs better with respect to
the safety property in comparison to conventional graphite/NMC-type
systems since it can maintain temperature limits, while the modular
nature of the design allows for the separate thermal impact of different
modules. The behavioral system model shows that the converter might
influence the battery pack service-lifetime expectancy negatively with
regard to two distinctive systematic thermal sources: increased battery
current offsets converter energy loss and leads to a direct increased
temperature magnitude at all battery cells and a direct thermal impact
at the exterior battery cells. While the first is related to decreased
overall energy throughput and power supply as well as a higher overall
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battery pack temperature magnitude, the second source is related to the
system design layout and has shown minor influence in the base-case
design. In the proposed design, the battery pack even benefited from a
more uniform temperature distribution.

While our research provides valuable insights, we acknowledge
certain limitations and unexplored areas:

Battery Chemistry Diversity: Our research primarily focuses on
Lithium-lon Batteries (LIBs). However, different battery
chemistries exhibit unique thermal behaviors. Future investiga-
tions should explore how our framework applies to these alterna-
tive chemistries.

Real-World Operating Conditions: While our simulations assume
nominal operating conditions, real-world battery systems operate
in diverse environments—ranging from temperature extremes to
varying humidity and altitude. Understanding the impact of these
variations on thermal management remains an exciting avenue
for further study.

Topology Exploration: Although we examine the present con-
verter topology, our study does not exhaustively cover all pos-
sibilities. Investigating additional topologies would enrich our
understanding and offer new insights.

Safety Mechanisms and BTMS: Safety mechanisms, including
overcurrent protection and cell balancing, warrant further re-
search. Additionally, exploring an active BTMS could enhance
durability, albeit with cost considerations.

Model Validity and Generalizability: Our study’s model relies on
simulation data from validated component models. While not
capturing all real-world complexities, it provides a solid founda-
tion. Importantly, the methodology is not limited to a specific
design—it remains adaptable and applicable.

Operational Factors and Technological Implications: Our focus on
technological implications means that certain operational factors
might not be fully explored. Future research could explore these
aspects, enhancing more practical applicability.

4. Model verification

The models used to predict the performance of the primary system
components, the prismatic graphite-NMC type battery cell and the
converter prototype, are examined with respect to the plausibility
of the model performance. A set of validation experiments has been
performed to calibrate the model parameters to reasonably predict the
characteristics of both components. The calibrated models are then
used to predict the performance of the system model following the
base-case design provided in Section 2.3. The plausibility of the system
model study is examined with respect to the chosen spatial mesh
configuration.

The model for the graphite-NMC cell was validated against exper-
imental data of a 40 Ah prismatic cell presented in Refs. Liebig et al.
(2019b, 2020). For details on the electrochemical model equations and
parameterization, the reader is referred to the study (Liebig et al.,
2019b) by Liebig et al. To make sure the electrochemical model is
correct, it is compared to data from experiments that show charge
and discharge phases at different C-rates up to 2.0 C and an ambient
of 25 °C. As can be seen in the cell voltage and temperature val-
idation sections in Ref. Liebig et al. (2019b), both heuristic output
quantities can be predicted reasonably well. Furthermore, the spatial
thermal behavior of the prismatic cell and its nearby environment was
investigated in Ref. Liebig et al. (2020). It was determined that the
model accurately predicted the distribution of temperature beyond the
prismatic cell case.

The power electronics model is a simplified virtual representation of
the chosen converter design. Components of the represented converter
design are considered that have thermally significant behavior during
operation. The heat loss parameterization of the converter prototype
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is performed based on the evaluation of an inverse heat transfer prob-
lem (IHTP) of thermophysical properties and source terms, since the
converter components are complex and vary heavily in terms of heat
generation and temperature levels at different locations on the printed
circuit board (PCB) during testing (Ozisik, 2000). The detailed prob-
lem statement and model parameter results from the IHPT evaluation
are shown in Appendix A.2. The converter model accuracy and ther-
mal results are discussed in Section 3.2 along with the experimental
performance evaluation.

The system model has an average skewness of 0.62 and an average
condition number of 0.75 for solid components and their surfaces. The
criteria “skewness” evaluates the anisotropy of angles within mesh
elements, whereas the quantity “condition number” qualifies the matrix
isometric transformation properties of the actual elements; both in
comparison to an ideal tetrahedral element with both equally adjusted
angles and a maximal condition number. Mesh refinement is considered
in areas with more detailed contours like the converter components,
battery components and copper connections. The casing surface is re-
fined with boundary layers with regards to the fluid flow environment.
To understand the sensitivity of the evaluated thermal results based on
the chosen spatial mesh discretization, mean temperature profiles at the
battery pack are examined. The influence of the mesh is examined in a
simplified test comparing the influence of the final mesh with that of a
twofold coarsened mesh. The deviation remains below 0.1 K absolute
error on the evaluated stack and battery pack volumes during the worst-
case condition cycle. Hence, the impact of numerical errors is assumed
to be negligible in each evaluated use-case. The system model mesh
configuration that is used during the study and the submodel mesh
variants are depicted in Appendix A.1.

5. Conclusion

In this study, we introduce a comprehensive simulative design
engineering framework for the virtual assessment of lithium-ion battery
systems. Our primary focus is to support design research under limiting
conditions in the early phases of development. Our contributions are
threefold:

» Simulative engineering framework: Our framework serves as a
powerful tool, allowing engineers to simulate various scenarios
and evaluate battery system designs. Thereby, enhancing effi-
ciency of design exploration and decision-making.

Thermal Evaluation of the BaSyMo Design: By understanding
temperature effects on key components, we enhance our system-
level insights. Our converter performance analysis reveals that
maintaining at least 95% efficiency and minimizing heat loss (be-
low 50 W) ensures thermal stability within the base-case design.
Simulated results demonstrate a maximal temperature rise of 24
K during a demanding 4.8 kW battery pack discharge. The battery
pack remains below manufacturer-defined maximum tempera-
tures, emphasizing safety. Passive cooling mechanisms within the
module casing effectively prevent converter component thermal
overload.

Reliable Component Assessment: We rigorously assess the bat-
tery and dc-to-dc converter, ensuring their reliability and perfor-
mance. Our findings align with empirical data from experiments
and existing literature, reinforcing the validity of our approach.

In summary, our work bridges theory and practical design, pro-
viding valuable insights for the advancement of battery technology.
However, we acknowledge limitations such as battery chemistry di-
versity, real-world operating conditions, topology exploration, safety
mechanisms, model validity, and operational factors. The methodology
is adaptable and applicable, but there are still relevant factors that
could be evaluated in the future work.
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Abbreviations

The following abbreviations are used in this manuscript:

0D Zero-dimensional

3D Three-dimensional

BaSyMo Battery system for modularity

BTMS Battery thermal management system

CFD Computational fluid dynamics

DoF Degree of freedom

DoD Depth of discharge

FEM Finite-element method

LFP Iron-phosphate positive electrode material

LIB Lithium-ion battery

[HTP Inverse heat transfer problem

NMC Nickel manganese cobalt positive electrode material
MOSFET Metal-oxide-semiconductor field-effect transistors
PCB Printed circuit board

P2D Pseudo two-dimensional

SoC State of charge

SoH State of health

SA Simulated annealing
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Appendix

A.1. FEM discretization and solving

In this work, FEM is applied to discretize the underlying equa-
tions of the presented model variants by using the commercial solver
COMSOL Multiphysics® 5.6. The individual spatial discretization is
considered for the different length scales represented at each submodel
referred to within the study and shown in Table A.1.

The solving process is based on the COMSOL Multiphysics® 5.6
built-in multifrontal massively parallel sparse direct solver (MUMPS)
with a relative and absolute tolerance of 10~3 at a maximal step-size
of 1 s. All models are computed on Intel® Core™ i7-10700K CPU @
3.80 GHz with 32 GB RAM.

A.2. 3D converter model parameterization

The problem statement is formulated as follows: Given a vector
of measured temperature data J,,,, at different locations within the
test set-up in reality and a vector of parameters P with the relation
f(P) = 551,,,, where f is without further requirements. Find P* such
that f(P*) = 5;‘,."1 ~ 8,005 i-€., a relatively similar thermal behavior
at the collocated locations within the virtual model environment and
real test set-up is derived. An iterative estimation is performed in the
minimization with the objective weighted least squares function stated
as follows:

- 1 -\2 1 = - - -
S(P) = 5 Z Wy, (lgm,meas - fm(P)) = 5['9mea5 - Ssim]TW[lgmeaS - Ssim]

meM

(A1)

where W is a diagonal matrix with predetermined weighting coeffi-
cients,

Ymerm Wy = Lw, > 0Vm € M, involving M temperature
measurements (Ozisik, 2000).

The Eq. (A.1) defines the cost function .S in terms of a converter
model evaluation function f. This is a model version of the system
model that is based on the governing equations and boundary con-
ditions described in the modeling approach for the test setup. The
physical setting comprises a time invariant reformulation of the Egs. (1)
to (12) with a restriction on the converter geometry and attached
cooling block, aka system casing. The modeled components comprise
one communication plug, one fuse, one inductor casing, one inductor
kernel, six capacitors, four MOSFETs and four shunts due to their
thermal significance. The PCB is modeled as a thermally thin layer with
orthotropic thermal conductivities. The component’s heat capacity,
density and thermal conductivity are chosen from well-known materials
in the literature. Only the thermal conductivities of the PCB board are
considered to be calculated in the optimization process, along with the
source terms. Altogether, the following set of parameters is chosen for
the iterative process.

P = [QL’ Q&batt’ QS,ind’ QS,app’ QC,batt’ QC,app’ QM,l > QM,Z’

QM,37 QM,4’ kpcb,th’ kpcb,in] (A‘Z)

As of version 2017b, the optimization routine can be run on MAT-
LAB (United States, Natick) and is based on the Simulated Annealing
(SA) algorithm from the Global Optimization toolbox (The MathWorks
Inc., 2020; Ingber, 1995). The heat source parameters of the converter
components are implemented current-controlled within the module
behavioral model such that heat at the converter is only generated
when the virtual converter model is actively operated at the predefined
electrical conditions. The material data derived in the charge use-case
is chosen to be fixed in the optimization process of the discharge use-
case since the material properties are expected to be independent of the
operation.
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Table A.1

FEM mesh configurations.
Model Geometry Vertices Elements® Method > DoF®
P2D (Validation) Electrode stack 41 40 FEM® 1108 (plus 10 internal DoFs)
P2D+3D (Validation) Prismatic cell 86257/74,707¢ 63,505%/368,531¢ FEM' 81,182 (plus 432,851 internal DoFs)
3D (Validation) Converter 52,247/226,546° 203,754/ 1,150,801¢ FEM?# 344,280 (plus 1,534,695 internal DoFs)
P2D+3D (Study) System 98,2244/392,696° 422,826/ 2,044,280° FEM? 613,216 (plus 2,376,550 internal DoFs)

a User defined settings incorporating a COMSOL built-in meshing algorithm.

Total degrees of freedom for the entire model.
¢ Ref. Liebig et al. (2019b).

4 In solid domains.

¢ In fluid domains.

Tetrahedral elements, Ref. Liebig et al. (2020).
Pyramid, prism and tetrahedral elements.

-

oo

Table A.2
The heat, thermal and deviation properties of the converter behavior replication process.
Meaning Symbol Experimental Heat source Average simulated Absolute
temperature density® temperature deviation
Ty CO Qi (W m™) Tym °C) Toip = Tum CC)
Charge case with cost f = 7.62 for weighting coefficients 0"
Inductor coil L., 64.9 267,630 58.3 6.6
Shunt Span 54.4 93,137 56.9 -2.5
Shunt Sapp 64.9 7,142,200 59.3 5.6
Shunt Sina 52.1 1,141,500 51.7 0.4
Capacitor Chut 54.4 129,880 51.8 2.6
Capacitor Copp 58.9 275,600 59.3 -0.4
MOSFET M, 94.1 1,773,700 87.3 6.8
MOSFET M, 100.0 2,334,800 92.2 7.8
MOSFET M, 64.9 335,720 62.4 2.5
MOSFET M, 75.0 1,225,900 73.5 1.5
i 1
casing close Touscon 25.9 - 206 ~37
to battery port o
Casing centered
at back-plane Thackcasing 32.8 - 31.6 -1.2
Casing close
to applied port Tapp.casing 287 - 302 L5
Discharge case with cost f = 6.25 for weighting coefficients &"
Inductor coil L., 84.5 697,190 82.1 2.4
Shunt Shar 54.8 6,791 59.6 -4.8
Shunt anp 84.5 3,686,300 79.4 5.1
Shunt Sind 72.2 1,088,000 71.6 0.6
Capacitor Chone 54.8 173,170 50.7 4.1
Capacitor Copp 76.0 26,542 79.4 -3.4
MOSFET M, 75.7 699,340 71.5 4.2
MOSFET M, 75.7 852,760 71.8 3.9
MOSFET M, 128.0 2,566,700 123.3 4.7
MOSFET M, 128.0 2,857,600 120.8 7.1
Casing close Tyoncasin 29.2 - 31.3 —21
to battery port casing
Casing centered
at back-plane Thack.casing 334 - 341 -0.7
Casing close
to applied port Tapp.casing 306 - 326 -20
2 Refined.
b = (w), w, =3 for i={1,2,3} and w, = & for i ={4,...,13}.
Table A.3
The considered thermophysical properties of the virtual converter components.
Meaning Symbol Reference Reference Measured Density Heat Thermal Emissivity
bulk surface® volume p (kg m™3) capacity conductivity €
v (mm?) C, J kg K™ k(W m™ K™
MOSFET M 374 Silicon glass Black, heat-resistant 702.7 2203.0 703.0 1.38 0.92
Capacitor Chat fapp Aluminum Unmodified 776.1 2700.0 900.0 238.0 0.09
- 20.4°
Shunt Shatt fapp/ind Steel Oxidized 29.¢ 7850.0 475.0 44.5 0.74
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Meaning Symbol Reference Reference Measured Density Heat Thermal Emissivity
bulk surface?® volume p (kg m™) capacity conductivity €
v (mm?) C, Jkg!' K k(W m K"
Inductor coil L., Copper Shiny 4195.4 8960.0 385.0 400.0 0.07
Inductor case L4 Steel Black, Shiny 5507.5 7850.0 475.0 44.5 0.87
2 Emissivity reference taken from OptrisGmbH (2023).
b With respect to Sy,./ap-
¢ With respect to S,,,.
Table A.4
The considered thermophysical properties of the converter’s PCB.
Meaning Symbol Reference Reference Thickness Density Heat Thermal Emissivity
bulk surface® L (mm) p (kg m™3) capacity conductivity €
C, Jkg' K k(Wm! K
. - . 3.39P¢
Printed circuit board PCB FR4 Green, laminated 1.83 1900.0 1369.0 0.27b4 0.94

a

Emissivity reference taken from OptrisGmbH (2023).
Refined.

|| (in-plane).

1 (through-plane).

b
c

d

The experimental results, the initially chosen set of parameters used
for the optimization procedure and the final set of refined converter
model parameters are presented in Table A.2. The fixed thermophys-
ical properties of the mounted converter components are chosen with
respect to their main material property and are presented in Table A.3.
The converter’s PCB thin-sheet anisotropical thermal conductivities are
refined based on the optimization implementation for the discharge
case. The final parameter dataset is presented in Table A.4.
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