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Abstract

Fast charging of lithium-ion cells marks one of the most demanding and critical use cases in
electric vehicle applications, which is still a significant and interdisciplinary challenge from a
battery management perspective. In recent years, many different approaches to determining
fast charging current control strategies have been proposed, levering the charging algorithm to
operate at the physical limits, trading-off charging time and cycle life without compromising the
safety of lithium-ion battery cells in high-voltage systems.

In this work, remaining challenges in the research field of fast charging current control are
extracted in a literature review and a comprehensive method is proposed to determine a model-
based health-aware fast charging strategy for lithium-ion batteries. Starting with a commercial
lithium-ion cell without any information about the properties, the process to collect key data
for electrochemical-thermal modeling during a cell teardown and electrode characterization is
outlined. The extracted information is used as a baseline for a systematic parameter identification
approach of an electrochemical-thermal model, which successfully distinguishes the individual
contributions of both electrodes to the overall cell behavior. The model is validated against
various charging currents and ambient temperatures to highlight its strength and weaknesses.
Subsequently, the model is used for fast charging current control based on real-time anode
potential predictions sensitive to the three most relevant states of lithium-ion cells, i.e., the
state of charge, the temperature, and the state of health to mitigate the risk of non-linear aging
due to lithium plating at varying operating conditions. Special attention is given to outlining the
required steps for model deployment in a laboratory environment. The model-based health-
aware fast charging strategy is applied in extensive cycle life tests with non-destructive and
post-mortem investigations of the dominant aging mechanisms, and the onset of nonlinear aging
is mitigated. As lithium-ion cells are usually connected in parallel and serial by laser-welded joints
in automotive applications, a comparison between the laboratory environment and laser-welded
lithium-ion cells during fast charging is made. It is shown that a major contribution to the heat-up
phase of the lithium-ion cell is originating from high electrical contact resistances and tab-to-core
heat conduction in laboratory environments, which may lead to an overestimation of the cell’'s
self-heating capability during fast charging.

In general, the findings contribute to a successful end-to-end development of model-based fast-
charging current control strategies starting from a lithium-ion cell with unknown characteristics,
to ensure safety and good cycle life during operation, to ultimately improve ultra-fast charging
and combat range anxiety associated with battery electric vehicles.
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1 Introduction and problem statement

An increasing scarcity of resources, growing public environmental awareness, and governmental
regulations led to the establishment of lithium-ion battery packs as the dominant power-delivering
component in battery electric vehicles (BEVs). It has been shown that electrified transport can
eliminate the increasing economic and political dependence on fossil fuels by omitting the
use of carbon-based fuels, thereby improving the overall energy efficiency and reducing the
severe impact of carbon dioxides on the world climate [1, 2]. Beyond that, BEVs provide
further advantages compared to combustion-power vehicles, such as the less frequent need for
maintenance and repairs due to fewer mechanical parts [3], reduced urban noise pollution [4],
and the potential for grid-stabilizing services [5].

The major technological limitation hampering the worldwide adaptation of BEVs in all possible
applications remains in the limited driving range compared to combustion-powered vehicles. With
the start of mass-series electric vehicle development, most vehicle manufacturers followed the
design paradigm of steadily increasing the lithium-ion battery pack’s volumetric and gravimetric
energy density to improve the overall range of BEVs [6]. Likewise, considerable research effort
is put into maximizing the electric range at all costs [7]. While the energy density increased, the
power density decreased, as both design trends are known to be contradictory [8].

However, many applications and usage situations of BEVs also require a high-power capability
of the lithium-ion battery pack and short charging times. For example, long-distance trips
are impossible to realize with charging times beyond 8 h by using commonly available three-
phase charging power. BEVs may be started with a depleted battery pack that does not cover
the intended trip distance, even if this distance may be short. Moreover, densely-populated
metropolitan areas are difficult to supply with overnight charging access points, so that not all
BEVs can be charged during their idle time [9], and communities contemplate how to meet the
growing charging demand [10]. Beyond that, commercial vehicles are intended to keep the idle
time at a minimum to maximize profitability, and long charging times render this specific scenario
a bad business case [11]. Combustion-powered vehicles created a user expectation of similar
fast refueling times of BEVs [12].

To counter these issues, a great deal of political interest has been generated to promote and
subsidize charging infrastructure over the past decade [13]. On the other hand, governmental
institutions have defined research and development (R&D) goals to promote technological
improvements to enable fast charging of BEVs. For example, the United States Department of
Energy (DOE) defined a fast charging time target of less than 15 min between 10-80 % until
2028 [14], while the European Council for Automotive Research and Development (EUCAR)
defined a similarly challenging fast charging target of 3.5 C between 0-80 % until 2030 at cell
level [15].
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Figure 1.1: Fast charging demand of the fast charger pool with four 350 kW chargers in Bad Honnef,
Germany [18]. The charging demand is compared for calendar week 42 in the years 2020
and 2021 due to limited data availability.

Following these targets, significant progress has been made in increasing the fast-charging
capability of BEVs. Due to the steady improvement of the fast-charging power, BEVs have
already been fast-charged more frequently. Both increased fast charging events and more
BEVs capable of fast charging can be measured indirectly if the corresponding infrastructure
usage is monitored. For example, as shown in Figure 1.1, the 350 kW fast charger pool in Bad
Honnef, Germany, has seen an increase of 516 % between the years 2020 and 2021 if all fast
charging events in a specific week of the year are compared. While this data sample is limited,
an increased usage of public fast charging points was revealed in other studies with broader
datasets [16]. With the increasing usage of and demand for fast charging, the relevance in the
design decision-making during the early development phases of new BEVs can be expected to
increase even further.

Beyond that, fast charging already marks the most significant challenge for automotive engineers.
The required high charging power may lead to accelerated aging of the lithium-ion cells due to
the complex mechanisms inherited by the electrochemical nature of the lithium-ion cells [17]. If
the lithium-ion battery pack is aging rapidly, the capacity is fading and the resistance is rising,
perceivable as a decrease in range and power by the user. Aging mechanisms may amplify and
self-reinforce once they occur, leading to a rapid failure and replacement of the overall lithium-ion
battery pack.

At the same time, the lithium-ion battery pack remains the most expensive component of the
electric powertrain, as shown in Figure 1.2, compared to an internal-combustion engine vehicle
(ICEV). Engineers must ensure that the lithium-ion battery pack achieves a long lifetime to meet
warranty but also future sustainability or circular economy targets. Consequently, the lithium-ion
battery’s fast and unpredictable aging must be strictly avoided. Therefore, the fast charging
functionality of lithium-ion battery packs requires thorough management by in-depth knowledge
of the lithium-ion cells’ behavior and their system interactions to hedge against unintended
operational or safety-critical hazards during usage. Hereby, the issues arising with enhanced
fast charging utilization are complex and multidisciplinary at various levels [19].
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Figure 1.2: Cost structure of the key powertrain components in combustion and electrified power-
trains [18]. The presented data is based on aggregated data from studies covering electric
powertrain cost shares [32], combustion-powered powertrain cost shares [33], and lithium-
ion battery pack cost shares [34].

In recent years, R&D efforts of industry and academia have been heading towards technological
improvements of fast charging at multiple levels along the system integration path of lithium-ion
cells into electrified powertrains. Advanced manufacturing and optimal material composition
of lithium-ion cells have been identified as a significant field to improve the charging perfor-
mance [20, 21]. For example, research groups enhanced the lithium-ion cell performance by
laser structuring graphite anodes [22—24] or building optimized electrolyte compositions [25] at
the material level. Beyond this, advanced control algorithms have been proposed to prolong the
life of lithium-ion cells [26]. Further, it was shown that elevated temperatures were beneficial for
achieving a longer cycle life under high charging currents [27—29]. At a system level, optimized
thermal management [30] and lithium-ion cell-to-pack integration [31] were also identified as
potential fields to further optimize the fast charging speed under the tight design constraints in
the automotive development.

To date, one of the major questions remains on how to develop fast charging strategies for
lithium-ion cells with unknown properties that control the charging current to minimize charging
time while avoiding any early failure. To gain a deeper understanding of the origins of the
charging current limitations and the need for advanced algorithms, the fundamentals and state
of the art of lithium-ion cells, systems, and their aging mechanisms during fast charging must
first be introduced.
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1.1 Lithium-ion cells, high-voltage systems, and
fast charging strategies

Lithium-ion cells are typically composed of different electrode materials predefining the lithium-
ion cell’'s performance and cost. To understand the barriers of enabling faster charging times,
the following sections provide a brief overview of the fundamental principles of lithium-ion cells
(Subsection 1.1.1) and summarize the commonly used materials, formats, system configurations
(Subsection 1.1.2) and fast charging strategies (Subsection 1.1.3) used in modern BEVs.

1.1.1 Fundamental principles and definitions

Lithium-ion cells are composed of two individual electrodes and an ion-permeable separator,
as shown in Figure 1.3. The voids and cavities within the cell are filled with an ion conductor,
the electrolyte, which connects both electrodes ionically but isolates them electrically. From an
electrochemical perspective, the oxidation occurs at the anode and the reduction at the cathode,
leading to changing spatial definitions of the negative and positive electrode, depending on
whether the lithium-ion cell is charged or discharged. Here we define the negative electrode as
the commonly carbon-based anode coated to a copper current collector. The positive electrode
consists of transition metal oxides coated to an aluminum current collector.

When charging, lithium ions move from the cathode through the separator structure to the anode.
During this procedure, dynamics are driven by charge transfer, double-layer, and mass transport
effects, as described by Jossen [36]. Starting at the cathode side, lithium ions move through the
electrolyte to the anode side, overcoming an ohmic resistance. At the anode surface, lithium ions
intercalate into the host lattice, known as the charge transfer reaction associated with the charge
transfer overvoltage. In the second step, the lithium diffuses from the surface to the interior of the
active material, stimulated by a concentration gradient in the active material and an associated
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Figure 1.3: Lithium-ion cell working principle during charging. The magnified view shows the intercalation
of lithium ions into a graphite host structure, as reported in the literature [35].
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diffusion overvoltage. Finally, electrons are transferred from the anode to the cathode via the
current collectors and an external circuit leading to an ohmic overvoltage.

Lifting this phenomenological description to measurable quantities, the intercalation of lithium
ions into or lithiation of the graphite host structure yields a descending open-circuit potential
(OCP) vs. Li/Li+ of the anode. At the same time, the cathode is delithiated leading to an ascending
OCP vs. Li/Li+. In total, both electrodes create a potential difference that is composed to a
voltage in the lithium-ion cell, known as open-circuit voltage (OCV), describing the lithium-ion
cell state at rest (Figure 1.4(a)). If the lithium-ion cell is subjected to transient cycling by applying
a current at the cell’s terminals, overvoltages superimpose the OCV depending on the charge
or discharge direction, as explained before, which is measurable as a transient voltage at the
lithium-ion cell tabs (Figure 1.4(b)).

During the charging and discharging, the change in OCV and overvoltages lead to a reversible
entropic and irreversible Joule heat, respectively, further leading to an observable temperature
change with time of the lithium-ion cell, as the dominant mechanisms described by Bernardi et
al. [39]. The changing temperature of the lithium-ion cell hereby interferes with the previously
mentioned electrochemical processes occurring due to accelerated reaction kinetics with larger
temperatures and vice versa.
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Figure 1.4: Lithium-ion cell OCV and the cell’s electro-thermal behavior during charging. (a) Cell OCV
as a superposition of both electrode OCPs, (b) cell terminal voltage as a superposition of
the cell’s OCV and cell’s overpotenial, leading to a temperature rise during a 2.5 A charge
(2.5 Ah cell) at 20°C ambient temperature. All graphs are based on measurements from
prior studies by the author [37, 38].
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To quantitatively describe and compare the physical processes occurring in lithium-ion cells,
different terms and definitions exist. To prevent any misinterpretations of the results in later
sections, fundamental definitions are specified below.

* Current rate (C-rate)
As a commonly and broadly used definition in the literature, the current applied to
a lithium-ion cell is often translated to a current rate (C-rate) in 1/h according to

C-rate = L, (1.1)
Qn

where I is the current measured in A, and Qy is the nominal capacity measured in
Ah, usually given by the cell manufacturer. This definition provides a normalized
quantity for comparing the charging time and current stress across different lithium-
ion cell capacities. A lithium-ion cell charged with a 1 C takes 1 h to be fully charged,
independently of its capacity.

» Capacity
The maximum amount of electrical charge drained from a lithium-ion cell is called
capacity Q in Ah. This definition may vary, depending on the operating voltage
window of the deployed lithium-ion cells, and it differs to the nominal capacity Qy.
While multiple definitions exist in the literature, the cell capacity is defined in this
work as the current integral over the charging time according to

sz I(t)dt, (1.2)
0

with the time t during a discharge from 4.2V to 2.5V at 20°C until an absolute
cut-off current of less than 1/50 C is reached during the constant voltage sequence
at 2.5 V. Therefore, the capacity is independent of the current rate, temperature,
and resistance, as overpotentials only have a marginal impact on the measurement
procedure. Lithium-ion cells’ capacity used in automotive applications usually
ranges from approximately 2 Ah (small format cells) to about 160 Ah (large format
cells).

» State of charge (SOC)
To get a relative estimate of the remaining capacity during the usage of lithium-ion
cells, the state of charge (SOC) is defined according to

t
SOC = SOCjitial +J I(t)dt (1.3)

0
with SOC;,;;.1 @s the SOC at the beginning of a charge or discharge. The SOC is
usually expressed in %, where 100 % stands for fully charged (commonly 4.2V at
cell level) and 0 % for a fully discharged (commonly 2.5V at cell level) lithium-ion
cell. The SOC visible in BEVs is usually slightly higher than the SOC definition
commonly used during the development stage due to cell-to-cell drifts and range
anxiety margins, which is why it is referred to as state of charge displayed in the

user interface (UI-SOC) to clearly distinguish both quantities hereafter.
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* Resistance
The resistance R of a lithium-ion cell defines how the terminal voltage U evolves
during a current excitation, originating in the previously described superposition
of the individual overpotentials in the lithium-ion cell (Figure 1.4). If not otherwise
noted, the internal resistance R is defined in this work as the ratio of the voltage
drop AU to the applied current I over a specific time span At at 20 °C, formally as

AU _ Ui=10s — Ui=os

- - (1.4)

Rlc,10s,50% =

as example for a 1 C current excitation for 10s at 50 % SOC, whereas different
current excitations I and different pulse durations At at different SOC levels can be
applied, depending on the scope of consideration. The resistance R of a lithium-ion
cell is often measured in mQ and usually lies in a range of 0.1 mQ (high capacity,
large format cells) to 50 mQ (low capacity, small format cells), depending on the
cell material and format.

» State of health (SOH)
The capacity and resistance of lithium-ion cells commonly change over the cycle
life, often referred to as aging [40] or degradation [17] in the literature and discussed
in more detail later on in Section 1.2. Both quantities are commonly tracked over
the cycle life as the state of health (SOH) [41]. The capacity-related SOH, SOH,
and the resistance-related SOH, SOHg, are defined as

Q SOHy = —2

Qinitial initial

SOHC ==

(1.5)

as a fraction of the actual capacity Q to the initial capacity Q;,;ia1 @nd the actual
resistance R to the initial resistance R, respectively. Both quantities are used
with different definitions, depending on the aging-related capacity and resistance
definition in the literature. Likewise, to the SOC the SOH is usually defined in %,
where 100 % stands for a completely new and 0% for a failed lithium-ion cell or pack
from a capacity-related SOH perspective. BEV manufacturers usually consider a
SOH_ of below 70 % as a system, which cannot ensure safe operation anymore.

1.1.2 Materials, formats, and system architectures in electric vehicles

The fundamental principles of a lithium-ion cell can be put into practice using different electrode
material combinations and geometrical formats. In the past, various electrode materials of lithium-
ion cells have been discussed and deployed to optimize the trade-off between performance and
costs of lithium-ion battery packs in automotive applications. As an example of the state of the
art, Table 1.1 lists two mass-series BEVs and their lithium-ion battery pack specifications.

Lithium-ion cells currently used in BEV applications unite the use of carbon (C)-based anodes
mainly relying on graphite, due to its beneficial properties and vast availability. Graphite profits
from low irreversible capacity and low volume expansion, leading to a robust cycle life and
good rate capability [42]. The volume expansion during lithiation is quite low compared to other
materials with approx. 10% to its initial state [35], which allows for repetitive cycling without
severe material fade. The rate capability can be enhanced by careful electrode design (loading,
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Table 1.1:  Volkswagen ID.3 1% edition and Tesla Model 3 Standard Range (SR) and their lithium-ion
battery pack material, format, and system configuration used for the lithium-ion battery pack.
Data originates from own observations and measurements of onsite-available vehicles.

Manufacturer Model High-voltage lithium-ion battery pack

Size Cell material ~ Cell format  System architecture

Tesla Model 3 SR 55kWh C/LFP Prismatic 106s1p
Volkswagen ID.3 Pro 1%t edition ~ 62kWh C/NMC Pouch 108s2p

C: Carbon, NMC: Nickel manganese cobalt oxide, LFP: Lithium iron phosphate

thickness, and porosity of the electrode) to meet the required discharge rates in the automotive
environment [43]. With the evolution of graphite as anode material in electrified automotive
applications, R&D efforts were made to further optimize the energy density and performance.
For example, the properties of graphite can be enhanced using synthesized or artificial graphite,
which improves the cyclic performance of the lithium-ion cell [44]. Another and most recent
option is adding silicon (3579 mAhg™!) to graphite (372mAhg™?) to improve the overall energy
density of the lithium-ion cells [42]. However, those advancements are rare in current BEVs, as
prior work reported that the anode of a lithium-ion pouch cell from the Volkswagen 1D.3 relies
on graphite, most probably natural graphite due to its appearance, without any silicon content
added [45].

At the cathode side, nickel cobalt aluminum oxide (NCA) was one of the most important early
active materials, e.g., with its use in the first-generation mass-series Tesla Model S [46]. NCA
cathodes benefit from their durability and, therefore, high rate capability and cycle life [47].
However, cyclic stability at large depth of discharge (DOD) operating windows had been reported
to be poor [48], leading to fast capacity fade and resistance rise. Development pathways
emerge to further decrease the cobalt content due to economic and environmental concerns
by increasing the nickel content to further elevate the cyclic stability issues, which is why new
material combinations are searched to improve the stability of Ni-rich NCA cells [49, 50].

Another prominent nickel-rich cathode material is seen in nickel manganese cobalt oxide (NMC),
which is currently the most dominant cathode active material in BEVs [51]. Compared to NCA,
NMC has almost the same specific capacity and raw material costs but slightly lower process
costs [52], which renders NMC a more cost-effective material for automotive use cases. The
trend to less use of cobalt and more use of nickel is also present here, leading to the development
of Ni-rich NMC cells. Like NCA, the substitution of cobalt with more nickel is limited due to cyclic
stability issues [53].

With the increasing awareness of economic and ethical concerns regarding the sourcing of cobalt,
lithium iron phosphate (LFP) has been increasingly used as cathode material in mass-series
BEVs, e.g., in the Tesla Model 3 SR (Table 1.1). LFP is inexpensive, abundant in nature, and
has good cyclic stability without using cobalt [54]. On the downside, LFP suffers from a low
energy density compared to NMC or NCA due to its flat lower potential at approximately 3.5V. In
consequence, it is currently used in cost-sensitive vehicle segments with priority in high cycle
life instead of high energy density [55].
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Based on this brief overview of the different active materials currently deployed in automotive
applications, it becomes apparent that no material is superior to another, and a co-existence of
the various materials depending on the use case is the present scenario at the time of writing.

The various combinations of graphite-based anodes with NCA, NMC, or LFP cathodes can be
realized using various packaging formats. Most prominently, these anode and cathode materials
are countered to working lithium-ion cells within cylindrical, prismatic, or pouch cell designs.
While the first two are contained within a solid aluminum envelope, the latter is sealed within a
soft polymer bag. Similar to the active material use, there is still no consensus in industry and
academia on which format may be superior to the others, which is why all formats are currently
used in industrial practice depending on the individual applications.

To achieve the high energy and power densities required in automotive applications, many
lithium-ion cells are connected in series and parallel. With a voltage range between 2.5-4.2V
approximately 100 lithium-ion cells in series reach a common direct current (DC) voltage level of
400V and, if doubled, a level of 800 V.

With many lithium-ion cells connected to larger systems reaching high voltage levels and large
capacities, high charging power can be applied to quickly recharge the individual cells. Figure 1.5
shows an overview of the fast charging imes of available mass-series BEVs in the European
market at the time of writing. While some manufacturers reach charging times as low as 18 min for
a fast charge between 10-80 % SOC, other manufactures double or even triple these numbers.
Apparently, fast charging of energy-dense battery packs poses technical challenges across all
cell materials and segments, which must overcome by advanced fast charging strategies.
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Figure 1.5: Fast charging time (10-80 % SOC) of an excerpt of available mass-series BEVs in the
European market. Data is based on prior work [57]. The illustrated R&D target is based on
the declared fast charging time target of less than 15 min between 10-80 % until 2028 by
the United States Department of Energy (DOE) [14] and the similar fast charging target of
3.5 C between 0-80 % until 2030 by the European Council for Automotive Research and
Development (EUCAR) [15].
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1.1.3 Fast charging strategies of state-of-the-art electric vehicles

The capability to fast-charge lithium-ion battery packs is imperative to reach shorter charging
times. In the most straightforward and customary manner, lithium-ion battery packs are charged
with constant power and the charging power can be increased to reach faster charging times.
Unfortunately, this approach comes at the cost of an early failure of the lithium-ion battery pack,
as increasing the charging power leads to harsh conditions and accelerates aging, as explained in
more detail below, in Section 1.2.1. Therefore, BEVs manufacturers pursue advanced strategies
for current control during fast-charging events.

Figure 1.6 shows fast charging events starting at 0 % UI-SOC for two BEVs with strategies strictly
differing from common constant power (CP) control principles. For example, the Volkswagen
ID.3 Pro 15! edition (NMC) reaches its peak fast charging power of 100 kW after a few seconds,
followed by a rapidly declining charging power until a constant current (CC) control plateau at
approximately 70 % SOC. The CC sequence is held until a SOC of around 80 %. Note that the
UI-SOC generally differs to the true SOC, as the UI-SOC includes cell-to-cell drifts and/or range
anxiety safety margins.

Likewise, the Tesla Model 3 SR (LFP) follows a similar strategy of an upfront larger charging
current, but almost doubling the charging current. Once reaching a CP level of approximately
165 kW after a few seconds limiting the maximum fast charging power, the fast charging current
is transiently, almost linearly, declining to 80 % SOC. Due to the flat voltage plateau of the LFP
lithium-ion cells, the slope of the power and the current follow a similar pattern at this stage. In
contrast to the VW ID.3 Pro 1" edition, no CC stage is reached during the fast-charging event
and the current is controlled in a transient manner to 80 % SOC.

The control variables of these strategies can only be hypothesized without in-depth knowledge of
the manufacturer’s control strategies, which were not publicly shared. It can be assumed that the
initial CP sequence is set due to the limited power capability of the high-voltage bus as power
losses are proportional to the charging current, according to P = R- 12, which is likely to fast
exceed the thermal limits of 400 V architecture components at these continuous current rates. For
the transient current sequence of both vehicles, it is assumed that an advanced strategy must
control the charging current (here, most likely by analytical functions or look-up tables due to the
low computational effort) as no other measurable signal is held constant during the transient
current control sequence, such as power, voltage, or temperature. The unique terminating CC
sequence of the VW ID.3 15t edition may be set because the lithium-ion cell’s maximum CC
charging rate limit may be reached.

The fast charging strategies of both vehicles have in common that they rely on advanced control
principles, such as the definition of triggering conditions for control inflection points (e.g., CP
to transient current control or CC sequences) and the definition of the transient current control
sequence. These must be identified during the development stage. The implications of fast
charging for lithium-ion cells are discussed below, for a sound understanding of the mechanisms
behind these advanced current control strategies.
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Figure 1.6: Fast charging events (starting at 0 % UI-SOC) of a Volkswagen ID.3 Pro 1%t edition (NMC)
and a Tesla Model 3 SR (LFP). (a) Charging power P, (b) current I, (c) voltages U./Upaes
and (d) minimum and maximum temperature T,;./T.x Of the lithium-ion cells and pack.
Expected control regimes are annotated on top of each group of sequences. Note that the
shown SOC represents the actual SOC, which differs from the UI-SOC. The data displayed
is recorded during a preconditioned fast-charging event of a Volkswagen ID.3 Pro 1%t edition
and Tesla Model 3 SR reproduced from prior work [58—60] and data acquisition [61].
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1.2 Implications of fast charging for lithium-ion cells

Theoretically and ideally, lithium-ion cells can be fast charged by increasing the charging current
to reach the desired fast charging time. In reality, increasing the charging current leads to
declining performance of the lithium-ion cells, known as aging [40] or degradation [17], in turn,
leading to a rapid reach of the end of life (EOL). The diminishing performance is commonly
observable in a capacity loss, i.e., loss of range of a BEV, and resistance increase, i.e., loss of
power capability of the BEV, which is usually a jointly observed phenomenon [62]. Most critical,
the aging rate is not proportional to the applied charging current rate, as aging processes may
self-amplify at a certain point, leading to a rapid failure of the lithium-ion cell or pack, commonly
described as, e.g., rollover [63], knee [64, 65], or nonlinear aging [66—70]. Since the latter is the
more frequently used terminology in the literature, it is used in the remainder of this work.

Figure 1.7 provides experimental data, which shows that increasing the charging rate with
conventional CC charging principles leads to a rapid loss of available capacity and a steep
increase in resistance. Whilst the trend is linear in the initial phase, a transition appears after
a specific charge throughput or cycling in which the aging trend becomes nonlinear and self-
reinforcing for the cell charged with 1.5 C. The lithium-ion cell rapidly reaches a capacity decay
of 30% to a remaining SOH of 70 %, which is a common EOL and warranty criterion by BEV
manufacturers.

In the following, implications for applying fast charging currents to lithium-ion cells are outlined by
summarizing the main mechanisms limiting the fast charging current and—if these limits are not
obeyed—Ileading to in-operation and safety-critical aging of the lithium-ion cells (Section 1.2.1).
Metallic lithium deposition as the most critical aging mechanism, commonly known as /lithium
plating, is introduced (Section 1.2.2) and its influencing factors are summarized (Section 1.2.3),
to derive requirements for thorough battery management (Section 1.2.4).
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Figure 1.7: Capacity fade over charge throughput of a 3.2 Ah C/NCA lithium-ion cell (Sanyo 18650 BL)
during charging with increasing C-rate beyond the manufacturer datasheet limits [71]. The
lithium-ion cells were repeatedly discharged with 1 C to 2.5V and charged with 1/4C, 1/2C,
and 1.5 C. The manufacturer charging current limit is specified as 1/2 C in the data sheet.
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1.2.1 Rate-dependent aging mechanisms

The aging mechanisms behind the capacity loss and resistance rise of lithium-ion cells are
manifold and complex, as most are closely intertwined and hard to track down in practice. A brief
excerpt of the rate-dependent aging mechanism, leading to severe capacity loss and resistance
rise during fast charging, is given in the following. For a general overview of all identified aging
mechanisms during the regular cycling of lithium-ion cells, the reader is referred to a thorough
review of Birkl et al. [17].

Historically, rate-dependent aging mechanisms have been intensively investigated for the anode
because intercalation kinetics has been reported to be more critical than deintercalation kinetics
from the cathode [72, 73]. Following this argumentation and the earlier work of Schindler et
al. [74], three major aging mechanisms are reported in the literature, which should be avoided or
inhibited if fast charging strategies are to be designed.

+ Lithium plating and dendrite formation
As lithium intercalation into the graphite is a diffusion-limited process, only a fraction
of available lithium ions can intercalate into the host material at a time. If charging
currents rise and solid-state transport kinetics are slower than lithium ions available
for intercalation, lithium can plate as lithium metal on the graphite surface [75, 76].
Aging mechanisms inhibiting the lithium intercalation increase the likelihood of
metallic lithium deposition [77].

» Particle cracking

Particle cracking may be critical as severe cracks may cause exposure of the
anode surface, additional solid electrolyte interphase (SEl) growth, and a loss of
electrically connected active material participating in the charging process [78, 79].
Indirectly, particle cracking at the cathode may also arise, leading to transition
metal dissolution, which may diffuse through the separator layer and foster SEI
growth at the anode, especially for NMC cathode materials [53, 80]. Particle
cracking is associated with increasing charging currents, as high currents lead
to inhomogeneous stress to the electrodes, which may cause the particle to
fracture [81]. While this occurs due to the natural volume expansion of graphite
during lithium intercalation at the anode, it may be a particularly strong case for
doped graphite anodes, e.g., with silicon with a particle volume expansion from
300 % [82] to 400 % [83] relative to its initial state. High-temperature gradients may
foster inhomogeneous stress [84].

» Electrolyte decomposition and depletion
Electrolyte decomposition describes the parasitic consumption of electrolytes due
to potential or temperature exceedance, leading to the accelerated formation of
electrode surface films, such as SEI on the anode [85], and gas evolution [86]. Elec-
trolyte decomposition is accelerated by poorly passivated lithium deposits [87] or
elevated temperatures [88], usually present during fast charging. The consumption
of electrolytes has been seen as a major limitation during fast charging, in a later
stage of life, if lithium deposition is avoided [89]. Moreover, lithium concentration
gradients are established throughout the liquid phase at high charge rates, which
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may lead to a salt depletion at the negative electrode in the worst case, rendering
former active material sites inactive [25, 90].

The appearance of nonlinear aging strictly depends on the occurrence of a manifold combination
of the various aging mechanisms during fast charging. Recently, Attia et al. [65] provided an in-
depth review of the complex origins of nonlinear aging, linking the observable nonlinear capacity
fade to a combination of different aging mechanisms and modes known from the state of the
art. While many different pathways exist, lithium plating has been linked to all paths resulting
in nonlinear aging. It is—as an anode-centered mechanism—associated with the charging of
lithium-ion cells. Consequently, lithium plating at the anode is focused on within this work and
further assessed, while the others are kept in mind for later analysis of experimentally aged
lithium-ion cells.

1.2.2 Lithium plating mechanism

Lithium plating is a parasitic process describing the loss of available lithium for charge transfer by
the metallic deposition of lithium ions on the anode surface, as illustrated in Figure 1.8. Lithium
plating occurs if lithium-ion cells are charged under harsh conditions. With increasing charging
current, the charge acceptance of the graphite anode material is constrained. Limited solid
diffusion in the graphite particles may lead to surface concentration saturation [91]. Also, limited
charge transfer in the solid phase can constrain lithium intercalation [92]. In both cases, lithium
plating is thermodynamically favored against the lithium intercalation reaction into the graphite
host structure.

@ Lithiumion
@ Intercalated lithium ion
@ Metallic lithium deposits

Current collector

Anode (graphite)

Figure 1.8: Simplified illustration of lithium plating at the anode surface. (a) Regular lithium intercalation
into the graphite host structure during charging, (b) limited lithium intercalation, accumulating
lithium ions, and the onset of metallic lithium deposition as a consequence.

Lithium plating has been reported to be triggered on the basis of different hypotheses. Most
prominently, lithium plating has been reported to occur when the anode potential drops below
0V vs. Li/Li+ [93]. Figure 1.9 shows the relationship between the anode potential and lithium
plating. During a fast charge, the anode potential ¢, may reach negative potentials, which
thermodynamically favors lithium plating in theory. The onset of lithium plating at negative anode
potentials has been widely investigated and proven in the past by various techniques [92, 94].
However, experimental studies showed that graphite tolerates negative potentials at short time
spans without the onset of metallic lithium deposits [95-97]. Gao et al. [91] reported that with a
closer look at the lithium-ion cell dynamics, the potential criterion is only a necessary condition
for the onset of lithium plating but not a sufficient one. However, both criteria are linked via the
influence of concentration gradients on cell kinetics and, thus, local potentials [96]. Consequently,
the voltage criterion is preferred in the literature because it also captures non-concentration-
driven effects [92].
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Figure 1.9: Anode potential over time during charging with respect to critical negative anode potentials
thermodynamically favoring lithium plating at the anode surface.

In real-world applications, electrode current stress is inhomogeneous due to production scattering
or varying local electrode conditions during operation [98]. Lithium plating is, therefore, most
likely to occur locally at specific spots onto the anode layer within a lithium-ion cell.

Once lithium plating occurs, it can be reversed by either a rest period or a subsequent discharge
of the lithium-ion cell [99]. This reversible process is also known as lithium stripping [100]. During
rest, the metallic lithium deposits with an electrically conductive connection to the anode surface
reintercalate to the graphite structure while the concentration at the interface drops. During
discharge, they undergo a charge transfer reaction into the electrolyte and participate in the
charge transfer again.

Although lithium plating is theoretically reversible, metallic lithium deposits grow over time in
a dendrite-shaped pattern, which may electrically isolate by missing its conductive connection
to the graphite structure and further passivate by secondary SEI growth [101]. While dendrites
of metallic lithium may pierce the separator and induce a short-circuit within the cell leading
to a thermal runaway, the contained lithium in isolated deposits is no longer available for
change transfer. Consequently, the lithium-ion cell’s capacity fades and the resistance rises—an
irreversible process that should be avoided at all cost during operation.

1.2.3 Factors influencing lithium plating

Phenomenologically, multiple factors influence the occurrence of lithium plating. The previous
section introduced the link between metallic lithium deposition and anode potential, with negative
anode potentials leading to lithium plating. If the slope of the anode OCP in Figure 1.3 is
superimposed by an overvoltage during charging, as shown in Figure 1.9, negative anode
potentials can be easily reached during charging. Consequently, all lithium-ion cell conditions
influencing the anode potential during operation may limit the maximum charging current: the
SOC, the temperature, and the SOH. Figure 1.10 illustrates this causality for each factor.

High SOC regions increase the likelihood of lithium deposition during charging. With increasing
lithiation of the anode during charging, the anode OCP is steadily lowered in the already narrow
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Figure 1.10: Operating conditions as factors limiting the charging current or provoking lithium plating
during charging of lithium-ion cells. Following the causality of lithium plating, theoretically
relying on negative anode potentials [93], the changing factors during operation, that is,
(a) the SOC, the (b) temperature, and the (c) SOH, are limiting the fast-charging current.

range of up to 800 mV in the operating voltage range of the lithium-ion cell. With increasing
OCP, also the overpotential increases due to the lowered diffusion with fewer vacant sites for
lithium-ion intercalation [102, 103], as shown in a simplified form in Figure 1.10(a).

Likewise, low cell temperatures increase the risk of lithium plating during charging. Lowered
solid-state kinetics within the graphite particles is hampered at low temperatures [104], leading
to an agglomeration of lithium at the particle surface. Similar to a locally high SOC, as shown in
Figure 1.10(b), lithium intercalation is inhibited, which lowers the anode potential.

Over operating time, aging most dominantly manifests as a growth of SEI at the anode during
regular BEV operation [105], resulting in a capacity fade due to a loss of lithium inventory and a
resistance rise at the particle surface of the graphite. Likewise, this SEI thickness and resistance
increase elevate the anode overpotential, as lithium intercalation faces additional resistance, as
shown in Figure 1.10(c), again increasing the risk of lithium plating. Similar, aging mechanisms
triggering a capacity loss, may amplify the current density at the remaining vacant sites, leading
to an overpotential rise.

The factors leading to lithium plating during operation are complex and closely intertwined.
Moreover, if lithium plating is to be avoided, all factors must be considered, and the current
properly controlled at the application level, in a pragmatic and feasible manner.
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1.2.4 Requirements for the fast charging control strategy

The onset of non-linear aging due to lithium plating and all factors causing the onset must be
prevented by adjusting the charging current through physics-motivated battery management
during operation. Battery management systems (BMSs) are deployed to fulfill this task and
ensure safe and sustainable operation during the usage of BEVs [106]. A function controlling
the charging current at the edge of the physical limits of lithium-ion cells, from now on referred to
as fast charging control strategy, is needed and meets the following requirements:

1. Prevent the onset of nonlinear aging.
The onset of non-linear aging by, e.g., lithium plating, and all factors causing the
onset, need to be prevented by adjusting the charging current through a physics-
informed fast charging strategy.

2. Maximize accuracy while minimizing time and resource effort.
Fast charging strategies must be highly accurate while requiring minimal time
and resource effort during development. A reasonable balance must be found
to maintain effectiveness while leveraging the method’s potential for use in cost-
sensitive automotive environments.

3. Enabling flexibility to different cell materials and formats.
Lithium-ion cell materials and formats are frequently subject to change due to
material innovations, material availability, or cost targets in different segments. The
changing parameters of the design strategies must be easily transferable to the
fast charging strategy so that the lithium-ion cell design can be diversified without
having to repeat the entire development procedure multiple times.

4. Adapt to the conditions present in the lithium-ion cell.
Many influencing factors change during the operation and must be considered in
the fast charging strategy. The fast charging strategy must adapt to these changes
to hedge against unintended critical fast-charging events.

5. Extrapolate to all operating conditions.
The fast charging control strategy must be able to extrapolate accurately as not all
operating conditions can be tested with reasonable time and resource effort in the
laboratory.

Based on these requirements, the different methods to detect, predict, and prevent the onset or
trigger conditions of lithium plating are summarized and discussed in the following.

1.3 Detection of lithium plating

Ideally, the online detection and quantification of the onset of lithium deposition during operation
could enable the adjustment of the fast charging current and the prevention of severe capacity
loss. Several methods have been reported in the past, which can be classified into two categories:

* Methods based on advanced sensing capability.

* Methods based on conventional sensing capability.
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Methods based on advanced sensing include techniques to track down the occurrence of
metallic lithium deposits by, e.g., optical or electron microscopy. In general, these methods need
advanced sensing devices. They are partly invasive as the lithium-ion cell under study must
be opened, and laboratory samples must be derived for the assessment. These methods are
mainly used to understand the basic principles of the lithium deposition mechanism, i.e., their
quantification, localization, and morphology. However, they can also indicate a recent lithium
plating occurrence during the practical operation of a cell by post-mortem investigation.

Methods based on conventional sensing involve techniques for which lithium plating is mea-
surable on other signals, which enables observability of the original lithium plating mechanism.
These methods can be applied to lithium-ion cells during operation by evaluating the conventional
current, voltage, or temperature signals.

In the following, the identified relevant methods are outlined (Section 1.3.1) and their implications
critically discussed (Section 1.3.2).

1.3.1 Methods

Table 1.2 provides an overview of commonly used methods to detect the onset of lithium plating.
The available methods are briefly introduced in the following.

Table 1.2: Overview of methods to detect lithium deposition. Methods are clustered according to their
invasive or non-invasive nature, based on a previous literature study [107].

Category Name References
Methods based on Optical microscopy [108-111]
advanced sensing Scanning electron microscopy (SEM) [96, 108]

) . Transmission electron microscopy [111]
Require addltlonall X-ray microscopy [112]
measurement devices, Glow-discharge optical emission spectroscopy [113, 114]
cell modifications, Nuclear magnetic resonance [115]
andfor post mortem samples. Electron paramagnetic resonance [116]

Raman spectroscopy [117]
Neutron diffraction [118]
Reference electrode [119-121]
Dilatation tracking [122, 123]
Methods based on High precision coulometry [109, 124]
conventional sensing Differential voltage- & incremental capacity analysis (DVA/ICA) [125, 126]

. Stripping discharge [127-131]
Require improved accuracy,  ygtage relaxation [96, 130, 132]
resolution, or sampling of Calorimetry [133, 134]
conventional signals (U, I, T).  Ejectrochemical impedance spectroscopy (EIS) [132, 135]

Within the group of methods based on advanced sensing, optical microscopy is one of the
oldest and frequently used techniques [111]. With this, a lithium-ion cell is discharged, opened
in an argon-filled glove box, and the anode electrode layer is isolated and imaged, as seen
in Figure 1.11. Areas with lithium plating residuals can be identified by their glossy light-gray
color on the dark-gray graphite surface [109]. The nature of this method limits the informative
value concerning the morphology and quantification of the metallic lithium deposits. A higher
resolution with more ground for a detailed morphology analysis can be achieved by applying
scanning electron microscopy (SEM), which uses electron beams to visualize metallic lithium
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Figure 1.11: Post-mortem images of a graphite anode cycled with different charging C-rates at (left) 12°C
and (right) 50 °C ambient temperature and opened under Argon atmosphere reproduced
and modified from Burns et al. [109]. Lithium plating can be identified as a light-colored
coating onto the gray graphite electrode (cf. 1C-3C at 12 °C), which does not occur if higher
temperatures are applied.

deposits as a mossy, net-like structure on the active material [96]. Since lithium dendrites are
destroyed during the anode layer isolation from the separator, this method only indicates residues
of the lithium plating [96]. A combination with energy-dispersive X-ray analysis to quantify the
amount of deposited metallic lithium is impossible due to the insensitivity of the method to
light elements such as lithium [114]. Further improved resolution but also increased complexity
can be reached by applying transmission electron microscopy, X-ray microscopy, or glow-
discharge optical emission spectroscopy. However, this also necessitates the production of more
complex laboratory samples, a smaller field of view, and increased likelihood for artifacts in the
measurement signal [111]. An even more precise detection can be achieved by nuclear magnetic
resonance or electron paramagnetic resonance, in which a frequency offset due to metallic
lithium is detected in a high-frequency magnetic field applied to a specific sample. Wandt et
al. [116] successfully applied electron paramagnetic resonance to quantify and time-resolve the
occurrence of lithium plating in laboratory samples. Also, neutron diffraction has been employed
to monitor the onset of lithium plating, requiring a neutron source for the experiments [118]. In
general, all methods above involve advanced sensing capability, which is beneficial for in-depth
analysis of lithium plating mechanisms in fundamental science, but cannot be transferred to
practical automotive applications.

A more practical and less resource-intensive way of tracking down the onset of lithium plating
can be achieved by inserting an artificial reference electrode into the anode [119-121], as lithium
plating can then be estimated by the anode potential drop below 0V, which thermodynamically
favors the reaction. Unfortunately, this approach is of an invasive nature, as the lithium-ion
cell is opened, which changes the overall system properties and may lead to an overpotential
overestimation of the anode [136].

Another practical approach has been seen in measuring the mechanical dilatation of lithium-ion
cells. During lithiation, the graphite undergoes a reversible volume expansion, which dominates
the dilation behavior of the cell [122]. If lithium plating takes place, a sudden irreversible rise of
dilatation occurs, which can be measured, e.g., with a gauge in the study of Bitzer et al. [122].
Rieger et al. [137] built upon this study and extended the measurement setup by a localized
laser scanning device to measure the dilatation spatial- and time-resolved during lithium plating.
Other studies of the same group used this method to associate the onset of non-linear aging
with an irreversible local dilatation of the cell [138] and to determine maximum charging currents
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based on these results [139]. Precise dilatation measurement devices are required to apply this
method, devices which are usually unavailable in automotive applications.

In contrast, methods based on conventional sensing, i.e., current-, voltage-, and temperature
signals, have been frequently reported to track down lithium plating in lithium-ion cells.

High precision coulometry has been increasingly used for lithium plating detection, mainly by
Dahn’s group [109]. It is based on the principle that the charge and discharge capacity must result
in efficiency above approximately 99 %. Otherwise, side reactions such as lithium plating take
place and consume the available lithium for charge transfer. If lithium plating occurs, the charge
capacity does not match the discharge capacity drawn from the battery. To apply this detection
method, a high current measurement accuracy of around £0.02%+200 nA is needed [134],
which is only possible with dedicated and precise measurement equipment and the investigated
lithium-ion cell placed in isothermal ambient environments [124].

Besides, also differential voltage analysis (DVA) is intensively used to track down different aging
modes. Here, a slow charge or discharge sequence is performed, and the voltage signal is
differentiated to the charge throughput according to

d_U:d_U.ﬁzd_U.I—l (1.6)
dQ dt dQ dt

with the voltage U, the charge throughput Q, time ¢, and the applied current I [107]. Characteristic
peaks can be found in the DVA and associated with the individual electrodes, as flat two-
phase regions show up as minima, and steep phase transitions show up as maxima [140—
142]. Therefore, anode-related aging mechanisms, such as lithium plating, can be qualitatively
detected. Likewise, the reciprocal of the DVA is used defined as the incremental capacity analysis
(ICA). The inverse minima/maxima behavior is observable based on the same physical principle.
Multiple studies linked the onset of lithium plating to a declining anode-related minimum [125]
or turning point of the anode-related maxima growth with cycles [126]. Unfortunately, charge
or discharge sequences over the entire SOC window are rarely found in practice [143], which
hampers their use in practical applications.

Another prominently used technique is devised by analyzing the voltage relaxation after a
charge sequence. Once lithium plating has occurred, lithium can partly reintercalate into the
graphite host structure which leads to a potential superimposing of the overall cell voltage signal,
observable as a mixed-potential [96]. Figure 1.12 shows a lithium-ion cell of a Volkswagen
ID.3 1st edition (C/NMC) charged with 1C and increasing SOC-window, performed in a prior
study [144], where a distinct voltage plateau can be observed in the voltage signal, with distinct
minima in the differential voltage. With minima shifting to later relaxation times, the technique
approximates the amount of deposited metallic lithium [130]. However, the reliability of this
method is based on a high and precise sampling of the voltage signal for further differentiation,
which is usually not possible due to the low sampling rates and low resolution of automotive
BMSs in high-voltage lithium-ion battery packs.

Similar to the voltage relaxation, a mixed-potential voltage signal can be observed during
slow discharge directly after a fast charge event, known as lithium stripping [100]. If the cell
is discharged immediately after the occurrence of lithium plating, which is usually the case
for automotive applications after a fast charge event, the oxidation of the lithium deposits is
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Figure 1.12: Indirect detection of the onset of lithium plating during a fast-charging sequence of a 78 Ah
C/NMC lithium-ion pouch cell from a Volkswagen ID.3 at 0°C ambient temperature [144].
With increasing charge throughput, a voltage plateau manifests in the subsequent relaxation
sequence due to the lithium stripping mechanism (a), which could be used for the online
detection of lithium plating by local minima identification of the differential voltage signal

(b).

thermodynamically favored against the reintercalation into the graphite host structure leading to
a superimposed voltage signal observable as a voltage plateau [145]. Multiple studies revealed
the observability of lithium plating after a charge sequence at subzero temperatures [127, 128,
131]. In later studies, the quantification of the deposited metallic lithium was also shown to be
quantifiable by evaluating the duration of the mixed potential [129, 130]. Campbell et al. [146]
investigated how reliable lithium plating can be detected with this method regarding thermal
influences as well as their unambiguity. The authors showed that lithium plating might occur even
when it could not be detected in the voltage signal of the subsequent discharge, which was also
assumed earlier by Waldmann et al. [75], questioning the reliability and practical implementation
of this method. For further details, the reader is referred to the provided analysis within the
studies mentioned.

Besides using the voltage signal, the thermal effect of lithium plating and their observability in
the cell temperature signal have been investigated, known as calorimetry [133]. This method
measures the energy produced from parasitic cell reactions to track down ongoing lithium plating
processes. Downie et al. [134] observed a small endothermic response during the onset of
lithium plating for C/NMC cells. The authors suggest that this thermal response could also be
measurable in the thermal measurement signal of automotive larger-format lithium-ion cells.
This has been confirmed by other studies, which applied a thermal sensor matrix to a large
format pouch cell to localize the thermal gradient in the cell [147]. Even though this method is
non-invasive, a precise isothermal calorimeter or susceptible temperature measurement device
is required to accurately quantify the onset of lithium plating, whose reliability and practicality is
questioned by other studies due to the multitude of cells used in automotive applications [145].

Electrochemical impedance spectroscopy (EIS) has also been used for lithium plating detection.
Here, a sinusoidal voltage (potentiostatic EIS) or current profile (galvanostatic EIS) is imposed

21



1 Introduction and problem statement

on a lithium-ion cell under study, and the response is evaluated in the frequency domain. The
individual curve sections to higher or lower frequencies are assigned to different cell effects in the
literature [36]. Studies proved that characteristic frequency ranges correlate with lithium plating
validated with voltage relaxation [132, 135] or post-mortem cell investigations [148]. However,
to the best of the author’s knowledge, there is yet no EIS-capable BMS in use in automotive
applications.

1.3.2 Implications

All discussed methods based on advanced sensing offer the potential to conclusively identify
and partly quantify the onset of lithium plating. However, these methods are unsuitable for online
lithium plating identification during BEVs’ operation due to their invasive nature or intensive
resource demand. On the other hand, methods based on conventional measurement signals pro-
vide a more practical way to identify lithium plating during vehicle operation. This is achieved by
tracking down the occurrence of lithium deposits through observations of secondary processes,
i.e., lithium stripping, and the resulting mixed-potential observable in the voltage signal. However,
these methods commonly rely on conventional sensing capability with high accuracy, resolution,
and sampling, usually unavailable in automotive applications or unreliable under varying ambient
conditions, which are known to differ broadly in automotive environments.

Following this comparison, it becomes apparent that no method exists to date, which enables a
precise, reliable, and applicable online detection for the onset of lithium plating. Moreover, if the
onset of lithium plating could be detected online by non-destructive methods, the irreversible
part of the reaction has already manifested. It cannot be reversed, increasing the likelihood of
further onsets in the subsequent fast charging event. Therefore, the onset of lithium plating has
to be predicted in advance to avoid any acceleration of degradation and failure of the lithium-ion
battery pack during fast charging events.

1.4 Prediction of lithium plating

Multiscale modeling of lithium-ion cells has been seen as a mandatory approach to tackle the
problems associated with the detection of the critical aging mechanisms by predicting critical
parameters of control and projecting them from the nanoscale (electrode level) to the macroscale
(cell and pack level) [149]. This empowers the BMS to control the charge current, e.g., at the
edge of the lithium plating process, which is quantifiable by anode potential predictions before
lithium plating can physically occur. Lithium-ion cell models, often referred to as digital twins,
enable this projection. A broad variety of modeling approaches exists, as visible in Figure 1.13.

In the following, the main methods of electrochemical modeling (Section 1.4.1), physics-
enhanced equivalent circuit modeling (Section 1.4.2), and data-driven modeling (Section 1.4.3)
are explained in more detail.
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Figure 1.13: Multiscale modeling approaches of lithium-ion cells to predict critical control parameters and
project them from the nanoscale to the macroscale. Many approaches exist, ranging from
data-driven modeling, i.e., look-up tables or black-box models, to first principles modeling,
i.e., describing the physical relations of the electrochemical reactions of lithium-ion cells.

1.4.1 Electrochemical modeling

One of the most popular modeling approaches lies in the pseudo-two-dimensional (P2D) electro-
chemical model originally developed by Doyle, Fuller, and Newmann [150]. Here, a lithium-ion
cell is modeled based on coupled physical and electrochemical differential equations represent-
ing the material interactions within a lithium-ion cell. The porous structure of the lithium-ion cell
is reduced to a one-dimensional problem across the different cell component layers. Additionally,
a pseudo dimension in the radial direction is introduced to describe the solid-phase diffusion
within the active material particles. Figure 1.14 shows a schematic view of the model. The
spatial dimension across the porous layers is shown (x-dimension), and the radial dimension
through the particle (r-dimension). The physical laws of this model are the theory of concentrated
solutions and the theory of porous electrodes. The lithium-ion concentration can be calculated
throughout the cell, which yields electrical potentials of the respective domains, which can
then be summarized into a general cell voltage. For the sake of simplicity, a more detailed
mathematical derivation is omitted at this point. The interested reader is referred to the original
work in the dissertation of Doyle [151] or relevant literature in that field, e.g., Plett [152].

Due to its high accuracy and detailed representation of the internal electrochemical processes,
the model has been used in multiple studies. For example, Sturm et al. [153] deployed a P2D for
more accurate SOC estimation. Gao et al. [154] applied the P2D for co-estimating the SOC and
SOH. A few studies investigated capacity fade during the use of lithium-ion cells coupling a P2D
with an aging model [155, 156].

Other studies extended the P2D model in the two dimensions of the electrode layer to allow for
enhanced spatial resolution within the cell. These models coupled multiple P2D models for a
single lithium-ion cell which enables to account for the electrical and thermal inhomogeneities
within lithium-ion cells. Furthermore, thermal models introducing a thermodynamic energy
balance were added to allow for a coupled electrothermal simulation. The resulting models are
used to investigate the impact of different tab designs [157—159] or study the current and thermal
inhomogeneity of large format cells [159-161] to optimize cell design and thermal management
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Figure 1.14: Schematics of the pseudo two-dimensional (P2D) lithium-ion cell model with the spatial
dimension (x-dimension) and the pseudo radial dimension through the active material
particles (r-dimension). The spatial dimension is captured by the layer thicknesses for the
anode L_, separator L, and cathode L, . The radial dimension is captured by the particle
radii for the anode R and cathode R! with the lithium-ion concentrations ¢, c.,c; in the
respective solid (s) or electrolyte (e) domain.

interfaces. Despite their power, these models are computationally complex and hamper any
downstream use in online applications.

With the rise of electrochemical models based on the originally developed P2D, the computational
complexity limited their use for online battery management applications, as mentioned in multiple
studies reviewing the state of the art [162—164]. Many authors proposed model-order reductions
to reduce the computational effort but maintain sufficient accuracy. An excellent overview of
state-of-the-art model-order reduction methods is presented by Ringbeck [165].

The single particle model (SPM) is a wide-spread model-order reduction of the original P2D
model. It is assumed that the porous electrodes consist of uniform particles that are exposed to
the same conditions, regardless of their location. As a result, the reactions on the particles are
assumed to be homogeneous. By doing so, the complex electrode model can be simplified by
using a single spherical particle, thus setting the particle count to one (n, = 1). This reduces the
complexity to only one numerical solution of a single particle in each material. The interested
reader is referred to relevant literature discussing the derivation from the P2D in detalil, e.g., in
Plett [152].

The SPM was first mentioned by Ning and Popov [166], who introduced the model for aging
analysis. Despite the computational improvements due to employing a single particle per
electrode, computational complex differential equations are required for the diffusion phenomena
in the solid and liquid phases. Therefore, many downstream studies investigated model-order
reduction techniques to further ease the computational demand. Santhanagopalan et al. [167]
used polynomials to approximate the solid-phase diffusion in the electrode models of the SPM.
Guo et al. [168] applied an Eigenfunction expansion with similar motivation. Tanim et al. [169]
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simplified the SPM using a quadratic polynomial function to model the electrolyte concentration
across the anode, separator, and cathode. The results showed good agreement to high-fidelity
P2D simulations. Similarly, Li et al. [170] applied second-order polynomial approximations for the
electrolyte concentration across all layers mentioned earlier. Note that model-order reductions
are likewise applicable with the high-fidelity P2D model; as such, applying the model-order
reduction again to all simulated particles.

Consequently, electrochemical models of reduced order promise a high level of accuracy as they
maintain the physical interpretability of the individual cell reactions, but still inherit implementation
challenges due to their high computational power requirement.

1.4.2 Physics-enhanced equivalent circuit modeling

To further reduce the complexity of electrochemical and reduced-order models, physics-enhanced
equivalent circuit models (pECMs) have been investigated to predict internal states while being
solvable analytically without intensive parameter identification. In contrast to the previously
introduced reduced-order models, they originate from the commonly applied approach to model
the phenomenological electro-thermal behavior of lithium-ion cells, i.e., demanding a current
input and providing a voltage output by a series of look-up tables and resistor/capacitor elements,
but address their shortcomings of modeling cell level effects only by crafting two individual
equivalent circuit models for each electrode.

Srbik et al. [171] first proposed such a model based on a complex network of equivalent circuits
to mimic the characteristics of electrochemical models. In their study, three particles in each
electrode and three spatial discretizations in the separator are modeled, parameterized with
literature data, and validated against experimental data.

Merla et al. [172] extended this approach by providing a guideline for the parameter identification
of these models using OCV determination techniques and EIS. Similar to Srbik et al. [171], the
presented pECM depicts a complete replication of the individual electrode behavior following
the electrochemical modeling approaches. Given the initial incentive to ease the modeling
effort, several parameters still need to be determined with the presented approach. The authors,
however, highlight the potential for the simulation of internal states if multiple lithium-ion cells
must be considered because of their computational efficiency and stability.

This approach was further developed by authors such as Li et al. [173], who proposed a pECM
relying on ordinary differential equations (ODEs) without algebraic constraints to enable fast
computation in real-world implementations. The model has been tested against experimental
data at different temperatures and aging states. Geng et al. [174] proposed a similar model but
with further reduced modeling circuits focusing on electrode particle modeling.

Attempting further simplification, other authors reduced the remaining complexity of the multi-
particle modeling to single electrode equivalent circuit networks, representing the electrode
particle of the overall lithium-ion cell without any enhanced resolution of, e.g., spatial particle
concentrations. As an example, Figure 1.15 illustrates the schematics of this model. These
models still depend on the identification of electrode and cell-level parameters, but eliminate the
use of many literature values whose accuracy cannot be guaranteed.
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Figure 1.15: Schematics of a pECM lithium-ion cell model able to predict internal states while being com-
putationally efficient with the compromise of reduced physical interpretability. Electrodes
are modeled by a voltage source element to represent the electrode’s OCP (¢cp) and a
finite number of RC-elements to represent the electrode’s dynamic behavior (ohmic resis-
tance nonm, charge transfer ner, diffusion Npirsion)- Likewise, the electrolyte overpotential
Nelecrolyre CAN 0E @dded with equivalent circuit elements between both electrode submodels
(here, as an ohmic resistance).

Drees et al. [175, 176] proposed such a simplified pECM for anode potential prediction by
modeling the individual electrode with a series resistance and one RC-circuit dependent on
the SOC and temperature, which were scaled for the use of larger cell formats. It was shown
that these models could be parameterized with pseudo-open-circuit voltage (pOCV) and current
pulse tests but still rely on three-electrode measurements to allow for insights into the electrode
behavior. Zhao et al. [177] and Zhang et al. [178] extended this method by inserting a reference
electrode into a pouch and a cylindrical lithium-ion cell, respectively.

While the model order reduction of pECMs allows for computational efficiency and lesser
parameters to identify, the model loses physical interpretability and adaptability due to the
approximation of the electrochemical cell behavior with equivalent circuits.

1.4.3 Data-driven modeling

A promising approach to handling the physical and computational complexity of the models
mentioned earlier are data-based models. Here, measurements or simulations at the electrode
level are used to train data-driven models and deploy them for internal state prediction.

Lin [179] first proposed a long short-term neural network capable of predicting the anode
potential during different charging sequences. The model was trained with simulated data of a
reduced-order electrochemical model. As such, four different discharge cycles and five different
CC charging cycles were simulated to generate a broad training dataset. While the trained model
showed good validity, the validation was carried out against the reduced-order electrochemical
model response only, as experimental validation was out of scope in this study.

Based on the work of Lin [179], Hamar et al. [180] investigated three different regression models
to evaluate their impact on the model’s computational performance and accuracy for use in
real-world applications. Likewise, high-fidelity P2D simulations were tested to train the models
without further experimental validation of the trained data-driven model. It was shown that a
trade-off exists between the yielded prediction accuracy and the amount of stored data, as the
random forest method achieved the highest accuracy but also posed the most extensive data
storage requirement.
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Li et al. [181] extended the long short-term memory prediction to other battery internal states
beyond the sole prediction of the anode potential. The model validation was extended to unknown
ambient temperatures and different measurement noise levels, with maximum relative errors of
below 2.9 %. Experimental validation was carried out for measurable states at the cell level but
not for the electrode level.

Whilst only a few studies exist for internal state prediction of lithium-ion batteries with data-driven
modeling, large datasets are needed for training, which can only be derived utilizing models
of higher fidelity as experimental data, in general, is sparse. Furthermore, the complexity in
modeling and parameter identification is shifted to complexity in choosing adequate model
training techniques, as a broad variety of methods exists.

1.5 Research gaps

In conclusion, fast charging is strictly limited by the physical processes present in the lithium-ion
battery system. These limits are specific to a given lithium-ion cell type and cannot be overcome
without rapidly declining battery pack performance and the rise of safety-critical conditions. By
nature of the detection methods, it is apparent that severe aging mechanisms have already
occurred when they can be detected online during the BEV operation. However, the fast-charging
current can be controlled by model-based state predictions to operate at these limits to minimize
the charging time while prolonging the life of the battery system. To prevent high-voltage energy
storage failures and dangerous safety-critical situations at an early stage, the anode potential
must be predicted and controlled with model-based fast charging control functions by the BMS.

With the rise of the importance of fast charging in the automotive sector, many studies in the
literature proposed methods to determine the fast charging limits. Therefore, this work seeks to
give an overview of the different techniques and model usage to answer the question:

@ What are the remaining challenges in fast charging control?

The key findings are used to derive a method in determine health-aware fast charging strategies
and to overcome the identified remaining challenges. Electrochemical models of reduced order
have a promising potential in upscaling lithium plating trigger conditions from the electrode level
to the application level and allow for safe current control. Moreover, these models enable a fast
transfer to various lithium-ion cell types, i.e., chemistries and formats, by adjusting changing
parameters without requiring extensive experimental testing. In the literature, however, there is
still no consensus on how to approach a given commercial lithium-ion cell to extract relevant
single material-, geometrical- or electrode properties and parameters for modeling. Therefore,
this work proposes an approach to extend the present state-of-the-art by answering the question:

@ How can lithium-ion cells be characterized to identify essential parameters for electrochemi-
cal modeling?

With the derived parameters at hand, the subsequent step includes using them for electrochemi-
cal modeling. If the measurements and obtained parameters are added to an electrochemical
model of reduced order, which inherits a given degree of abstraction, the model response may
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strongly diverge from the complex real-world behavior of the lithium-ion cell or system. As
many effects are interdependent, it is difficult to isolate the origin of the error if the parameter
identification procedure should be kept lean. It is, therefore, essential to balance the required
measurements and precision at the electrode level and the necessary effects at the cell or
system level. This work proposes a novel hybrid model parameter identification method as
expressed by the question:

@ How can electrochemical models be systematically parameterized for fast charging control?

The developed model can now mimic the behavior of the lithium-ion cell or system while giving
access to control quantities at the electrode level. It is still unclear how the crafted and validated
model can be transferred from theory to a health-aware fast charging strategy applicable to
a real-world laboratory environment. Extensive cycle life studies are sparse but relevant to
provide a proof-of-concept of the strategy. Also, the remaining aging mechanism occurring if
lithium-ion cells are fast charged repeatedly, are not well understood. To shed light onto the
penciled procedure and missing insights, the following question is answered:

@ How to deploy electrochemical models for health-aware fast charging control and which
aging mechanism do occur?

Finally, the results in a controlled laboratory environment must be upscaled to harsh application
environments. Here, the serial and parallel connection of many lithium-ion cells poses additional
disturbances due to their electrical contact resistances. It still needs to be understood entirely how
electrical contact resistance may interfere with lithium-ion cells in test and real-world applications,
in particular, if larger currents are applied. Consequently, the following question is raised:

@ How do electrical contacts in lithium-ion battery packs influence lithium-ion cell performance
during fast charging?

1.6 Outline

Based on the research gaps, Chapter 2 and the core contributions of this work is structured as
shown in Figure 1.16 and are outlined in the paragraphs below.

Section 2.1 presents a clustering of existing methods to determine fast charging strategies for
battery management systems in the literature. All studies are compared and critically discussed.
The remaining research gaps are identified and the focus of this work is set.

Section 2.2 proposes an approach to perform parameter identification of lithium-ion battery
models capable of controlling the fast-charging current at the edge of the physical limits. A tear-
down and characterization procedure is outlined for a cylindrical lithium-ion cell. The parameters
are used to differentiate individual electrode behavior in downstream modeling and parameter
identification to enable accurate anode potential predictions.

Section 2.3 derives an electrochemical model of reduced order capable of controlling the anode
potential at a given limit during fast charging events. A novel method is presented, hybridizing
the parameter identification procedure of those models by trading off required measurements
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Figure 1.16: Layout of the contributions presented in this work. Methods to determine model-based fast
charging strategies from the state of the art are reviewed, a novel method is proposed, and
electrical contact resistance as a pack-level effect is investigated.

at the electrode level with numerical methods at the cell and pack level. Moreover, a sensitivity
analysis of the parameters and their impact on anode potential control strategies is provided.
The model is validated for varying charging currents in a broad ambient temperature range and
with a 12s2p configuration.

Section 2.4 uses the validated electrochemical model of reduced order to derive a health-aware
fast charging control strategy. The strategy is deployed in a laboratory environment to fast-
charge a lithium-ion cell with real-time model predictions to mitigate the risk of lithium plating
and nonlinear aging. The step-by-step procedure for putting a theoretical electrochemical model
of a lithium-ion battery for a health-aware fast-charge control system into practice is described in
particular detail. Extensive cycle life tests are carried out for an experimental evaluation of the
strategy.

Section 2.5 extends the analysis by comparing the experimental results of single-cell fast charging
studies from laboratory environments to the pack level. The parasitic thermal impact of electrical
contact resistances is quantified for contact pins widely used in laboratory environments. The
self-heating of the lithium-ion cells with these contact pins and laser-welded joints commonly
used in automotive applications are compared during fast charging.

After presenting the individual contributions of this work, the proposed method is critically and
comprehensively discussed in Chapter 3, cross-referencing the partial results achieved and
taking into account results that have not been included in the prior publications.
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Finally, Chapter 4 summarizes the results of this work and provides directions for future research
efforts in the field of model-based fast charging control of lithium-ion batteries and their transfer
and deployment in real-world applications.
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2 Contributions

In the following sections, prior publications as part of this work are presented and assigned
to the individual steps of the proposed method. Each publication is summarized and the key
conclusions are drawn to highlight the contributions made to the present state of the art.

2.1 Remaining challenges in fast charging
control of electric vehicles

With the growing demand for shorter charging times, a number of studies in the literature
investigated how charging current can be controlled to avoid excessive aging of lithium-ion
batteries during fast charging events. Still, a consensus is yet to be found on optimally determining
a fast-charging strategy enabling short charging times while ensuring a prolonged cycle life
without the risk of severe safety hazards during the operation of lithium-ion cells or systems.

This section reviews the state of the art of fast charging control strategies. It derives the remaining
key challenges associated with fast charging from a cell perspective, referring to an earlier study
by the author [57] and literature assessments [182]. The fast charging capability of mass-series
BEVs was analyzed to reveal that R&D targets posed by governmental institutions still need
to be reached in practice. The lithium-ion battery pack current, voltage, and temperature of a
Volkswagen ID.3 1st edition and Tesla Model 3 Standard Range are recorded during a fast-
charging event and analyzed. Both manufacturers apply a fast charging current control strategy,
but with different characteristics, as their lithium-ion cells are made of different materials (NMC vs.
LFP) and form factor (pouch vs. prismatic), highlighting the necessity of adaptive methods. Based
on the incentive to minimize development and testing time, studies determining fast charging
control strategies are identified, categorized, and evaluated. A novel clustering is derived based
on the quantities used for current control and, within model-based studies, the differentiation
between observable and unobservable states. It is revealed that heuristic studies involve large
experimental testing matrices including considerable testing effort. Model-based approaches
reduce the testing efforts by the inherited physical nature and interpretability. In addition, model-
based studies enable a fast transfer to different lithium-ion cell materials and formats because
only a limited number of parameters must be identified in advance. However, most studies do
not apply model-based fast charging strategies to a broad experimental validation in a real-time
environment at different ambient temperatures. Moreover, a coupled derating with aging is rarely
performed, while it has been shown to increase the cycle life of lithium-ion cells and systems
drastically.
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Figure 2.1: Architecture, interactions, and dependencies of the fast charging strategy. The measure-
ments shown is recorded during a fast-charging event of a Volkswagen ID.3 1%t edition
reproduced from prior work [58—60] and data acquisition [61].

The results of the presented study pave the way for the further investigation and development of
electrochemical model-based fast charging current control strategies, as they show promising
potential to adapt the strategy to the changing lithium-ion cell states during operation. Within
this field of model-based approaches, the article points out that the parameter identification
of electrochemical models is still challenging. Systematic parameter identification procedures
are needed to boost the modeling process during the development phase, trading off the
required lab effort with the required accuracy. Moreover, broad experimental model validation
is usually neglected, questioning the flexibility of electrochemical models. Concerning the
usage of electrochemical models of reduced order, the article shows that the adaption to the
actual SOH of the battery is rarely investigated, and methods are needed to link the SOH to
electrochemical models during fast charging current control. Based on the observations, the
subsequent contributions of this work span the remaining challenges and intend to propose
solutions to the issues involved.

Author contribution: General conceptualization, method development, investigation, validation,
data curation, and visualization were performed by Nikolaos Wassiliadis. Jakob Schneider
supported in writing parts of the upscale to pack level section. Alexander Frank was involved in
writing and editing the theoretical background section. Andreas Jossen and Markus Lienkamp
provided resources and supervision for this work. All authors, including Leo Wildfeuer and Xue
Lin, reviewed and edited the manuscript.

32



2 Contributions

Review of fast charging strategies for lithium-ion cell systems
and their applicability for battery electric vehicles

Nikolaos Wassiliadis, Jakob Schneider, Alexander Frank, Leo Wildfeuer, Xue Lin, Andreas Jossen,
Markus Lienkamp

Journal of Energy Storage 44, 2021.
Digital Object Identifier: 10.1016/j.est.2021.103306

Reproduced by permission of Elsevier B.V., Radarweg 29, 1043 NX Amsterdam, Netherlands.

33



2 Contributions

Journal of Energy Storage 44 (2021) 103306

Contents lists available at ScienceDirect

Energy
Storage
Journal of Energy Storage =

¢!

-

journal homepage: www.elsevier.com/locate/est

Review article R

Check for

Review of fast charging strategies for lithium-ion battery systems and their i’ |
applicability for battery electric vehicles

Nikolaos Wassiliadis *-*, Jakob Schneider ?, Alexander Frank ", Leo Wildfeuer ?, Xue Lin?,
Andreas Jossen °, Markus Lienkamp *

a Technical University of Munich (TUM), School of Engineering & Design, Department of Mobility Systems Engineering, Institute of Automotive Technology, Germany
b Technical University of Munich (TUM), School of Engineering & Design, Department of Energy and Process Engineering, Institute for Electrical Energy Storage
Technology, Germany

ARTICLE INFO ABSTRACT

Keywords: Despite fast technological advances, world-wide adaption of battery electric vehicles (BEVs) is still hampered—
Battery electric vehicles mainly by limited driving ranges and high charging times. Reducing the charging time down to 15 min, which
Fast charging is close to the refueling times of conventional vehicles, has been promoted as the solution to the range
Lithium-fon battery anxiety problem. However, simply increasing the charging current has been known to accelerate battery aging
E?t:fx:ﬁ:fng disproportionally, leading to severe capacity and power fade while posing an unacceptable safety hazard during

operation. Many different approaches have been taken to develop new fast charging strategies for battery
management systems to solve the dilemma between charging speed and battery aging. To date, there is no
consensus on how to optimally determine a fast and health-aware charging strategy. From an application-
oriented perspective, the questions arise of what the advantages and disadvantages of the various methods are
and how they can be applied. This article presents a comprehensive review and novel approach for classification
of over 50 studies in fast charging strategy determination of the state of the art. We evaluate and compare
all studies according to the underlying parameterization effort, the battery cell under study, and whether a
proof of concept with conditions close to real-world applications has been performed. The advantages and
disadvantages of the analyzed methods are critically discussed and evaluated with regard to their cost-benefit
ratio. Finally, the finding are used to identify remaining research gaps in order to enable a transfer to electric
vehicle applications.

Advanced battery management systems

1. Introduction

As electric mobility has been identified as key for improving urban
air quality and reducing the dependence on fossil fuels, many efforts are
being taken in academia and industry to enable world-wide adoption of
battery electric vehicles (BEVs). Even though BEV sales are increasing,
sales numbers fall considerably short of expectations in countries with
limited political incentives [1]. Over the last decade, range anxiety
has been identified as one of the largest barriers [2], although today’s
generation of BEVs partially achieve electric driving ranges beyond
500km, far outperforming the common daily travel requirement of
today’s individual mobility [3]. Also, commonly provided charging
times of above 4h prevent the acceptance of a big market share in
the automotive sector; that is, individual mobility without the ability
to charge at home, as it is present in densely populated metropolitan
areas, or heavy-duty commercial vehicle applications, which commonly
have to meet the requirement of a high degree of utilization. It is
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expected that the problem of range anxiety will only be resolved if
charging times match refueling times of conventional vehicles [4-8].
As a consequence, R&D goals have been set from regulative institutions
on achieving fast charging times comparable to refueling times of
conventional vehicles, e.g., the United States Department of Energy
(DOE) in 2017 with a targeted fast charging time of below 15min in
2028 [9] or a proposal of the European Technology and Innovation
Platform (ETIP) aligned with the European Commission’s Strategic
Energy and Technology Plan (SET-Plan) with a targeted fast charging
time of below 20min by 2030 [10]. Fast charging is therefore used
hereinafter as terminology, describing a charging procedure operating
at the boundaries of the physical limits of a lithium-ion battery in order
to compete with the refueling times of combustion-powered vehicles.
Recently, car manufacturers have headed to even faster charging
times of announced BEVSs, as shown in Table 1 for an excerpt of state-of-
the-art BEVs. Besides technological advancements, charging times are
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Table 1
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Extract of BEVs in the European market ranked by their capability of fast charging, here specified as a fast charging index with respect to the vehicle WLTP range. Data based on
Blomgren et al. [11] and Schmuch et al. [12], extended with recently announced models with information provided by BEV manufacturers and ev-database.org [13]. Chemistry
and supplier information is estimated from publicly known cooperations of BEV manufacturers with cell manufacturers and their product portfolio.

Battery electric vehicle model Battery size Battery chemistry Battery supplier WLTP range Fast charging capability
Brutto Power Time? Speed"”
kWh km kw min km/min

Tesla Model S Long Range Plus 95 C-NCA Panasonic/Tesla 652 250 28 16.3
Kia Soul EV 6 Standard Range 2WD 62 C-NMC SK Innovation 394 175 18 15.3
Hyundai IONIQ 5 Standard Range 2WD 62 C-NMC SK Innovation 384 175 18 14.9
Tesla Model X Long Range 95 C-NCA Panasonic/Tesla 580 250 28 145
Porsche Taycan 4S Plus 93.4 C-NMC LG Chem. 389 262 19 14.3
Tesla Model 3 Long Range (US) 82 C-NCA Panasonic/Tesla 614 250 32 13.4
Tesla Model 3 Standard Range Plus (CN) 55 C-LFP CATL 440 145 25 12.3
Polestar 2 Standard Range Single Motor 64 C-NMC LG Chem. 420 125 32 9.2
Fiat 500e Hatchback 42 C-NMC Samsung SDI 320 85 25 9.0
VW ID.3 Pro 62 C-NMC LG Chem. 420 100 33 8.9
VW ID.4 Pure 55 C-NMC LG Chem. 341 100 29 8.2
Mercedes EQC 400 4MATIC 85 C-NMC LG Chem./Farasis 411 112 35 8.2
Audi e-tron 50 quattro 71 C-NMC LG Chem. 283 120 25 7.9
Nissan Leaf e+ 62 C-LMO/NMC AESC 385 100 35 7.7
Peugeot e-208 50 C-NMC LG Chem. 339 929 31 7.7
Jaguar I-PACE EV400 90 C-NMC LG Chem. 470 104 44 7.5
Opel corsa-e 50 C-NMC LG Chem. 330 99 31 7.5
BMW i3 120Ah 42.2 C-NMC Samsung SDI 308 49 36 6.0
BMW Mini Cooper SE 32.6 C-NMC CATL 203 49 29 4.9
Renault Zoe ZE50 R135 54.7 C-NMC LG Chem. 385 46 56 4.8
VW e-Golf 35.8 C-NMC Samsung SDI 231 40 36 4.5
Opel Ampera-e 62.2 C-NMC LG Chem. 423 46 66 4.5
Honda e 35.5 C-NMC CATL 222 56 36 4.3
VW e-up! 36.8 C-NMC LG Chem. 258 40 48 3.8

AFast charging between 10%-80% SOC, except where otherwise noted.
bCalculated according to Speed = Range - SOC range (see a)/fast charging time.

still above the aforementioned fast charging time thresholds, with the
fastest charging time currently achieved by the Porsche Taycan 4S Plus
model with around 21 min for a fast charge between a 10 to 80 % SOC.
However, fast charging time depends, in the simplest way, on the charg-
ing time limit which could be tightened per design, i.e., by adjusting the
accessible capacity during a fast charge event, which makes this quan-
tity difficult to compare over different vehicles with different battery
sizes and net battery capacities. Here, we use a calculated fast charging
speed in km/min to achieve a more user-oriented and comparative
figure over different vehicle sizes. This measure compares the charging
time with the vehicle range and represents the distance a user can cover
per charging minute. If a fast charging speed of 32 km/min is exceeded,
it is assumed to satisfy over 80 % of all long-distance trips [14]. The
Tesla Model S then leads the comparison in charging speed with 16.3
km/min, taking into account the vehicle’s standardized range deter-
mined by the Worldwide Harmonised Light Vehicle Test Procedure
(WLTP). If these results are directly compared to a quickly estimated
combustion-powered vehicle with, e.g., 50L fuel capacity, 8 L/100 km
fuel consumption and a similar, but rather long refueling time of 15 min
yielding 41.7 km/min refueling speed, it becomes apparent that BEVs
are still far from meeting comparative figures to combustion-powered
vehicles in terms of charging or refueling speed, respectively. A trade-
off may arise, as additional lithium-ion battery cells can increase the
net system’s fast charging power while keeping the current rate at
the cell level constant, but the concurrently increasing high energy
storage weight reduces the overall vehicle efficiency, thus reducing the
fast charging speed in terms of km/min. In addition, costs are also
drastically increased. Simply increasing the size of the energy storage
system is therefore not a sustainable solution.

Decreasing the fast charging time of lithium-ion batteries is not an
easy task and requires charging rates operating at the physical limits of
the lithium-ion battery chemistry. Furthermore, the charging rates must
adapt to varying conditions, such as temperature variations [15,16]. It
is well understood that simply increasing the constant charging current
leads to unproportional battery aging [17], which may lead to a fast

decline in capacity and value of the most expensive component in
BEVs [18], and—in the worst case—to safety hazards during operation.
In common lithium-ion battery applications, the charging conditions
have a larger impact on the aging behavior than the discharge condi-
tions [19]. Consequently, the fast charging current has to be precisely
controlled by the battery management system (BMS) to enable fast
but also health-aware charging during operation. Many researchers
are therefore heading towards new physically-motivated fast charging
strategies.

Currently, many different methods exist for the determination of
health-aware fast charging strategies. Each method has its own benefits
and drawbacks, making it difficult to decide what is the most suitable
approach for a given application. Moreover, there is no consensus in
the literature on which mechanisms are the limiting effects of varying
cell chemistries during fast charging and on how to craft appropriate
fast charging strategies accordingly.

1.1. Contributions

Many excellent reviews on fast charging and its influences have
been presented. Fast charging and its application has been reviewed
at the material level [20-22] and at the cell [22-24] and system
level [23], from a charging algorithm perspective [25,26] and inten-
sively across multiple research domains within the BEV context [4-8].
In addition to the aforementioned studies, this review focuses on the
fast charging strategy determination procedures of the state of the art
from a BMS/BEV perspective, assuming a given commercial lithium-ion
battery cell and system for which a health-aware fast charging strategy
should be developed. Special consideration is given to a clear clustering
structure of existing approaches and identification of the remaining
barriers hampering the deployment of the investigated fast charging
strategies in real-world automotive applications. Based on the analysis,
research gaps have been identified to enable further development in
the field and a higher technological readiness level of the investigated
solutions. A broad overview of current research activities is given and
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evaluated according to their advantages and disadvantages. From an
application-oriented perspective, fields of future research are identified.
The main contributions of this study can be summarized as follows:

1. Summary of critical limitations during fast charging and
derivation of critical parameter to control.
The origins of limitations on the vehicle level are traced back to
the electro-thermal limitations on the cell component level. Crit-
ical parameters for thorough control by the BMS are discussed.

2. Classification and comparison of over 50 approaches to
determine health-aware fast charging strategies for lithium-
ion batteries in the literature.
A literature overview of state-of-the-art methods to determine
health-aware fast charging strategies is given and each method is
evaluated and compared, according to the underlying motivation
and the initially required effort for determination, whether an
experimental proof of concept was performed or not and the
ability to scale to the application level.

3. Evaluation of research gaps and recommendations for fur-
ther development to reach the application level.
Based on the performed literature review, potential research
gaps have been derived and the need for further research is
highlighted.

1.2. Structure of the article

The remainder of this article is organized as follows: Section 2
provides a brief summary of the challenges and origins of fast charging.
Current limiting effects are traced back to the electro-chemical origins
to the main cell components. The key mechanisms for accelerated bat-
tery aging during fast charging are highlighted and the possibilities to
control those mechanisms are discussed. In Section 3, different methods
for fast charge strategy determination are presented and compared.
Section 4 discusses the different approaches and emphasizes research
gaps to lever higher charging speeds while maintaining battery life. The
key conclusions are summarized in Section 5.

2. Theoretical background

The fast charging capability of battery packs depends on various
factors, which are interdependent and can be traced back from the
application level to the electro-chemical behavior occurring on the cell
component level. In the following sections, the general fast charging
limitations on the vehicle level are presented and are gradually traced
back to the main origins of the lithium-ion battery, lithium deposition,
and heat generation. Finally, the need for intelligent, electro-thermal
motivated and model-based fast charging strategies is emphasized.

2.1. Fast charging strategies and challenges

Ideally, a battery pack in an electric vehicle is able to accept high
charging currents independent of the conditions present in the battery
pack, while providing a long lifetime to keep maintenance costs low
and sustainability high. Unfortunately, these ideals usually pose several
trade-offs in reality.

In the past, several electric vehicle manufacturers have had techni-
cal problems associated with the fast charging capability of their BEVs.
Most prominently, early generations of the Nissan Leaf suffered under
excessive fast charging power derating on long-distance trips, which
was traced back to insufficient battery thermal management. Fast
charging with the advertised speed was only possible once, if the condi-
tions were right, indicating an underestimation of the thermal behavior
of the cells under fast charging procedures [6]. Synchronously, Nissan
Leaf battery packs were prone to accelerated aging if temperatures
were high [27], leading to the assumption that frequently fast-charged
Nissan Leafs may also suffer under accelerated battery aging because
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of an increased battery system temperature. When Porsche first in-
troduced their new concept study, Mission-E, as a predecessor of the
series model, Taycan, a fast charging time of 15min at 350kW was
advertised [28]. In a later release towards the start of production,
the charging power had been decreased to 270kW (peak) and the
charging time has been increased to above 21 min if a narrow temper-
ature corridor was obeyed. Recently, Hyundai experienced a series of
charging-related electric vehicle fires. The incidents were first traced
back to damaged anode tabs of the installed lithium-ion batteries by the
electric vehicle manufacturer, later supplemented with a contradictory
statement by the cell manufacturer that the fast charging logic had been
falsely applied to the BMS [29]. While the reasons for this issue are still
being clarified at the time of writing, it becomes clear that fast charging
still poses a major challenge for electric vehicle manufacturers.

Fast charging time can be decreased in the simplest way by increas-
ing the charging current within the operational boundaries. Hereby,
current, voltage, and temperature are controlled within a tight opera-
tional window to prohibit excessive aging, known as the safe operating
area (SOA) [30]. These limits are usually static (e.g., maximum voltage
and temperature) or controlled based on simple rules (e.g., maximum
current adjustment to temperature) [30] and provided with cell quali-
fications from the cell manufacturer. Charging current guidelines from
cell manufacturers are usually kept conservative [31] and underrate
the non-damaging fast charging capabilities of lithium-ion batteries. If
these limits are to be exceeded, more elaborate strategies are needed,
as it can be seen in Fig. 1 for a DC fast charging event of a VW
ID.3 and a Tesla model 3, increasing the complexity and risk of false
implementation or unintentional abuse. If the battery system is to
operate at the physical boundaries of the lithium-ion battery, battery
aging and abuse trigger conditions have to be considered individually
and the fast charging current controlled according to the targeted
application.

Overall, battery aging mechanisms always take place at the cell
component level [32], emphasizing the need to understand the ma-
licious short- and long-term aging behavior and mechanisms present
during fast charging procedures. This knowledge has to be scaled up to
develop health-aware fast charging control algorithms at an application
level.

2.2. Indications for major cell aging mechanisms during fast charging and
relevant control parameter

Health-aware fast charging current control strategies necessarily
require measured or predicted quantities to incorporate them into a
control-loop during the fast charging procedure. To minimize severe
aging phenomena, these quantities must be kept within the critical and
tolerated limits of malicious cell reactions during operation. This simple
task description is complex and difficult to realize in practice, since bat-
tery aging mechanisms are manifold, interdependent, and occur at each
component in the cell; that is, the anode, cathode, and electrolyte [33].
In the following sections, a brief overview of the most critical aging
phenomena including their onset conditions reported in the literature
and the possibilities to control them in practice are explained. Note
that many further aging mechanisms take place, which are, however,
still under investigation concerning their severity during fast charging
procedures by many researchers. Since there is no consensus on how
to control these effects by the BMS yet, we focus on the currently most
dominating mechanisms and consensus in the literature, that is, lithium
deposition and heat generation.

2.2.1. Lithium deposition and control

In lithium-ion batteries in general, lithium-ions are transferred from
the cathode via the liquid electrolyte to the anode during charg-
ing. Alongside, as apparent from Table 1, all commercially deployed
lithium-ion battery systems unite graphite as the anode material, which
makes it a universal bottleneck during charging independent of the
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Fig. 1. Fast charging of a VW ID.3 Pro Performance and a Tesla Model 3 Standard Range Plus (CN). On-board measurements of the battery system (a) fast charging power, (b)
temperature, (c) current and (d) voltage for both vehicles recorded during a fast charging event at a 350kW charging pile starting from 0% SOC displayed at the vehicle user
interface until the fast charging event was stopped by the vehicle. Note that the illustrated SOCs correspond to the actual SOC of the battery pack, as it does not contain safety

margins of the vehicle.

cathode chemistry. Recent research has therefore mainly focused on
graphite anode limitations. Under normal circumstances, only the de-
sired intercalation of lithium-ions into the carbon lattice occurs. How-
ever, the charge acceptance of anode material is limited and confirmed
as the major limiting component during fast charging [34]. If exces-
sive charge rates are applied to lithium-ion batteries with graphite
anodes, the desired intercalation reaction directly competes with the
metallic deposition reaction of lithium at the intercalation surface,
also known as lithium plating. This side reaction is undesired and
hazardous, as it is thermodynamically unstable and further reacts with
electrolyte compounds to side products [35], reducing the amount of
usable lithium-ions during charging and discharging.

Fig. 2 further illustrates the operational conditions which favor the
lithium deposition reaction at the anode/electrolyte interface in argu-
mentation order. As summarized by Waldmann et al. [36,37], at low
temperatures (Fig. 2(a)), due to Arrhenius law, the intercalation kinetics
and diffusion processes in the active material are inhibited. This leads
to an accumulation of lithium-ions at the particle surface, which in turn
further hinders intercalation reactions and leads to an accumulation
of lithium-ions at the anode-electrolyte-interface, amplifying lithium
deposition.This can happen even at low C-Rates of 0.5C [38]. If the
charging current is too high (Fig. 2(b)), a similar mechanism takes
place. High C-Rates can lead to an accumulation of lithium-ions close
to the anode surface. This in combination with already intercalated
lithium-ions accumulating at the particle surface, which hinders ad-
ditional intercalation, favors the lithium deposition reaction. Also, at
high SOC (Fig. 2(c)), the high local lithiation inside the anode particles
leads to inhibited diffusion [39], which again amplifies lithium-ion
accumulation and lithium deposition.

The lithium deposition reaction is not fully reversible [40], reducing
the available lithium inventory and clogging intercalation pathways,
thus reducing the available capacity and increasing the impedance of
the battery, respectively [41]. The definition of excessive charge rates
for lithium deposition is dependent on the anode SOC, the temperature,
and the state-of-health (SOH), and thus may vary during a fast charge

event. Empirical determination of the thresholds at this level of detail
poses a challenging task for transferring the findings to an application
level.

As one potential solution for lithium deposition prevention, the
charging current can be controlled during operation if a control quan-
tity is introduced, which summarizes all aforementioned harmful con-
ditions [42]. Legrand et al. [43] first defined a lithium deposition
criteria, which linked the occurrence of lithium deposition to the anode
open-circuit potential ¢35, and anode overpotential nVE. Note that
all potentials are given vs. Li/Li*. Following the authors, the lithium
deposition process becomes thermodynamically possible if the anode
overpotential V£ exceeds a specific potential, which can be expressed
as

@

where the remaining quantities are the equilibrium potential ¢,;/,;,
and overpotential r;;/;;, of the malicious lithium deposition reaction.
With further simplification [44], lithium deposition occurs if the anode
overpotential exceeds the anode open-circuit potential, expressed as

@

commonly known as the lithium deposition criteria. Since lithium
intercalation for graphite anodes is expected to happen in a narrow
potential between 5mV to 300mV [24] and the open-circuit potential
rapidly approaches zero with increasing SOC [34], negative potentials
can be easily reached during fast charging and the anode electrode
potential ¢V £ should be kept above a safety threshold ¢y
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which lies above the theoretical critical threshold of 0V, but in-
cludes safety margins for estimation errors.

Since the overpotential nV¥ is directly coupled to the C-Rate, SOC,
temperature, and SOH, all critical scenarios can be jointly prevented if
the anode potential ¢™V£ is thoroughly controlled. Vice versa to Eq. (2),
the dissolution of deposited lithium, also known as lithium stripping of
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Fig. 2. Critical lithium intercalation situations during charging at various initial
conditions increasing the likelihood of lithium deposition: (a) charging at lower
temperatures, (b) charging with high current rates, and (c) charging at high SOC. The
figure has been reproduced in its unmodified form from [36].

electrically connected lithium, may occur if the anode potential sV ¥ is
positive [38,44,45].

Beyond that, the dominance of lithium deposition as a major aging
mechanism was supported with experimental analysis of NMC811/
Graphite pouch cells, since anode capacity fade was observed to ac-
celerate faster than cathode capacity fade at high C-Rates, leading to
conditions where lithium deposition occurs due to an electrode capacity
imbalance [46]. Moreover, Zhang [47] performed several current rate
tests in a NCA/Graphite coin cell setup with a lithium-metal reference.
The author concluded that even though the anode may not be initially
a limit for fast charging, dissolution of cathode metals due to, e.g., high
temperatures or overcharge may aggravate side reactions at the anode.
This in turn leads to an increase in the impedance of the anode, raising
the likelihood of lithium deposition during cycle life.

Lithium deposition at the anode surface is seen as one of the most
critical aging mechanisms during fast charging, since its likelihood
increases over the battery lifetime [48], especially at low tempera-
tures [49], and it is self-reinforcing [41,50,51]. If lithium depositions
are present at the anode surface, an increase in resistance appears,
further increasing the probability of additional deposition by increas-
ing the required anode overpotential and thus further lowering the
anode potential ¢V£ [41]. Studies provided in-depth analysis, which
indicates that the nonlinear aging characteristic of lithium-ion cells
can be traced back to lithium deposition [52]. This adverse effect is
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self-reinforcing [51], which is why it must be avoided during electric
vehicle operation, as it depicts a failure of the overall battery system
and may lead to an internal short-circuit of the battery cell [53].
Moreover, lithium deposition increases the risk for the onset of self-
heating side reactions, leading to an increased likelihood of thermal
runaway [54,55].

2.2.2. Heat generation and control

From a lithium deposition perspective, the overpotential at the
anode interface should be kept as low as possible under all circum-
stances to prevent accelerated aging conditions. As the overpotential is
strictly correlated to the cell’s temperature; that is, lower temperatures
lead to higher overpotentials, higher temperatures could be benefi-
cial for avoiding lithium deposition. However, high temperatures also
trigger unwanted side reactions and therefore accelerated aging. The
anode surface is covered by a passivation layer [56], known as solid
electrolyte interphase (SEI), which forms around the active material
in the first cycles after production and protects the anode material
from side reactions with the electrolyte [57]. During operation of the
lithium-ion battery, the SEI thickness grows even when the cell is under
rest if reactive components are present [58]. Since SEI growth is a
temperature-dependent process, temperature is the major influencing
factor [59].

Temperatures over 25°C were identified as a malicious condition
in respect to increased SEI growth under conventional charge and
discharge rates in the past [60]. However, Yang et al. [61] recently
showed that an increased cell temperature may be beneficial for fast
charging procedures, since higher temperatures also foster diffusion
processes inside the particles and therefore can lead to reduced overpo-
tentials at the electrode-electrolyte interface. Moreover, at low ambient
temperatures, high charging C-Rates may lead to high temperature
differences across the battery cell, which leads to higher currents in
local hot spots and promotes accelerated local aging [62]. Temperature
hot spots may further contribute to increased local volume changes
in the active material, which in turn lead to mechanical tensions and
particle cracking. However, elevated temperatures and C-Rates may
pose the problem of accelerated electrolyte decomposition and gas
evolution. Mussa et al. [63] reported extensive gas evolution during
4 C fast charging of a 25 Ah prismatic NMC/Graphite cell. The resulting
swelling of the cell led to a steep increase in cell impedance due to
ionic transport restrictions between the electrodes. Jalkanen et al. [64]
concluded that temperature-induced SEI layer growth, drying of the
electrode, electrolyte decomposition and gas evolution can even lead
to lithium deposition in aged cells. Beyond that, if specific temperature
limits are exceeded, hazardous thermal runaway events, such as fires
and explosions, could occur [65]. In order to keep thermal induced
side reactions at the tolerated limit and avoid thermal runaway due
to increased thermal thresholds, cell temperature has to be precisely
controlled. This is usually achieved by measuring the temperature at
critical points, e.g., thermal hot spots. A general energy balance for
battery systems was first given by Bernardi et al. [66], which in its
reduced form gives the following equation for the total generated
power loss O,

o . dUggy
Qtat = Qirrev + Qreu =IU - UOCV) + ](TT)a @

where the first term describes the irreversible heat, dependent on the
charging current /, the cell’s terminal voltage U, and the open-circuit-
potential Uy, while the second part describes the reversible entrophic
heat. For high charge rates, the reversible part is negligible [67] and
the temperature increase can be defined by

_T,-T,

i Qirreu
T, = + e
¢ RC C
with the core temperature 7,, measurement point temperature T, the
thermal resistance R, and heat capacity C between both points [68].
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The temperature can then be controlled by keeping the core tempera-
ture T, below a defined threshold Tj;,;; according to

T, < Tiimit» ©

which depends on the allowed maximum temperature of the lithium-
ion battery and includes safety reserves for model or measurement
inaccuracies.

Sensing of thermal effects is therefore of utmost importance during
fast charging. A direct placement of thermal sensors at the hot spots
is usually limited by the dense design of the battery system. As a
result, differences between the cell core or hot spot and the cell case
or measurement point occur, hampering a close temperature control
of the cell. In the past, differences have been reported within various
cell formats, which is especially critical if fast charging currents are
applied and irreversible heat generation overtakes thermal conduction
to sensor placing points. While earlier studies reported differences
of up to 2 °C in cylindrical 18650 cells at 3C charging rates and
20 °C ambient temperature [69], up to 5 °C difference were measured
in operando in cylindrical 18650 cells [31] and up to 10 °C difference in
cylindrical 26650 cells with cell core measurements [68]. Pouch cells
usually have a larger surface area than cylindrical cells and a relatively
small thickness. On the surface, hot spots develop at the positive tab
or at the center of the cell under load [70-72]. Previous studies have
focused on the temperature inhomogeneity during discharge, whereby
Grandjean et al. [70] found that temperature gradients and hot spots
are independent of the current direction. For a 20 Ah pouch cell at
20 °C ambient temperature, temperature differences of 3 °C were
measured for a 3C charge. Comparable results have been attained by
Waldmann et al. [73] with a slightly smaller pouch cell of 16 Ah, with
gradients of 4 °C for 3C and 11 °C for 8C. The temperature difference
can be expected to increase with a declining surface-to-volume ratio
of cell formats, e.g., the trend of larger radii of cylindrical formats or
larger volumes of prismatic and pouch cells. A densely packed battery
system and parallel connected cells can further increase inhomogeneity.
It is therefore of particular importance to account for the heat transfer
between the point of power loss and temperature measurement from
an application-oriented viewpoint.

In the long term, temperature-related side reactions are accompa-
nied by a loss of lithium inventory and thus lead to an accelerated
capacity decrease at elevated temperatures [74]. Furthermore, and
even more critical, SEI growth increases the impedance of the cell. This
leads to larger power losses and higher thermal heat generation for
aged lithium-ion batteries, increasing the cooling demand of the overall
battery system during its lifetime. Moreover, the internal impedance
variations due to the temperature inhomogeneity and cell aging [75]
may lead to increased local overpotentials in the anode, resulting in
an increased probability of lithium deposition. It is therefore apparent
that the temperature behavior is coupled to the mechanisms of lithium
plating, making both effects and their interdependency important to
consider for health-aware fast charging strategies at the application
level.

2.3. Battery management system requirements

To date, methods for in operando detection of malicious cell re-
actions and their application in commercially deployed lithium-ion
battery systems are still in an early stage and do not reliably provide
information about the battery states for subsequent use in a real-time
fast charging control strategy [76]. If battery health should be sustained
as much as possible during fast charging, malicious cell reactions
have to be predicted in advance to avoid abuse conditions before
they are present and thus minimize aging and ensure safety over the
operational service life [77]. Advanced battery management systems
(ABMS) with the help of advanced battery algorithms and knowledge of
the operating boundary conditions are therefore required [77-79]. The
greatest challenge hereby lies in capturing the aging processes under all
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influencing factors at the material level and feasibly scale them to the
application level without a greater loss of accuracy [80]. Methods for
the determination and implementation of such fast charging strategies
with a greater level of generality but sufficient accuracy are of utmost
importance for the sustainable and safe operation of battery systems
in electric vehicles. Those methods should be applicable to lithium-
ion battery systems of the current state of the art but also scalable to
different types and formats.

3. Methods for the determination of health-aware fast charging
strategies for battery management systems

Over the last decade, many different approaches have been devel-
oped to determine fast and simultaneously health-aware fast charging
strategies, which include further physical information for current con-
trol than conventional constant current constant voltage (CCCV) or
constant power constant voltage (CPCV) charging strategies. Relevant
studies were collected using the available literature in the addressed
field at the time of writing. 59 studies in total were identified as
relevant to the scope of the article. In general, all identified approaches
can be categorized into two main groups. In the first group, the demon-
strated approaches are summarized by heuristic studies, as experimental
observations of the lithium-ion battery cycle life under different charg-
ing currents lead to the resulting fast charging strategy. The second
group involves model-supported approaches with battery models of dif-
ferent kinds, which are used to control the charging current at the
edge of lithium-ion battery aging stress factors. Here, we subdivide
this group into model-supported approaches based on commonly mea-
surable external cell states (e.g., voltage, temperature) and based on
commonly non-measurable internal cell states (e.g., anode potential, cell
core temperature). Note that the argument of measurability refers to
commercially available lithium-ion battery cells at the time of writing.
The latter and larger group is further subdivided into data-driven mod-
els, characteristic maps, physically-enhanced equivalent circuit models,
and electro-chemical models, with rising physical interpretability but
declining applicability due to increased calculational effort of the ap-
proach. All studies and methods concur that the reported health-aware
fast charging strategy has to be experimentally validated and scaled up
to the application level to be applicable in real-world scenarios of BEVs.
Therefore, all studies are categorized to

the lithium-ion battery cell under study,

the parameter base, i.e., the effort required for determination of
the fast charging strategy and the transferability,

the aging test, i.e., whether a proof-of-concept aging test has been
performed and under which ambient conditions,

the aging derating strategy, i.e., the adaptation of the actual SOH
of the battery,

the scale level, i.e., the battery system architecture considered
within the investigated study.

Fig. 3 gives an overview of the clustering principle and the in-
troduced categories. Table 2 presents further details on the reviewed
studies, which are discussed later in the article.

3.1. Heuristic studies

The most popular approach in determining health-aware fast charg-
ing strategies lies in a heuristic study of the achievable cycle life
under different current control strategies. Hereby, many cells are cy-
cled with a cell-specific, individual charging current strategy until a
predefined cycle count or capacity retention is achieved. Subsequently,
the longest-lasting battery cell with the shortest charging time sets
the health-aware fast charging strategy. An overview of different fast
charging strategies is given in Fig. 4.

In an early study of Notten et al. [81], it was observed that an
upfront higher charging current during charging, introduced as boost
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Fig. 3. Clustering of different approaches for the determination of health-aware fast charging strategies for lithium-ion batteries.

charging (BC), could prevent the occurrence of side reactions such as
lithium deposition, thus enabling faster charging while keeping aging
acceleration low. The strategy has been investigated for cylindrical
and prismatic cells, showing that the results are independent of the
lithium-ion battery format. Zhang [82] supported the results by finding
that an initial higher current with a constant power control in the
beginning increased the cycle life compared to an initial lower current
stage. Li et al. [83] compared conventional constant current (CC)
charging with pulse charge (PC) techniques in a way that the charging
current is applied by short positive pulses interrupted by short negative
pulses, which are understood as being the lever to reduce the probabil-
ity of lithium deposition [139]. However, the PC technique requires
high frequencies down to less than 1 ms to effectively inhibit lithium
deposition [140], which demands additional electronics capable of
high-frequency modulation within the overall charging system. With
a similar motivation, negative current stages during a CC charging se-
quence were investigated by Abdel-Monem et al. [84,85] and compared
to different fast charging strategies with varying current stages, also
known as multistage constant current (MSCC) strategies. From a cycle
life test it was concluded that the negative pulses reduced diffusion time
constants during fast charging and thus slowed down capacity fade of
the investigated lithium-ion battery (LIB). Based on the aforementioned
studies, Keil and Jossen [19] carried out a broad empirical study
investigating the impact on battery cycle life of a selection of popular
fast charging current profiles. Parameters of CCCV charging, BC and
PC, were varied according to time comparability to a conventional
CCCV strategy and the effects on cycle life were evaluated. The authors
concluded that lower current at high SOC and/or lower cut-off voltages
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may be beneficial for minimal battery aging. Based on this motivation,
Mussa et al. [86] cycled cells in a long-term aging study with a CC
fast charging profile to a partial SOC of 80 % and compared it to
the conventional cell manufacturer specifications. The fast charging
current was determined by adjusting the current to achieve 80 % SOC
within 30 min. Interestingly, the larger charging current within a lower
voltage window yielded an increased cycle life compared to the cell
manufacturer’s standard charging recommendation, giving exception to
the general belief that fast charging accelerates battery aging. However,
the charging rate of 1C has been far below the currently targeted
fast charging rates. In all aforementioned studies, the testing effort to
determine the optimal fast charging strategy is intensive.

To determine the different current stages of the fast charging strat-
egy with a more physical motivation and narrowing the testing scheme
to the most promising fast charging strategies, Ansean et al. [87]
studied different current stages during charging, known as BC strate-
gies, parameterized on the base of the internal resistance evolution
of the cell under study. By taking into account the cell impedance
and adjusting the current stages accordingly, excessive heat generation
can be avoided. Due to the measured internal resistance determined
by a high pulse power characterization (HPPC), the stages replicate a
boost profile with the highest charging current in the beginning. With a
similar motivation, the upper voltage limit of CCCV charging had been
increased based on the internal resistance in other studies [88]. Recent
work of Sebastian et al. [89] presented a NCA-motivated approach
to determine an optimal MSCC fast charging protocol. Despite the
manufacturer’s recommendations, the investigated cell was charged
with an initial lower current and higher current ramp in the subsequent
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Table 2

Summary of studies investigating different methods for the determination of fast charging strategies with extracted information about the cell under study, the fast charging

strategy, and whether a proof of concept with conditions close to real-world applications had been performed.
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Subcategory Authors Battery cell under study Fast charging strategy determination and proof of concept
Manufacturer and type Material Parameter base Aging test Aging derating  Scale
Heuristic studies
Notten et al. [81] Sony US18650 n/s Arbitrarily set /25 °C - 1slp
Notten et al. [81] Philips LP423048 n/s Arbitrarily set V25 °C - 1slp
Zhang [82] n/s C-LCO Comparability V23 °C - 1slp
Li et al. [83] Sony US18650S C-LCO Arbitrarily set v/ n/s - 1slp
Abdel-Monem et al. [84] EIG 7Ah C-LFP Arbitrarily set V25 °C - 1slp
Abdel-Monem et al. [85] EIG 7Ah C-LFP Arbitrarily set V25 °C - 1slp
Keil and Jossen [19] Sanyo UR18650SA C-LMO/NMC  Comparability V25 °C - 1slp
Keil and Jossen [19] Sony US18650VT1 C-LCO/NMC Comparability V25 °C - 1slp
Keil and Jossen [19] A123 18650M1A C-LFP Comparability V25 °C - 1slp
Mussa et al. [86] n/s C-NMC/LMO  Comparability V25 °C - 1slp
Ansean et al. [87] Al123 n/s C-LFP Cell impedance V23 °C - 1slp
Noh et al. [88] PHET IFR13NO C-LFP Cell impedance V25,45 °C - 1slp
Sebastian et al. [89] Panasonic NCR18650B C-NCA Cell impedance /23 °C - 1slp
Chen et al. [90] Sanyo UR18650W n/s Cell impedance v/ n/s - 1slp
Schindler et al. [91] Samsung ICR18650-26F C-NMC Arbitrarily set V25 °C - 1slp
Amanor-Boadu et al. [92] n/s C-LCO Cell impedance - - 1slp
Attia et al. [93] A123 18650M1A C-LFP Comparability V30 °C - 1slp
Model-based studies based on commonly measurable, external battery states
Lee et al. [94] Sanyo UR14500 P n/s n/s - - 1slp
Liu et al. [95] A123 26650 C-LFP Fitting - - 1slp
Guo et al. [96] n/s C-LCO/NMC Fitting /n/s - 1slp
Xu et al. [97] A123 ANR26650 C-LFP tuning - - 1slp
Ye et al. [98] Victpower LR1865SZ n/s n/s - - 1slp
Patnaik et al. [99] Samsung INR18650-25R C-NCA n/s - - 1slp
Zhang et al. [100] n/s C-NMC Arbitrarily set V25 °C - 1slp
Jaguemont et al. [101] n/s LTO-NMC Arbitrarily set - - 1slp
Jaguemont et al. [101] n/s C-NMC Arbitrarily set - - 1slp
Liu et al. [102] n/s C-NMC Fitting V24 °C - 1slp
Model-based studies based on commonly non-measurable, internal battery states
Data-driven models Lin [103] A123 ANR26650M1B C-LFP SPM simulations - - 1slp
Hamar et al. [104] n/s C-NMC P2D simulations - - 1slp
Spingler et al. [105] Kokam SLPB 526495 C-NMC Volume expansion V25 °C - 1slp
Hovestadt et al. [106] n/s C-NMC Volume expansion V25 °C - 1slp
Waldmann et al. [107] n/s C-NCA 3-electrode cells V25 °C - 1slp
Characteristic maps Sieg et al. [108] n/s C-n/s 3-electrode cells V25 °C SOH update 96s1p
Epding et al. [109] Customized cells C-NMC/LTO 3-electrode cells /23 °C SOH update -
Shkrob et al. [110-114] Customized cells C-NMC 3-electrode cells - - -
Amietszajew et al. [31] n/s C-NCA Reference electrode - - 1slp
Liu et al. [115] n/s C-NMC Reference electrode V25 °C - 1slp
Zou et al. [116] A123 ANR26650M1 C-LFP Fitting - - 1slp
Perez et al. [117] A123 ANR26650M1 C-LFP Fitting V25 °C - 1slp
Physics-enhanced ECMs Remmlinger et al. [118,119] n/s C-NMC Fitting V0 °C - 1slp
Li et al. [120] n/s n/s-NMC Literature - - 1slp
Drees et al. [121] Customized cells C-NMC 3-electrode cells V20 °C - 1slp
Klein et al. [122] n/s n/s n/s - - 1slp
Pramanik and Anwar [123] n/s C-LCO Literature - - 1slp
Adam et al. [124] n/s C-NMC n/s V15, 25 °C SOH update 1slp
Xu et al. [125] A123 26650 M1-B C-LFP Literature & tuning - - Islp
Choe et al. [126] n/s n/s tuning & fitting V25 °C - 1slp
Chu et al. [127] n/s C-NMC 3-electrode cell fit /n/s - 1slp
Zou et al. [128] n/s C-LCO Literature & fitting - - 1slp
Electro-chemical models  Song et al. [129] n/s n/s tuning /n/s Aging model 1slp
Yin et al. [130] n/s C-NMC Literature & tuning V25 °C Aging model 1slp
Yin and Choe [131] LG Chem n/s C-NMC Literature & tuning V25 °C Aging model 1slp
Yin et al. [132] n/s C-NMC Literature & tuning /25 °C - 1slp
Lin et al. [133] n/s C-LFP Literature & tuning v/n/s - 1slp
Lin et al. [134] A123 ANR26650 C-LFP Literature & tuning - - 1slp
Hasan et al. [135] n/s C-NMC Literature & tuning - - 1slp
Kolluri et al. [136] n/s n/s-NiOOH Arbitrarily set - - 1slp
Ringbeck et al. [137] Kokam SLPB 75106100 C-NCO 2-electrode cells - - 1slp
Yang et al. [138] Kokam SLPB11543140H5 C-NMC/LCO Literature - - 1s6p

n/s: not specified; s: serial; p: parallel.

step because of the internal resistance profile of the cell leading to
a two-fold better lifetime. Intensive post-mortem material characteri-
zation supported the assumptions that—against common opinion in
the literature—the cathode behavior is the key limiter during fast

charging in the study. However, only 40 fast charge cycles could be
achieved until end-of-life (EOL), making it difficult to obtain further
conclusions on the applicability of the strategy. In a similar manner
for PC strategies, Chen et al. [90] used a slightly modified PC strategy
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Fig. 4. Overview of fast charging current sequences in the field of heuristic studies in
the literature and required limits (annotations without arrows) and trigger conditions
for stage transitions (annotations with arrows).

by applying sinusoidal currents to minimize internal heat generation
and determined the applied frequency from cell impedance measure-
ments. In aging experiments, an increased cycle life was observed, most
probably due to reduced heat generation. Unfortunately, the ambient
temperatures of the cycle life experiments were not specified so as to
be able to further evaluate on the reported results.

In order to further reduce the testing effort, many authors combined
the experimental assessment with various methods for an optimal
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Fig. 5. Aging of cylindrical battery cells under different fast charging strategies in
a heuristic study. Constant current (CC) profiles with an upfront reduced current
(CD) perform significantly worse than CC profiles superimposed by an anode potential
reserve (OPR) profile. The figure has been reproduced in its unmodified form from [91].

experimental test design. Schindler et al. [91] applied a design of exper-
iments (DOE) approach in order to reduce the amount of testing and to
deduce more significant conclusions of superimposed fast charging pro-
files of anode potential, multi-stage constant current, current interrupt,
and thermal derating strategies. Interestingly, as illustrated in Fig. 5,
cells cycled with anode potential reserve achieved the longest cycle life
and the latest transition to nonlinear aging. Amanor-Boadu et al. [92]
applied the Taguchi method to boost the experimental assessment of
pulse charging profiles. However, the influence on finding the optimal
fast charging strategy in terms of charging time and battery aging was
not part of this study. Beyond that, Severson et al. [141] and Attia
et al. [93] provided a new technique to accelerate the evaluation of
heuristic studies with data-based aging prediction. Instead of intensive
lab testing of multiple LIBs with variations in MSCC profiles, only
a simple set of the most promising candidates was chosen and the
subsequent assessment was supported with an iterative closed-loop
procedure of early cycle life predictions after 100 fast charge cycles.
Surprisingly, despite the commonly found monotonically decreasing
stages for avoiding lithium deposition, their method reveals a not-
strictly monotonically decreasing MSCC as the optimum for a fast
charge of the deployed LFP battery cell. In supplementary analysis, the
authors conclude that SEI layer growth may be the most dominating
aging mode and a reason for the almost constant current fast charging
strategy due to the high self-heating ability of the battery cells [93].

3.2. Model-supported studies based on external cell states

In addition to empirical studies, a second pathway with model-
supported approaches has evolved in the literature. Here, the optimal
fast charging strategy is determined by a battery model which mimics
the lithium-ion battery behavior. As a major benefit, fast charging
strategies can be determined with less effort, i.e., no need for intensive
full fractional battery cycle life testing. The deployed models, however,
require upfront battery characterization effort.

By modeling and coupling of phenomenological effects, such as the
short-term electro-thermal and long-term aging behavior of a given
battery cell, estimates about optimal charging profiles can be made in
simulations prior to intensive testing. Many studies emphasized that
thermal aspects play an important role during fast charging. Zhang
et al. [100] used a thermal model to optimize the trade-off between
charging time and temperature rise. The authors proposed a Pareto-
optimal current profile with an upfront higher current with decreasing
current over SOC. Similar capacity retention compared to a CC strategy
has been observed in a single-cell aging experiment. Xu et al. [97]
used a coupled electrical-thermal model to develop an energy-efficient
two-step MSCC fast charging strategy to minimize the heat generation
during the fast charging procedure. The highest efficiency and lowest
temperature rise was achieved with an upfront high current which
preheats the cell. A similar approach has been implemented by Patnaik
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et al. [99], incorporating a feed-forward control with maximal tempera-
ture correction to allow for closed-loop control. In another study [94],
MSCC strategies were implemented by estimating the SOC based on
the input current and usage of the signal as quantity to trigger the
stage transitions. Liu et al. [102] investigated the influence of battery
aging on the optimality of the stage amplitudes and transitions of
MSCC fast charging strategies; however, without deriving a quantifi-
able conclusion. In the studies of Jaguemont et al. [101], a coupled
electro-thermal simulation has been used to investigate the localized
temperature rise of large format pouch cells during MSCC-charging
protocols at various temperatures. The authors concluded that short
negative pulses during fast charging at cold temperatures can improve
the fast charging capability of the cell under study. Evaluation of the
impact on battery aging has not been within the scope of this study. All
previously mentioned studies assume less aging due to a lower and/or
more homogeneous temperature rise during fast charging.

By further adding the long-term aging behavior of a given battery
cell to the electro-thermal model, estimates about optimal charging
profiles can be made in simulations prior to intensive testing. Guo
et al. [96] investigated a fast charging strategy coupled to a specific
voltage profile optimized with an ECM at the beginning of life. The
coupling of the battery voltage, as a battery response to the current,
enables a current derating according to the SOH since impedance
increase and capacity decrease directly correlate to the voltage response
of the battery and therefore prolong the overall cycle life.

3.3. Model-supported studies based on internal cell states

While battery models estimating measurable states are capable
of avoiding intensive testing, a lack of physical motivation of these
approaches does not allow for consideration of relevant aging mech-
anisms. Therefore, many researchers deployed battery models based
on internal and usually not observable battery states into their fast
charging current control to avoid trigger setpoints for accelerated

aging.

3.3.1. Characteristic maps

A promising approach in incorporating internal battery states in
an application-oriented manner is the development of characteristic
maps based on the investigation of customized cells (e.g., reference
electrode insertion, 3-electrode test cells) or special experimental setups
(e.g., localized dilatation or temperature measurements).

As the lithium deposition process builds up a surface at the anode
which leads to increased cell thickness, lithium deposition can be in-
directly measured by dilatation analysis [142,143]. Rieger et al. [144]
deployed a localized dilatation analysis via multi-directional laser scan-
ning during charging. In a later study by the research group [105],
those measurements were used to craft characteristic maps for health-
aware fast charging control. The derived strategy was able to keep a
cycle life performance far beyond a conventional CCCV strategy with
a similar charging time. Based on this study, Hovestadt et al. [106]
used a localized dilatation setup, including an additional localized
temperature setup, for a large format automotive pouch cell. A multi-
stage fast charging strategy had been deduced from lithium deposition
indications such as dilatation, but also an observed endothermic tem-
perature behavior at high SOC of the cell was used as the indication for
current stage transitions. Due to the measurement principle, the method
is only applicable for soft case cells, such as pouch cells.

In addition to dilatation analysis, lithium reference electrodes were
also utilized for gathering insights into the battery internal states and
trigger conditions. Waldmann et al. [107] deployed 3-electrode cells
to study the anode potential under different charge rates. Based on
the anode potential drop below 0V at a given C-Rate, optimized fast
charging strategies have been derived and applied to commercial 18650
lithium-ion batteries as a MSCC health-aware fast charging strategy.
The transition points were triggered by the cell’s terminal voltage. In
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Fig. 6. Maximum fast charging current over SOC at different temperatures (character-
istic map) determined by fast charging 3-electrode cells with current control to 1 mV
anode potential. The figure has been reproduced in its unmodified form from [108].

aging tests at 25 °C an increased cycle life could be observed. Inter-
estingly, prior aging tests indicated a dominance of lithium deposition
as the main aging mechanism up to an ambient temperature of 25 °C.
In the work of Sieg et al. [108], measurements also taken from a 3-
electrode cell were utilized as characteristic maps to control the current
according to the SOC and cell temperature of a 51 Ah pouch cell, as
visualized in Fig. 6. Fast charging within 23 min could be achieved up
to 80 % SOC while maintaining a cycle life of 1800 cycles until EOL
if a current derating, that is, a reduction of the fast charging current
due to measurement or model errors, is applied. The presented current
derating is based on the SOH of the cell (taking into account both
capacity and impedance). In addition, the charging current is further
scaled with defined factors argued by measurement and model errors.
Unfortunately, the cathode chemistry was not specified to further eval-
uate the results. Battery pack tests were also performed, highlighting
the problem of temperature inhomogeneities if complete packs are fast
charged. A similar approach with similar results had been achieved by
Epding et al. [109], keeping the life cycle test at a 3-electrode cell level,
which additionally revealed that aged anodes may increase the charge
acceptance due to secondary aging mechanisms (i.e., particle cracking
and surface expansion). Similarly, in an in-depth article series, fast
charging has been followed from the material to cell level [110-114].
The authors built 3-electrode cells [110] to investigate the electrode
polarization during high charge rates [111], the anode relaxation be-
havior [112], and the interdependency between anode overpotential
and cell temperature [113], with direct measurements and the support
of a pseudo-two-dimensional model (P2D). In a subsequent study [114],
the authors transferred their result to demonstrate an anode potential
reserve fast charging strategy deduced from the 3-electrode cell. Due
to the absence of a data interface to the battery cycler, the control was
implemented as a current step-back profile approximating the course
of a potential controller. 3-electrode cells were experimentally fast
charged from 16-80 % at 30 °C to assess whether average charge
rates of 6C are technically implementable without exceeding potential
thresholds for lithium deposition. The authors concluded that lithium
deposition during the targeted high fast charging rates can be excluded
at temperatures beyond 45 °C, however, highlighting that other aging
mechanisms take place and have to be considered for health-aware fast
charging. At the time of writing, the results have not been upscaled to a
full cell or system level. In contrast, Amietszajew et al. [31] inserted a
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Fig. 7. Physics-enhanced ECM for fast charging control at the lithium deposition
process. The overall cell voltage U, consists of the two superimposed anode U,,, and
cathode U,,, potentials Both potentials are modeled with a open-circuit voltage source,
an ohmic resistance, and a RC-network—all dependent on the cell’s SOC and the cell’s
temperature. The figure has been reproduced in its unmodified form from [121].

lithium reference electrode and a cell core temperature sensor directly
into a commercial 18650 lithium-ion battery. Based on different charge
rates and the reference electrode of the modified cell, the authors
developed a MSCC fast charging strategy. Unfortunately, a long-term
aging test with unmodified cells to evaluate on the applicability was
not within the scope of the study. Also, Liu et al. [115] inserted
a reference electrode into a large format pouch cell and derived a
fast charging strategy without any lithium deposition during the fast
charging procedures while achieving twice the charging speed to the
manufacturer’s recommendation. The fast charging strategy follows a
MSCC pattern by reducing the charging current by 1/20 C if an anode
potential reserve of 10mV is exceeded. Also here, aging tests were
performed until the first 100 cycles only, limiting further evaluation
of the long-term performance. However, no lithium deposition could
be observed within the first 100 cycles.

3.3.2. Physics-enhanced equivalent circuit models

As insights into the physical interrelations of the stress factors
and the fast charging capability are limited with characteristic maps,
physically enhanced models have also been incorporated to deter-
mine and optimize the fast charging procedure in the literature. A
popular approach in application-oriented modeling lies in deploying
ECM, which usually maps the in- and output relation of quantities
directly measurable with full cells. In the extensions for fast-charging
strategies, the ECM is further physically-enhanced to either extend the
thermal model to a core temperature state differing from the measured
temperature or to the electrode level as, e.g., the anode potential is of
particular interest for fast charging control, visualized in Fig. 7.

Zou et al. [116] coupled a lumped ECM with a lumped thermal
model to optimize the fast charging strategy of a 26650 cylindrical
lithium-ion battery. Besides general operating voltage bounds, the cell’s
core temperature has also been optimized to follow an optimized
trajectory. Experimental investigations were not within the scope of
the study. The authors emphasized that fast charging capability will
change through the battery age and lifetime, which therefore should be
considered in further studies. In a similar study of Perez et al. [117],
the model is additionally coupled to a semi-empirical aging model to
optimize the fast charging strategy over the battery lifetime. Similar
aging but fast charging could be achieved up to the 110th cycle,
however, with an increasing aging rate compared to the reference
fast charging strategies. A similar approach has been taken by Liu
et al. [95], but by evaluating different stages of a MSCC fast charging
strategy. Here, an experimental proof of concept has been put into
the outlook. All studies involve a physically-enhanced thermal ECM,
but relying on a conventional electrical ECM neglecting critical control
parameters for lithium deposition prevention.

From a lithium deposition viewpoint, Remmlinger et al. [118]
and Tippmann et al. [119] investigated charging strategies at low
temperature by crafting a physics-enhanced ECM of the anode. The
anode potential was then used to control the charging current at
the theoretical limit of lithium deposition. A proof of concept in an
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electrodes. The figure has been reproduced in its unmodified form from [133].

aging test at 0 °C was performed and discussed; unfortunately, the
results were not presented in greater detail. Recently, further work on
physics-based ECM modeling of full cells was carried out [145,146],
leading to further application to fast charging strategy determination.
Li et al. [120] applied a spatially-resolved physics-based ECM to craft
a health-aware fast charging strategy incorporating critical battery-
internal states, e.g., anode potential. Beyond the modeling principle,
an observer and control strategy has been proposed to account for
modeling errors and model deployment, respectively. However, a proof
of concept in an aging study was not within the scope of this work.
A similar approach has been recently deployed by Drees et al. [121]
with a more simplified physics-enhanced ECM and application to the
formation process in lithium-ion battery production. The model-based
fast charging strategy achieved similar capacity retention by a 53 %
faster charging time without any aging derating. The authors put a real-
time application for health-aware fast charging control at the cell level
into the outlook.

3.3.3. Electro-chemical models
Beyond physical-enhanced ECM battery models for fast charging
current control and optimization, electro-chemical battery models
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based on the P2D model originally developed by Doyle, Fuller, and
Newman [147] incorporating the electrode physics have been inten-
sively discussed.

In an early simulation-based study by Klein et al. [122], a P2D
model was used in combination within a multi-objective optimization
framework and nonlinear model predictive control to calculate the
optimal fast charging current based on safety criteria specified for a
fictitious lithium-ion battery, such as anode overpotential, maximum
temperature, and maximum SOC. The procedure could be optimized
offline and then applied as a look-up table. However, a proof of concept
was not part of this study. Similarly, Pramanik and Anwar [123]
determined the fast charging current according to a minimum anode
potential reserve and the maximum cell temperature in an offline
optimization routine. The objective function is tuned in a way that the
current is controlled close to the weighted thresholds synchronously
minimizing the charging time. A proof of concept in an aging study
was not part of the study. By also using a full-order P2D, Adam
et al. [124] recently deduced MSCC profiles by keeping the current
above an anode potential threshold of 0V or higher. A life cycle test
has been performed by not only applying fast charging cycles, but by
also investigating different combinations of fast charging cycles and
normal charging cycles, which may be more likely during real-world
BEV operation. Different non-invasive methods for online detection of
lithium deposition have been investigated to avoid intensive testing for
fast charging strategy determination. Interestingly, online detection of
lithium deposition was not possible for the current profile derived from
the electro-chemical model with anode potential control. Furthermore,
the cell under study clearly showed lithium depositions in a post-mortem
study, which underscores the need for anode potential reserve control
above the theoretical limits, if this control scheme is upscaled to the
cell or system level, even though the authors did not directly specify
whether 0V or a value larger than that had been used for determination
of the strategy. Xu et al. [125] investigated the interdependencies of
electrical and thermal behavior of lithium-ion batteries during fast
charging procedures. An offline dynamic programming optimization
was performed to optimize the current stages of a MSCC fast charging
strategy over battery age. While the optimization led to an upfront
higher charging current to avoid lithium deposition, the temperature
optimization led to an upfront lower charging current for minimum
temperature rise.

In a different approach, Sturm et al. [148] showed the benefits of a
multi-dimensional modeling framework, first published and validated
by Erhard et al. [149], with regard to the evaluation of charging be-
havior. By simulating local inhomogeneities in the anode overpotential
and temperature distribution of the jelly roll in a high-energy 18650
cylindrical cell, the presented multi-dimensional modeling framework
is able to more accurately predict the onset of lithium deposition
compared to a standard P2D. While the use in real-time applications is
not yet possible due to the required computational power, the obtained
simulation data could be used to optimize the fast charging protocol
of a separate P2D model by adjusting the safety criteria, e.g., the
aforementioned ¢y;,;;. In a follow-up publication by Sturm et al. [150],
the multi-dimensional modeling framework was used to study the
impact of electrode and cell design on fast charging capabilities of
different state-of-the-art cylindrical LIBs. By analyzing in- and through-
plane voltage-drops, a dominant influence of the current collector tab
design and the accompanied current density distribution on cell po-
larization was found. Fast charging profiles were adapted accordingly
in order to prevent overheating and local onset of lithium deposition.
All aforementioned studies involved offline optimization to determine
a health-aware fast charging strategy.

As the originally developed P2D model is computationally expensive
and can only serve as an offline optimization routine, many researchers
worked on model order reductions to increase the computational speed,
well known as reduced-order models (ROMs). While ROMs can improve
the calculation speed of the original P2D model, simplifications may
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lead to an increased inaccuracy in predicting critical control quan-
tities, e.g., the anode potential. Choe et al. [126] used a ROM for
implementing a pulse-charging fast charging strategy. Based on the
predicted battery model internal states, pulse widths were determined
by switching at critical surface concentrations. The strategy led to a
lower temperature rise during the fast charge. Additionally, similar
capacity retention compared to CCCV was observed in a single aging
test. Unfortunately, the cell under study was not specified and the
aging study was terminated at 100 cycles with extrapolation of the
results. Chu et al. [127] deployed a ROM to control the charging current
according to an anode potential reserve. As one of the few in the
literature, the model was validated up to 5C with in situ anode potential
measurements by a reference electrode. A closed-loop observer was de-
signed to account for SOC deviations during fast charging. Fast charging
times of down to 52 min could be achieved with a nearly full charge of
97 % of the available capacity. The importance of the right adjustment
of anode potential reserve was highlighted, which depends on cell and
system inhomogeneities. In other studies, cell surface temperature and
electrolyte concentration has also been added in addition to the anode
potential fast charging control [128].

Other authors also included temperature-induced aging mecha-
nisms, such as SEI growth, into their models. Song et al. [129] investi-
gated a model-based fast charging strategy incorporating not only the
anode potential as indication for lithium deposition, but also modeling
additional parasitic side reactions with the electrolyte. In addition,
based on the experimental results of Monem et al. [84] and lithium
stripping simulation analysis, short discharge pulses were added to the
beginning of charge to allow for lithium-ion recovery during charging.
A direct comparison between model-based fast charging with and with-
out discharge pulses is not made. Other studies also only considered
side reaction rates [130,132]. Based on these findings, which were
further optimized, Yin et al. [131] coupled a ROM with an aging
model to determine a health-aware fast charge strategy considering
lithium deposition and SEI growth, i.e., electrical and thermal effects.
Alongside the optimal temperature slope, the 40 Ah pouch cell was ac-
tively temperature-controlled in a short time scale with Peltier devices.
The utilized ROM was validated at 25 °C up to 2C. The optimal fast
charging strategy further included short negative pulses in the form
of a PC strategy to allow for lithium stripping, as lithium deposition
may occur during the charge cycle. A similar cycle life compared to
conventional 1C CCCV charging could be achieved, but by reducing the
charging time by more than 50 % in the low and medium SOC range.
Interestingly, the slope of the optimized fast charging current has a
pattern similar to a strict anode potential control, i.e., a larger current
in the beginning steadily decreasing over SOC, although both elec-
trical and thermal effects were considered. While this study provides
many helpful insights into the crafting of a health-aware fast charging
strategy, the computational effort to perform the optimizations of the
complex closed-loop model and the concept of a surface temperature-
controlled thermal management system for a single lithium-ion battery
cell is far from deployment in real-world automotive applications. In a
study by Lin et al. [134], a SPM was coupled with a thermal core model
to optimize the charging current according to the temperature rise and
overpotential-induced charging losses. An aging test was not within the
scope of the study. In another publication [133], the most dominant
aging modes, SEI layer growth and lithium deposition, were modeled
and coupled to a SPM to optimize health-aware fast charging strategies
with promising results concerning the overall cycle life, as illustrated
in Fig. 8. The objective function is set up as a weighted balance be-
tween both side reaction rates. The health-aware fast charging strategy
achieved major improvements in cycle life compared to conventional
CCCV charging. However, it is not clear whether the strategy has been
deployed in real time responding to the actual cell states.

With many fast-charging protocols determined at ambient tempera-
tures, studies at subzero temperatures have gained increasing interest.
Hasan et al. [135] derived a PC fast charging protocol from a P2D
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Fig. 9. Functional control loop structure of a health-aware fast charging strategy based on anode potential reserve control incorporating a reduced order electro-chemical model.

The figure has been reproduced in its unmodified form from [137].

model to keep the anode saturation close to its maximum in the
beginning of subzero fast charging. The study mainly focused on design
parameter rather than lifetime assessment for a specific lithium-ion
battery, but revealed that subzero temperatures hamper current ac-
ceptance of the anode material, supporting preheating strategies of
lithium-ion battery systems prior to fast charging.

Recent studies have further investigated the integration of the afore-
mentioned models into control schemes. Kolluri et al. [136] emphasized
the necessity for a closed-loop charging control if electro-chemical mod-
els are deployed in an advanced battery management system (ABMS).
They proposed a nonlinear model predictive control strategy to fast
charge according to an anode potential reserve in a closed-loop control.
As the control framework behind the strategy was the focus of this
study, a battery with a nickel hydroxide electrode was modeled and no
experimental validation was given. A similar approach has been taken
by Ringbeck et al. [137], presenting a complete closed-loop model
framework for real-time control with an anode/cathode open circuit
voltage (OCV) observer structure (Fig. 9). A model order reduction to
one particle per electrode has been performed, as the computational
burden could be drastically decreased. In contrast to previous publica-
tions, an in-depth parameter determination at the electrode level has
been used for model parameterization, leading to undesirable model
predictions during the upscale to cell level. Aging tests were put into
the outlook.

Recently, Yang et al. [138] investigated system effects and their
control during fast charging. Six SPMs with a coupled thermal and
aging model were used in parallel to predict the anode potential
of each cell within a 1s6p pouch cells battery system (Fig. 10). As
already pointed out by Liu et al. [95] in a former study with a similar
setup, inhomogeneities within the system may lead to large current
differences of the parallel cells. In the study of Yang et al. [138], the cell
closest to the cell tabs experienced the largest current and therefore the
highest likelihood of lithium deposition, if not individually controlled.
However, an experimental proof of concept was not within the scope
of the study.

3.3.4. Data-driven models

With the rise of data processing techniques and computing power,
data-driven approaches have also gained increasing interest for fast
charging strategy determination. As the aging mechanisms are complex
to model and computationally expensive to deploy, data-driven models
provide a convenient way to map the in- and output relations of high
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fidelity electro-chemical models, e.g., P2D, and transfer it to real-time
environments.

Lin [103] deployed an enhanced SPM to predict the anode potential
under varying battery conditions and fed the results into the training
of a long short-term memory (LSTM). As the error to the data source
model was of major concern for the study, the prediction accuracy of
the LSTM model was investigated under different charge and discharge
conditions. For the special case of charging at high current rates, a
prediction accuracy of a maximum 3.73mV root mean squared error
(RMSE) was achieved. Further assessment of the robustness of the LSTM
model was put into the outlook. The LSTM model required 345 MB
of memory space, while a full-order model required about 866 MB of
memory space. The author argues that in contrast to electro-thermal
modeling, there is no need for complex modeling, parameterization,
and electro-chemical knowledge. However, the deployed data-based
model itself relies on training data of such a model. Building on the
previous study, Hamar et al. [104] further developed this approach
to study the efficiency, accuracy, and suitability of the algorithm for
online implementation. The authors developed a random forest model
and achieved an anode potential prediction accuracy down to 2.6 mV
RMSE, as illustrated in Fig. 11. Again, model training and validation has
been performed with a P2D battery model only. The hardware imple-
mentation of the model has been addressed for further studies. From
a real-time deployment perspective, the model achieving the lowest
anode potential prediction error was stated to require approximately
100 MB of memory space. As can be seen in the aforementioned studies,
data-driven models have not been used for anode potential reserve con-
trol in real-time experimental setups yet, but show promising potential
in increasing the benefit-cost relation due to decreased calculational
requirements.

4. Discussion

While many approaches proposed solutions to issues associated
with the determination of health-aware fast charging strategies, many
aspects have still not been investigated comprehensively, but offer
the potential to successfully transfer research results into automotive
applications if investigated. The subsequent sections will summarize the
main points of interest from an application-oriented perspective.
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Fig. 10. Model-based evaluation of the anode potential of all cells in a 1s6p battery
module during fast charging. Currents of the individual cells (top figure) with their
corresponding anode potentials exceeding the theoretical limit for lithium deposition
below 0V (center figure). The deployed model consists of a SPM coupled to a thermal
model embedded into a system model and an anode potential control loop (bottom
figure). The figures have been reproduced in its unmodified form from [138].

4.1. Adaptability of fast-charging strategy determination methods

The projection to other cell types of currently developed approaches
is still time- and resource-intensive, in particular if heuristic studies
are carried out. Design of experiment (DOE) approaches are frequently
used, e.g. [91], to ease the fast charge strategy determination by
deploying lesser cells than in a full fractional approach. However,
many battery cells still have to be cycled until their EOL to reveal and
identify the most promising fast charging strategies. Recent research,
e.g. [93,141], tackled the problem of heuristic studies with machine
learning-based lifetime estimations; however, the developed procedure
still demands appropriate machine learning models to be crafted in-
volving appropriate data and hyperparameter tuning, which has to be
assessed prior to cycle life projection and is dependent on available
data of the investigated cell chemistry and type. Also, it is still not
completely clarified how those data-driven models have to be trained
and applied to achieve reliable results and should be addressed by
future research.

On the other hand, model-supported approaches offer the poten-
tial of performing less aging tests due to their physical motivation;
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however, intensive cell characterization effort is needed upfront to
model deployment to achieve an accurate replica of the cell behavior.
Many parameters must be determined and can only be separated if
half-cells of both electrodes are built in laboratory-scaled samples and
their properties are experimentally determined. Beyond the considered
electrode-specific limitations, ionic concentration dynamics must be
considered and are usually fitted from literature values to full cell mea-
surements. Moreover, thermal behavior of the investigated cell has to
be characterized alongside by repeating the characterization procedure
at various temperature levels. If a new cell chemistry is investigated,
this approach has to be repeated. In contrast to heuristic approaches,
however, after parallelizable effort upfront to deployment, a carefully
crafted model then enables health-aware fast charging without the need
for many aging experiments with broad parameter variations.

Further research is needed to develop methods to determine fast
charging strategies, keeping the characterization effort at a minimum,
e.g., for model-supported approaches, and avoiding the need for multi-
ple cells in long-term cycle life experiments, e.g., heuristic approaches.
Novel methods, which are adaptive to any lithium-ion battery type,
offer the potential to speed up the fast-charging strategy determination
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process. This may be helpful for an early assessment of the fast charging
capability of new cell types or BMS developers, which do not have the
opportunity of long-term cycle life experiments and post-mortem cell
investigation. Since model-supported approaches inherently provide
for these possibilities, these approaches are particularly promising. In
here, reduced order models or data-driven models fed by simulation
and/or real-world data can further simplify the implementation effort,
increasing the practicality of model-based fast charging strategies and
investigations should therefore be intensified in this field of research.

4.2. Consideration of electro-thermal interdependencies

As internal impedance of lithium-ion batteries rises with lower tem-
peratures, lithium deposition is more likely to occur. If electro-thermal
interdependencies are modeled, internal cell preheating leads to a fast
decrease in anode overpotential and high cell temperatures during a
fast charge event. Therefore, thermal limitations can be identified as
a major reason for accelerated battery aging at high ambient temper-
atures. However, lower ambient temperatures during a fast charging
event can also be expected during operation, in particular if bat-
tery electric vehicles are frequently fast charged due to missing an
overnight charging opportunity and/or cannot be thermally condi-
tioned fast enough. While higher ambient temperatures primarily lead
to thermal limitations as overpotentials are degraded but SEI growth
is accelerated, lower ambient temperatures primarily lead to anode
overpotential limitations due to slow diffusion kinetics in the active ma-
terial. As revealed within this review, studies mainly focused on a single
effect, either electrical or thermal, without considering both parameters
concurrently. We hypothesize that the optimal fast charging control
in terms of either anode potential or thermal losses lead to a similar
charging current profile; that is, an upfront higher current steadily
decreasing with SOC. Beyond that, also the effect of the cell’s initial
condition (e.g., initial SOC, temperature) on the health-awareness are
not yet studied comprehensively.

Further studies are needed which incorporate both electrical and
thermal effects and proof their approach for different initial cell states
and in different scenarios, i.e., a subzero and a preconditioned scenario.

4.3. Accuracy-performance dilemma of model-supported strategies

At first glance, the model fidelity of model-based fast charging
strategies should be high to achieve accurate model predictions. How-
ever, high degrees of model discretization concurrently lead to in-
creased computational effort to solve the involved partial differential
equations [137]. A dilemma arises, which poses the question of whether
algorithms should aim at high model fidelity, taking into account
longer calculational times but achieving more accurate predictions of,
e.g., anode potential, or whether algorithms should aim at yielding
low calculational effort to increase accuracy by higher sampling, as
illustrated in Fig. 12.

To date, no robust real-time application benchmark of model-based
fast charging strategies has been performed, highlighting the need to as-
sess the performance in online setups. Comparative studies of different
model fidelities are required to map model accuracy on battery lifetime
performance.

4.4. Parameterization and validation of model-supported approaches

Model-supported approaches promise high accuracy and conse-
quently maximum exploited fast charging potential of the lithium-ion
batteries due to their electro-chemical motivation and their possibility
to adapt to a specific cell behavior. The accuracy of model-supported
approaches mainly depends on the accuracy of its parameter determina-
tion, which is usually done by relying on literature values, e.g., [135],
or by a thorough material and tear-down analysis of the single cell
components, e.g., [137]. Both techniques rely on measurements, which
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are performed on the cell component level and are measured with the
underlying assumption that the results are still accurate if scaled from
a fractional cell to a full-scale lithium-ion battery or system. Model
response may therefore be inaccurate on the first try and because of
this many authors manually tune the critical parameter to adapt cell
and system behavior, e.g. [127,129,132].

Yet, a method has to be developed in order to accurately parameter-
ize electro-chemical models with a specifically defined procedure which
separates half cell behavior but does not neglect the to-be-achieved full
cell behavior of the lithium-ion battery. Hybridization of the different
modeling approaches and parameterization techniques may help to
dissolve this dilemma and should be further investigated. Moreover,
broad validation has to be carried out and the degree of accuracy of
the model response to measurements must be discussed in fast charging
studies, as inaccuracies have a major lever on, e.g., the theoretical
lithium deposition criteria. Accessible cloud-based data can serve as an
additional validation opportunity to adjust model parameter and extent
the validation during operation of the battery system.

4.5. Closed-loop model design for model-supported strategies

Despite the open-loop nature of heuristic approaches, many of the
presented model-based studies also investigate fast charging strategies,
which are set up open-loop and do not capture disturbances of real-
world applications. Especially studies that capture model-supported
approaches based on external cell states are often only optimized
offline to a specific cell state. If variations to the parameters occur,
e.g., due to different electric and thermal loads in the application, the
optimality may be jeopardized. However, real-time model-based fast
charging strategies based on internal cell states are also affected. On
a short-term scale, model initialization and parameterization coupled
with measurement bias, error, and distortions might lead to incorrect
prediction of the cell behavior and therefore hazardous control of the
charging current. Here, a critical condition evolves at the beginning
of the fast charge, as the SOC has to be initialized correctly to yield
an accurate anode potential prediction which is directly fed into the
current control loop. On a long-term scale, aging effects may further
reduce the model accuracy. The latter is a special case addressed in
Section 4.6 hereinafter.
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Based on the analysis and discussion provided, there is no consensus
on how to account for parameter and measurement errors and the
resulting influence on the health-aware fast charging strategies during
the lithium-ion battery life cycle. Additional studies investigating the
aforementioned issues are required.

4.6. Aging consideration and derating strategies

For both heuristic and model-supported approaches, varying cell
condition and behavior over the battery life have to be considered,
as it directly influences the fast charging capability of the lithium-ion
batteries under study. Since the longest-lasting battery is chosen within
heuristic studies and model-supported approaches without a coupled
derating strategy, especially in the beginning of the cycle life, the fast
charge capability of the battery may be underestimated. To the best of
the authors’ knowledge, only a few authors include derating strategies
to directly reduce the applied fast charging current based on the actual
SOH of the cell in their studies [108,109,124]. However, only a relative
capacity decline and resistance increase determined in the time-domain
has been considered. Two other studies directly couple aging models
with the fast charging control [129,133], while it is not clear whether
those aging models are superior to an update based on the actual SOH
commonly determined online in BEV applications.

Derating strategies should be further investigated, tackling the
evolving differences in capacity, impedance, and electrode balancing
over age and investigating the impact of derating strategy over the
battery life, i.e., fast charging times over battery life.

4.7. Proof of concept and upscale to the application level

Almost all fast-charging studies, except [108,138], do not scale their
fast charging strategies to the higher system or application level. Many
effects at the system level may deteriorate the cycle life achieved at the
cell level, impeding the transfer of those strategies to the application
level.

As BMSs only control the charging current at a few spots dis-
tributed through the module, electrical and thermal variations in serial
and parallel connections are difficult to consider within the control
strategy and may lead to unobserved cell behavior [151]. The imbal-
ance in serial connection might be easier to control for closed-loop
model-supported approaches, since terminal voltages on each level
are measured and can be fed back. However, imbalances in parallel
connections might be more difficult to trace, due to the absence of a
cell-specific measurement signal. Splitting current in parallel connec-
tions may lead to an underestimation of battery states and therefore
overestimation of the acceptable fast-charging current. For example, if
two parallel connected cells with a varying capacity are fast charged,
the current distribution over time will change due to differences in
SOC and impedance. This can lead to the current control limits being
exceeded. These varying battery states arise in part by inter-cell resis-
tances and their non-uniform electrical contact overpotentials. In the
case of pulse or cyclic charging methods, these effects cannot compen-
sate the mentioned differences, because the time it takes the parallel
string to redistribute the load is in the order of hundreds of seconds
and is expected to take even longer with rising cell capacity [152]. Non-
uniform overpotentials may also lead to uneven thermal losses [153].
As discussed by Yang et al. [138], the placement of the load point in a
battery system also results in differences of inter-cell resistances, which
then lead to different fast-charging currents for each cell. Furthermore,
as already pointed out by Chu et al. [127] and Ringbeck et al. [137],
parameter deviations, model and state errors and ambiguities, and
measurement errors must be considered, especially for model-based
anode potential reserve strategies: the theoretical limit of 0 V may not
be sufficient from an application-oriented perspective. All these effects
mentioned above can result in a non-uniform load and temperature
distribution, which may lead to an earlier aging of the overall system
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compared to the single cell. Tanim et al. [154] demonstrated the
severity of evolving parameter deviations in a battery system over
time, mainly traced back to thermal inhomogeneities, if only 50kW
CCCYV fast charging is applied to a 24 kW h battery system with passive
thermal management. The study shows that thermal effects pose a
strong influence on the fast charging strategy and have to be considered
when scaling up from the cell to system level.

In addition to the thermal and electric interactions between multiple
cells, there are also indirect control opportunities for battery cells
at the application level, such as active battery thermal management
system (BTMS) strategies, which have a large lever on the optimality
of the fast charging strategy. The battery system temperature can differ
from —20°C up to 50°C during operation, because of the varying
ambient temperature in different climatic regions. Therefore, heating
or cooling, depending on the ambient temperature, to a specific narrow
temperature window prior to or during a fast-charge event has to be
considered if fast charging strategies are investigated. Here, it is still not
completely clear how the thermal management interacts with advanced
fast charging strategies and how to properly set the thermal control
limits over time. As battery system cooling is commonly realized by
vapor compression cycles [155,156], active thermal management con-
trol strategies in combination with advanced fast charging strategies
should be further investigated. While external heating strategies have
benefits in their low system costs and reliability, disadvantages in
energy efficiency and temperature uniformity are present [157]. There-
fore, internal heating strategies, like mutual pulse heating [158], show
more promising results in these aspects, but are still not completely
understood with regard to their aging effect in the context of fast
charging.

Many aspects of system interdependencies of many cells integrated
in electric powertrains are still unknown, which is why model-based
electro-thermal optimizations and proof of concepts at the application
level are needed in order to increase the cycle life and maintain
the safety of fast-charged battery systems. In addition, the boundary
conditions of thermal management systems have to be considered to
draw reliable conclusions for real-world scenarios.

5. Conclusions and further need for research

This work summarized recent research in the field of health-aware
fast charging from an application-oriented perspective. An overview
on today’s limitations on the battery cell and system level is given,
emphasizing the need for model-supported design strategies and ad-
vanced algorithms for battery management in electric vehicles. Over
50 approaches tackling the challenge of determining health-aware fast
charging strategies have been summarized, clustered, and compared.
Potential research gaps for further development have been deduced and
can be summarized as follows:

» Further development, implementation and utilization of
adaptive model-supported approaches.
Heuristic studies have been widely performed to determine
health-aware fast charging strategies in the past. The lack of phys-
ical insights during crafting of the test procedures poses the need
for extensive lab testing and impede an effective approach. We be-
lieve that efforts should be shifted to model-supported approaches
based on battery internal states, as it closes the link between
the physical battery behavior and fast charging current control
and enables the reaction to rapidly changing cell properties,
which may be an early-indicator for hazardous safety risks. Also,
such models can be easily customized to other active material
combinations and formats, enabling flexibility to new materials
and better adjustments to the impact of design, e.g., increased
inhomogeneities in large-format cells. Here, research is needed
to clarify how those models should be crafted or hybridized and
adjusted to be the most suitable for real-world applications. Fur-
thermore, electro-thermal interdependencies have to be modeled
if fast charging strategies are investigated.
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+ Simplified parameterization and extended validation.
Model-supported approaches including the use of battery-internal
states still lack an applicable parameterization technique. While
parameter determinations at the material level lead to high in-
accuracies in scaling at the cell and system level, top-down
approaches by generic fitting methods at the cell and system
level suffer from inaccuracies caused by state ambiguities at
the material level. Comprehensible procedures are needed to
determine model parameter as precise as necessary while putting
the achieved parameter into context with the measurable quan-
tities at the cell and system level. Lab effort has to be kept at
a minimum to sustain fast development speed despite rapidly
changing battery system chemistries, formats, and architectures.
Experimental proof of concepts.

Experimental investigation of health-aware fast charging strate-
gies has been mainly presented for ambient temperatures around
25 °C only, while common automotive applications operate in a
wider temperature range; usually between —20 °C to 50 °C. If the
results are not projected to other temperature levels, it is unclear
whether the fast charging strategy is capable of avoiding critical
operating conditions. Thus, the robustness of the determined
strategy cannot be sufficiently evaluated from an application
perspective. The case of low to subzero ambient temperatures
especially should be considered, as impedance rise to lower tem-
peratures render this scenario most challenging for health-aware
fast charging strategies.

Investigation of derating strategies.

The importance of the adaption of fast charging strategies to
the actual SOH of the battery has been recently emphasized in
the literature as degrading performance impacts the fast charg-
ing capability of the cell. However, only a few studies consider
derating strategies and their impact on the cycle life during fast
charging. Further studies are needed on how to effectively derate
the charging current of lithium-ion batteries to sustain a health-
aware fast charging strategy over the cycle life of the battery
system.

Upscale to the system and application level.

Many effects present at the system level, such as unbalanced
currents in parallel and serial connected cells, different thermal
management systems, thermal control strategies, or thermal in-
terdependencies with other powertrain components, and their
impact on fast charging are still unknown. High currents at the
beginning of a fast charge may lead to inhomogeneous thermal
behavior of cells connected in serial and parallel, resulting in
high thermal gradients within the system and the risk of local
overcharge situations. Also, thermal management systems may
increase the likelihood of lithium deposition at the cooling inter-
face, which is not considered if cell tests without thermal control
are only performed. The projection of health-aware fast charging
strategies to the system level plays an important role in increasing
the technology maturity for real-world applications.

We believe that major steps towards an automotive fast charging
time target of below 15 min without severe aging, reliable safety, and
overall satisfactory vehicle range can be made today, if the right
commercial battery cells are chosen and the fast charging strategy
deployed in the BMS takes into account critical battery states and
system interdependencies.
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2.2 Teardown and characterization procedure
for commercial lithium-ion cells

A model-based fast charging control strategy requires a carefully crafted electrochemical model
of the lithium-ion cell. As pointed out in Section 2.1, many parameters of electrochemical models
cannot be determined at the cell level due to the parameter ambiguity of the electrode behavior.
For example, the OCV of the lithium-ion cell U,y is composed of a simple superposition of
the electrode OCPs Ut /U~ according to Uyey = Ut — U~. Consequently, both electrode OCPs
cannot be determined without further knowledge of the individual electrode OCPs at the cell level.
If an electrochemical model for a commercial lithium-ion cell with unknown electrode parameters
must be developed, a teardown of the lithium-ion cell and investigation of the electrochemical
performance of the individual electrodes is inevitable [103, 104, 183, 184].

To tackle these challenges, this section introduces an approach to gain the essential electrode
parameters for electrochemical model development from a commercial cylindrical lithium-ion cell
and to avoid ambiguities in the downstream identification of the remaining parameters at the
cell level. The approach was published in prior work [185] and is visualized in Figure 2.2. This
work extends earlier studies, e.g., by lllig [186], Waldmann et al. [187], or Schindler [188], by
providing an alternative approach with additional insights. Prior to the teardown procedure, the
lithium-ion cell was scanned with computed tomography (CT) to identify optimal access points
to the cell core without penetrating the active material layer. The lithium-ion cell was opened
under an inert gas atmosphere (O,, H, <0.1 ppm), and the individual electrodes were harvested.
The electrode layer and tab dimensions were measured. Two-electrode half cells were built
from circular electrode stamps countered with a lithium-metal electrode and filled with LP30
electrolyte. After sealing and a minimum electrolyte soaking time of 24 h, all two-electrode cells
underwent a post-formation to guarantee stable behavior during the assessment. In the following,
half-cells were subjected to OCP identification using various techniques, i.e., pOCV and galvanic
intermediate titration technique (GITT) at different ambient temperatures (—10°C to 50°C). The
half-cells were also subjected to EIS to identify the individual loss processes occurring at the
cell level and to track down the limiting electrode by quantifying the impedance behavior of both
electrodes.

The results revealed that if two-electrodes half cells are built from carefully harvested electrodes,
only three post-formation cycles can be sufficient to reach stable electrode cycling behavior,
which may help to reduce the impact of calendar aging as it is well-known that manually built
lab-scale cells are prone to early failure [189]. Using GITT measurements leads to a more
accurate determination of the electrode OCP with lower overpotential deterioration compared to
the pOCV technique, even compared to a pOCV performed with a current rate as low as C/100.
However, as discussed in Section 1.1.1, stage transitions are not depicted with high resolution
due to the missing continuity of the voltage signal, which, however, are important to match for
downstream electrochemical modeling. It was shown in a subsequent investigation that if both
electrode OCPs are balanced and aligned to the cell’'s OCV, using the GITT measurements
yielded a better fit if the OCV domain (voltage error) is used in the objective function. In contrast,
the use of pOCVs measurements yielded a better fit if either a vertical shifting parameter is
added to the optimization and the DVA domain (differential voltage error) is used in the objective
function. Wanzel [164] showed that only the charge direction of the GITT measurement is
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Figure 2.2: Step-by-step teardown and characterization procedure of a commercial lithium-ion cell with
unknown properties to gather essential measurements for downstream model parameter
identification and fast charging control.

sufficient for fast charging current control and benefits from mitigating fitting deteriorations due
to the hysteresis behavior of the cell in low SOC regions. Beyond that, no clear temperature
dependence of the OCV of the cell and half-cells could be observed. With regard to the dynamic
electrode behavior and fast charging capability, the impedance spectra determined with EIS
also revealed that the anode suffers under a more significant impedance than the cathode with
increasing SOC [190]. The overall procedure was examined for a cylindrical cell with half cells
sealed in mini pouch bags but has also been proven to be likewise applicable to other cell
formats, such as automotive-scale pouch cells, with half cells sealed in hard-case coin cells [45].

Author contribution: Leo Wildfeuer and Nikolaos Wassiliadis jointly carried out the teardown
of the lithium-ion cell under study, built the half cells, and performed the characterization,
investigation, curation, and validation of the experimental results as equal first authors. Alexander
Karger supported parts of this study with evaluation algorithms. Fabian Bauer provided resources
for and assisted with the CT scans. Markus Lienkamp provided resources and supervision for
this work. All authors reviewed and edited the manuscript.
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ARTICLE INFO ABSTRACT
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In recent years, in-depth analysis of the manifold properties of commercial lithium-ion batteries has gained
increasing attention, as it fosters optimized design and operational strategies of battery-powered applications
such as battery electric vehicles. However, various properties are not easily accessible and experimental
determination requires intensive efforts in the battery lab. In this study, we have performed a tear-down
analysis of a commercially available lithium-ion cell with a silicon-doped graphite anode and a Ni-rich NCA
cathode. Enhanced by computed tomography (CT) scans, we reveal the cell’s internal geometrical properties.
Furthermore, mini pouch half cells of the anode and cathode have been built to examine their electrochemical
properties in context with full cell measurements. In particular, we examined the open circuit voltage with
different measurement methods and for different temperatures and performed reconstruction of the full cell via
fitting of electrode potentials. We give detailed insights into the kinetics of the cell by analyzing the distribution
of relaxation times (DRT) calculated from electrochemical impedance spectroscopy (EIS). Individual loss
processes are assigned to either electrode and their polarization resistances and time constants are quantified
over a large SOC and temperature range. A comprehensive open-source dataset of the investigated cell is
provided to propel international research activities in the development of advanced models and algorithms for
lithium-ion batteries.

1. Introduction In order to lever untapped potential of the battery system’s perfor-

mance and to prolong its lifetime advanced models, algorithms and

The success of lithium-ion batteries (LIBs) in battery-powered appli-
cations has lead to intensive efforts towards maximizing their efficiency
as an energy source. In the case of battery electric vehicles (BEVs), it
constitutes the most expensive component [1], which is why optimized
design and operation of battery systems is of high importance. To this
end, capacity retention and battery aging is a crucial phenomenon that
has been tackled by many researchers in the past [2-5]. Aging results
from complex physical and chemical degradation mechanisms at the
cell components [5]. From an engineering perspective, it is necessary
to understand the influence of these different degradation mechanisms
and scale this knowledge to effects on the application level such as loss
of available energy and power, as illustrated in Fig. 1.

operational strategies have to be designed, which require tear-down
analysis of LIBs to gather in-depth knowledge about the electrochemical
system.

1.1. Previous publications

In the past, many authors assessed the electrochemical properties of
anode [6-13] or cathode [11,12,14-18] materials. Besides the analysis
of individual cell component properties, it is important to understand
their behavior in a full cell assembly to project the results to real-world
applications. An extract of publications, which perform cell tear-down
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Fig. 1. Pipeline for the development of advanced algorithms for the deployment in Battery Management Systems (BMSs) of battery electric vehicles. This study focuses on the

in-depth analysis and characterization of a lithium-ion cell.

and in-depth component analysis on the electrode level and provide
comprehensive investigations of corresponding full cell properties, is
given in the following.

Safari and Delacourt [10] analyzed the electrochemical properties of
an LFP-based LIB and compared the electrode properties to the full cell,
thus providing a fundamental dataset for an electrochemical battery
model. However, their measurements were performed before 2011,
compromising the comparability to today’s battery cell generations. Sa-
bet et al. [19,20] analyzed the predominant processes in the impedance
spectra of commercial NMC- and NCA-based LIBs, respectively. Schmal-
stieg et al. [21] provided an electrochemical analysis of the electrode
properties of a high-power LIB which they used to parameterize a
physico-chemical model of the full cell. Kovachev et al. [22] performed
an in-depth material and design analysis of NMC pouch cells, using
a battery cell from an unknown manufacturer. Also, first generation
Nissan Leaf LMO pouch cells were analyzed from a material recycling
perspective [23]. Unfortunately, the investigation was restricted to
material analysis only. Lain et al. [24] investigated many commercially
available cylindrical LIBs with varying chemistries according to their
geometrical and active material properties and compared different
design strategies of manufacturers. An electrochemical performance
analysis was not in the scope of the work. Recently, Liebig et al. [25]
and Chen et al. [26] investigated a prismatic and cylindrical NMC
cell, respectively, at the material, electrode and full cell level. They
performed scanning electron microscope (SEM) images of the elec-
trodes, geometrical measurements, and further characterization of the
electrochemical performance (e.g., EIS). The parameters were used to
parameterize an electro-chemical model with thermal dynamics.

It can be concluded that in present literature, only a few studies
performed an in-depth investigation of commercially-available battery
cells from the electrode to the full cell level, hampering downstream
usage of the results for modeling, algorithm design and validation.
Further systematic investigations providing insights into the properties
of commercially available battery cells from the electrode to the full
cell level at various ambient temperatures are needed to avoid time-
and resource-intensive rework.

1.2. Contributions

We performed an in-depth analysis of a commercial 18650 LIB
(Sony US18650VTC5 A) involving various state-of-the-art characteri-
zation methods. The main contributions can be summarized as follows:

1. Tear-down analysis, half cell building, and investigation of
the geometrical properties
The design and geometrical properties of the electrodes and of
the full cell are investigated via destructive and non-destructive
methods.

2. Analysis of half cell and full cell open-circuit voltages
The open-circuit voltages of electrode half cells are analyzed
with different measurement methods over a broad temperature
range and the results are scaled to full cell level via electrode
balancing and alignment.

3. Analysis of half cell and full cell dynamics
The cell’s behavior under dynamic conditions is analyzed via
electrochemical impedance spectroscopy. The observed loss pro-
cesses are assigned to either half cell via analysis of the DRT.
4. Open-source access to the experimental data
All measurement data and analysis results are provided open-
source alongside the article.

The results of this study can be used to develop and parameter-
ize advanced battery analytics functionality such as physics-enhanced
equivalent circuit models (ECMs) for on-line estimation of the
impedance throughout the lifetime [27], P2D or reduced-order models
to be used in model-based fast charging strategies [28], or determina-
tion of degradation modes through the tracking of electrode balancing
over lifetime [5].

1.3. Layout

The remainder of this paper is structured as follows: Section 2
introduces the employed methods and boundary conditions for the
battery dissection and building of the half cells. In Section 3, the
geometrical properties of the investigated cell are stated and discussed.
The static behavior of the cell, i.e., OCV of the half cells and fitting
to the full cell’s OCV, is presented and discussed in Section 4. The
assessment of the dynamic cell behavior is presented in Section 5. In
Section 6, we summarize the main insights of the article.

2. Cell tear down and building of half cells

In this section, the disassembly of a commercial 18650 cell (Sony
US18650VTC5 A with a Si-doped graphite anode, NCA cathode, and
2.5 Ah nominal capacity [24]) and the building of anode and cathode
half cells against metallic lithium is described.

2.1. Dissection of the cell

In the first step, a pristine cell was taken from a new manufacturing
batch and was constant current constant voltage (CCCV) discharged
to 2.5V to minimize the energy contained within the cell and thus
minimize the severity in the case of an unintended short-circuit. Then,
the cell top was removed with a pipe cutter tool under inert gas
atmosphere, while ensuring that the tool did not get in contact with the
electrode materials. After opening, the outer anode cell internal copper
tab could be seen, as shown in Fig. 2(a). The visible pierced layer
of plastic material may help to avoid any vibration- or shock-induced
internal short circuit between the negative electrode layers and the top
positive battery tab. The battery cell steel can was then thoroughly
unwound from the cell internal materials to expose the active material
layers, as visible in Fig. 2(b) and (c), respectively. Once the jelly roll
was extracted from the cell can, the electrode layers could be analyzed.
Unwrapping the jelly roll revealed the electrode tab positions, as shown
in Fig. 2(d).
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Fig. 2. Preparation of half cells under inert gas atmosphere. The cell disassembly under inert gas atmosphere can be seen in figures (a)-(d), the half cell preparation process with

sample stamping of each electrode can be seen in figures (e)-(h).

2.2. Half cell assembly

To test different operating scenarios with pristine half cells and
to provide spares in case of defects resulting from the manual pro-
cess [29,30], we built five plus three half cells per electrode. In the
first step, coins of 16 mm diameter were punched out of the now
exposed electrode layer, as visible in Fig. 2(e). Since both electrodes
are doubled-coated with active material, one side of the electrode
was cleaned by mechanically removing the coating from the carrier
material with the aid of NMP solvent at 20 °C ambient temperature. In
a subsequent step, all electrode stamps were covered with a Celgard
Polypropylene mono-layer separator and countered with a layer of
metallic lithium, as seen in Fig. 2(f). The final half cell was then
equipped with current collectors and placed in a mini pouch bag. To
enable charge transfer between the electrodes, each pouch cell was
filled with 500 uL of LP30 electrolyte (1M LiPFy in EC:DMC (1:1, v/v)).
In the final step, the mini pouch bag was sealed with a Multivac
vacuum machine. After sealing, the half cells were stored for over 24h
to guarantee that the electrolyte completely soaked into the pores of
the cell components.

2.3. Formation of half cells

To allow the formation of a solid electrolyte interphase (SEI) at the
electrode—electrolyte interface, a formation procedure was undertaken
with all half cells by cycling in charge and discharge direction. The
formation cycles are plotted in Fig. 3 for both half cells. Stable voltage
traces and a coulombic efficiency over 99% was reached after three
cycles for all half cells.

During formation, the minimum and maximum voltage limits for the
anode were set to 10mV and 1.5V, respectively, as voltage gradients
steeply ramp up beyond those limits and critical voltages are avoided.
The cathode limits were likewise set to 2.5V and 4.25V. C/10 was
chosen as the charge and discharge current. The resulting current was
calculated using the down-scaled areal capacity (Fig. 5) of the electrode
section according to:

Iyc = (16mm/2)? . 7. 0.024 mAh/mm? - 0.1h~! = 0.481 mA. (6]

For mini pouch bags, areal pressure has to be considered to make
sure that volume changes do not lead to inhomogeneous contact or even
internal disconnects. A target pressure of 0.1 MPa was set by placing the
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half cells with an active area of (16mm/2)? - 7 = 201 mm? between two
square polymer contact plates and stressing the plates with a weight of
2kg.

3. Geometrical parameters

In addition to the cell disassembly described in the previous section,
we applied computed tomography (CT) to support the geometrical
measures with data from the pristine cell. The non-invasive images
(Fig. 4) reveal the internal structure of the full cell. The jelly roll has 27
electrode double layers with a total thickness of approximately 100 pm.
Note that a more precise digital measurement was not possible due
to the limited scan resolution of approximately 50 pm voxel size. The
active volume, i.e., the volume which is occupied by the electrode
layers including the pore volume, approximates to 87 % of the total cell
volume.

The geometric properties and tab placement on the individual elec-
trodes are illustrated in Fig. 5. On the anode, two current collector tabs
are placed on uncoated copper foil at both ends. As previous studies
pointed out [24], this design offers the potential to minimize resistance
and heat generated in the cell core, since heat can be easily transferred
from the cell core to the cell can over the center collector. Out of a
total anode length of 947 mm, one side of the outer surface shows a
larger area with uncoated copper foil (50 mm), which is left out during
coating as it wraps the remaining cathode inside the winding and has
no countering active material. At the inner surface, the coated area is
larger and has a total length of 925 mm.

The cathode has one similar-sized current collector of aluminum,
which is placed close to the center of the electrode. The slight offset
towards the cell core may be a design feature to further increase the
heat flow out of the cell core [24], which appears to be of higher
priority than minimum resistance due to equidistant current paths
through the cell. Both sides of the cathode are coated equally with NCA.

Both electrodes are wrapped up with a hollow center pin of 2.6 mm
in diameter. Beyond production reasons, center pins allow for fast heat
transfer out of the cell core during operation [31]. The slight over-sizing
of the anode compared to the cathode is known as anode overhang, a
design measure to ensure that the cathode is always countered with
anode active material [32]. As a consequence, Li-ions can be accepted
during charging even if electrodes are slightly misaligned during cell
production. Hereby, the risk of local lithium plating at the electrode
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Fig. 4. CT scans of the investigated cell with digital measurements taken in myVGL
(Volume Graphics GmbH, Germany). (a) provides a lateral and (b) the axial view into
the cell through the cell center and reveals properties of the jelly roll.

edges is avoided. Contradictorily, many studies pointed out that the
overhang leads to diffusion of lithium-ions into the overhang edges,
which may aggravate inhomogeneous current densities during cycling,
further provoking local lithium plating at the edges [29]. According to
Lewerenz et al. [33], the ratio of the overhang can be calculated to
approximately 7% of the total active area.

4. Open-circuit behavior

In this section, the voltage of the full cell and the constructed half
cells at thermodynamic equilibrium are analyzed. For this, different
OCV measurement methods are discussed in the first step. In the second
step, the temperature dependency of the OCV is investigated between
—10°C and 50°C. In the last step, both half cell OCVs are used to
reconstruct the full cell OCV and reveal the electrode balancing. All
measurements were performed with a BaSyTec CTS Lab.

4.1. Influence of measurement methods

There are two common methods for measuring the OCV of a cell,
the galvanostatic intermittent titration technique (GITT) and the mea-
surement of a pOCV with a low current rate [34]. To analyze the
impact of these methods on the results for the tested cell type, pOCV
measurements were performed with a C-rate of C/10, C/50 and C/100
at a reference temperature of 20°C and GITT measurements with a
relaxation time of 2 h at 40 state-of-charge (SOC) steps. The top row of
Fig. 6 shows the results for the different methods for the full cell and the
two half cells, respectively. Small voltage deviations between the differ-
ent methods are present, which are caused by different overpotentials
during the measurement. The voltage during the pOCV measurements
is higher with the increasing current and is generally higher than the
voltage measured during GITT.

Additionally, differential voltage analysis (DVA) of each measure-
ment was performed and the results are shown in the bottom row
of Fig. 6. The positions of the characteristic peaks in the DVA re-
sulting from stage transitions in the anode [35,36] and cathode [37]
(marked in Fig. 6(d)—(f)) are in good accordance for all measurement
methods with small deviations propagating from the discussed OCV
differences. Despite the limited amount of sampling points of the GITT
measurement, the derived DVA curve also matches the stage transitions
well. However, information losses occur in regions with higher voltage
dynamics, e.g., anode stage IV. As a result, we conclude that for the
investigated cell type, a pOCV measured with C/10 is sufficient to
identify electrode characteristics and stage transitions at specific SOCs
at the cost of higher overpotentials compared to GITT. In doing so, lab
testing times, especially when tracking the pOCV during aging studies,
can be reduced.

4.2. Temperature dependency

We performed pOCV measurements over a broad temperature range
(-=10°C, 5°C, 20°C, 35°C and 50°C) to investigate the temperature
dependence of the full cell’s and half cell’s OCV [38]. To minimize the
influence of increased overpotentials at low temperatures, we chose
a current of C/50. For this analysis, five different cells were used.
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Whereas intrinsic parameter variations due to production tolerances of
the individual samples are expected to be negligible for the commer-
cial full cell [39-41], these intrinsic variations might increase during
manual half cell assembly and subsequent formation. However, Schmid
et al. [42] showed that similar orders of magnitude of parameter
variations are achievable for manually built half cells, which is why
we chose to conduct the measurements with different samples, as
subsequent testing of one sample would also influence the measurement
results due to degradation of the half cells [30]. Experimental results
are presented in Fig. 7. Again, the differential voltage is also plotted to
investigate a shift of the characteristic peaks with varying temperature.

At low SOC, the OCV curves fan out and the voltage increases with
decreasing temperature. In the DVA of the full cell and the anode, the
stage transitions at approx. 10% SOC (which is assumed to be caused
by silicon in the anode [36]) disappears. However, no clear answer can
be given as to whether this behavior results from an altered behavior
of silicon at low temperatures or from increased overpotentials. This
temperature effect is still visible at the stage III transition of graphite.
Additionally, directly after the stage III transition, between 30 % SOC
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and 40 % SOC, an extra peak starts to develop for temperatures higher
than 20°C, which can be attributed to the anode. Apart from these
observations, the voltage curves behave consistently over the entire
temperature range.

4.3. Electrode balancing

Up to now, all voltage and differential voltage curves have been
plotted over their normalized capacity @/oC!. However, to reconstruct
the full cell voltage and understand the electrode balancing, the voltage
curves of anode and cathode need to be scaled and aligned. In the
following, this process is referred to as half cell fitting and the results
are shown in Fig. 8. Based on the previous findings of the influence of
measurement methods, we chose the C/10 curves for half cell fitting.

Half cell fitting can directly be done by using the OCV curves [5].
However, using derivatives such as incremental capacity analysis (ICA)
curves [43] or DVA curves [44] might be beneficial to properly match
the characteristic transition phases of the individual electrodes. In
theory, all methods should yield the same results. In practice, however,
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slight differences in the algorithm and the processed data will lead to
deviating results. Therefore, half cell fitting was performed in the OCV
domain as well as in the DVA domain.

The first step of the half cell fitting is to nondimensionalize the
capacities of all potential curves to between 0 and 1. This is necessary
because the half cells consist of only a fraction of the full cell’s active
material. Nondimensionalizing is allowed because the measured half-
cell potentials are a material property and independent of the amount
of active material.

In the next step, a fitting range is defined to exclude certain SOC
ranges, which has been reported to increase the quality of the fit [5]. At
low SOC, the voltage curve of the anode is especially steep. Thus the DV
increases towards large values, causing a fitting procedure to minimize
the error mainly in this range. Furthermore, due to the fast change in
anode potential without much charge throughput, this range is highly
sensitive to the measurement procedure, which could further distort
the results. Thus, by excluding the outer SOC-ranges from the fitting,
special attention can be paid to accurately fit the stage transitions of
graphite. The difference between the upper bound x, and lower bound
X, is defined as the fitting range 9g;:

Ipit = Xyp — Xpp- (2)

In the OCV-domain, the electrode balancing is performed by mini-
mizing the cost function f, ocv:

Xub
_ FC FC
Seostocv = / <Uoc (¥ec) = Ugim
X

b

(xFC)> — min. 3)

Here, the fitting is performed by computing a simulated full-cell
OCV Uy, F€ (xpc) via

sim
FC _ 17 PE(PE PE
Ugim" (%rc) = Uoc (‘l Xpc —V )
NE( NE NE
- Uoc (a Xpc —V ) = Syolt- (€3]

The fitting parameters aPE/NE and vPE/NE determine the horizontal
scaling and shifting of the cathode and anode voltage curves, re-
spectively, and are dimensionless. The fitting parameters 6, carries

the unit [V] and is introduced to equalize the difference in internal
resistance within the experimental half cells compared to the full cell.

Without the introduction of 6, which lies between 14mV and
20mV in the case of C/10 measurements, the optimization algorithm
would be forced to compensate the existing difference in internal resis-
tance by shifting the electrode’s potential curves in the x-direction. This
could lead to a mismatch of characteristic stage and phase transitions
of the measured and simulated full cell curve. A positive value of 8,
means that the resistances of one or both half cells is higher compared
to the full cell, even though it is normalized to the active surface area.
This is the case and it is visible in the impedance spectra shown in the
next section.

In the DVA-domain, the cost function has to be formulated as:

Xub dUOCFC dUsimFC
/. DVA=/ ( Xpc) = Xgc) | — min, (5)
cost X1 dxgc ( ) dxgc ( )
with
dUg, " _ aPE (dUoc™F b PE
—— &)= — | —/— (@ xgc —Vv')
dXpc Vrit \ dXpc
oNE [ dUyNE
- _dOC (@NExpe — VNE) ). (6)
Vit XEC

The effect of a different resistance on the differential potential
curves is much lower, as shown in the previous section. Therefore, the
optimization algorithm does not need a vertical adjustment parameter
such as 4, to match the stage and phase transitions well.

There are three main factors influencing the fitting results: (i)
the measurement procedure (ii) the fitting domain (OCV-domain or
DVA-domain), and (iii) the fitting range. To investigate these influenc-
ing factors, we performed the fitting for each combination of x;, €
[0:0.005:0.15] and x,, € [0.9:0.005:1] in the OCV domain and the
DVA domain for both, C/10 and C/50, pOCV measurements. For each
configuration, the RMSE was calculated in the OCV domain (with the
unit mV) and the DVA domain (with the unit mV/Ah) over the full SOC
range (0-1), denoted as &g, and over the reduced SOC range (0.15-
0.9), denoted as &ange. The error measures and fitting parameters are
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Full cell OCV and DVA reconstruction from individual electrode potentials. 1st row: Results for fitting in the OCV domain (a) and fitting in the DVA domain (b)

pOCV curves with C/10 at 20°C for x;, = 0.1 and x,, = 0.9. The fitting parameters «’®/NE and v"&/NE are additionally illustrated: @/o™"* are the normalized electrode capacities
resulting from 9, /aP*/NE. The shifting parameters v"*/NE(0%) are illustrated at the state, where the respective electrode is fully delithiated. For the anode it is calculated as
WE(0%) = (8¢, /aB/NE - (0= VPE/NE)) 4 x, . For the cathode it is calculated as vFE(0%) = (8, /a™® - (1 — vPE)) + x;,. 2nd-6th row: Fitting parameters and fitting errors dependent on the
fitting domain (solid vs. dashed lines), the lower fitting bound x,, (along the x-axis) and the upper fitting bound x, (different color shading). 2nd-3rd row: Fitting parameters of
the cathode (c) and (e), and the anode (d) and (f). 4th row: The parameter 6, (g) only exists for fitting in the OCV domain. 5th row: RMSE in the OCV domain for the reduced
SOC range of 0.15-0.9 (h) and the full SOC range from 0-1 (i). 6th row: RMSE in the DVA domain for the reduced SOC range of 0.15-0.9 (j) and the full SOC range from 0-1

(k). Both. ¢ is calculated as the root mean square error (RMSE).

presented in Fig. 8. Since the dependency on the lower and upper fitting
bound is similar for the C/50 pOCV measurements, only the results for
X, = 0.14 and x, = 0.99 are shown for better visibility.

In general, the trend is similar for fitting in the OCV domain
compared to fitting in the DVA domain and the absolute values only
differ slightly. The OCV errors e,ge and egyy, which are much higher
for the fitting in the DVA domain, reveal the missing parameter &,
and confirm the need for this additional vertical adjustment parameter
in order to find physically reasonable scaling and shifting parameters
aPE/NE and vPE/NE in the OCV domain. The parameter 6, is equally
dependent on the lower and upper fitting bound and no clear trend is
identified. This suggests that the resistance’s difference is not uniform
across the whole SOC range. For the other fitting parameters and the
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error measures, the influence of the lower fitting bound x;, is much
higher compared the upper bound x,,. The following observations lead
to the assumption that this is due to fact that the harvested anode
half cell shows different behavior compared to the pristine full cell,
especially in the low SOC area.

The RMSE of the reduced range e, decreases with increasing xy,,
whereas the RMSE of the full range &g, increases with increasing xy;,.
This is because for low values of x,, the fitting procedure has to find a
trade-off between the different characteristic anode features, leading to
a better match of the low SOC area at the cost of an increased distance
between the anode’s stage II and stage III. For higher values of x;,, the
anode’s stages in the mid-SOC area are fitted more accurately at the
cost of an increased error in the low SOC area. This is also reflected in
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the scaling and shifting parameters, which are highly affected by the
lower fitting bound x,. ¢/oNE decreases with increasing x,;,, confirming
the trade-off between matching the different anode stages. Especially
noticeable is the positive value of VNE(0%) for x,, above 2% SOC,
which means that the simulated full cell is not defined for very low
SOC (up to 2.5% SOC, depending on the fitting method). For values
of xy, towards the first local minimum of the full cell’s and anode’s
differential voltage (at approx. 15% SOC), the fitting parameters and
error measures converge.

Since it is assumed that lithiation of the silicon mainly takes place
in the low SOC area [45], our observations are in good accordance
with a recent study from Schmitt et al. [45], who investigated the
change in silicon-graphite potential curves during aging and observed
mainly a decrease in the relative capacity contribution of the silicon.
This suggests that the high impact of the lower fitting bound and the
imperfect reconstruction of the full cell from the half cell’s potential
curve for low values of x;, is mainly due to the different behavior of
silicon inside the anode. For the present measurement data, we propose
to use the first local minimum at approx. 15% SOC of the differential
voltage curve as a lower fitting boundary. This way, the location of
the graphite’s stage II and stage III are matched perfectly and the
cathode’s fitting parameters are not disturbed in order to compensate
the mismatch of the silicon characteristics. Since the influence of the
upper fitting bound on the fitting parameters and error measures is
negligible for high values of x;,, and the H3 phase is an important
feature of the cathode, x,, =99 % SOC is chosen.

5. Kinetic and transport properties

After analyzing the cell’s thermodynamic behavior, it is important
to understand the loss processes during the dynamic operation in order
to get a complete picture of the cell’s performance. Since the kinetics
of LIBs are highly temperature dependent, we performed EIS on the
full cell and half cells at ambient temperatures between —10°C to
60 °C. Based on the experimental results, we calculate the DRT, which
enables us to assign the loss processes of the full cell to either electrode.
To quantify these loss processes, we determine the time constant and
polarization resistance from the DRT.

5.1. EIS measurements, DRT calculation and parameter identification

EIS was performed using a Gamry Instruments Interface 5000,
whereby the hybrid EIS mode with an AC voltage of 10 mV rms, a fre-
quency range of 5kHz to 10 mHz for the full cells and 5 MHz to 10 mHz
for the half cells and ten points per decade was used. We increased
the frequency range of half cell measurements due to the occurrence
of additional processes at higher frequencies. EIS was performed for
every 5% SOC with a relaxation period of 3h after discharging to the
respective SOC. Full cell impedance spectra were recorded at —10°C,
5°C, 20°C, 35°C, 50 °C and 60 °C. Half cell impedance spectra were only
recorded at 20°C, 35°C and 50 °C.

To isolate the individual loss processes, the DRT of an impedance
spectrum can be evaluated. It makes the distribution of the total
polarization resistance in the continuous space of relaxation times
visible and thus provides a higher frequency resolution of the dy-
namic processes [46-50]. Deconvolution of the DRT is based on the
assumption that the impedance of an electrochemical system can be
expressed by an infinite number of RC elements [46,51]. For this study,
the DRT of the recorded impedance spectra were calculated with an
implementation of the algorithm presented by Wan et al. [52]. Since the
DRT reveals the time constant of individual relaxation processes of an
electrochemical system, assignment of full cell processes to individual
electrodes becomes feasible. More details on the methodology can be
found in the research articles by Sabet et al. [19,20], who performed
similar analysis for NCA and NMC cells.
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Furthermore, in addition to the time constants r of individual
relaxation processes, which can directly be extracted from the DRT at
the respective local maxima of y, we also determined their polarization
resistance R by integration of y between the adjacent minima of de-
tected processes. The acquired process parameters are presented over
a large operating range in the following section.

5.2. Assignment of full cell processes to half cells

In Fig. 9, impedance spectra and their corresponding DRT are
plotted for the full cell and both half cells, respectively. The half cell’s
SOC of EIS measurements is expressed with reference to the full cell
SOC according to the half cell fitting. Starting from a fully delithiated
half cell, where the SOC is defined as 0, the half cell was charged in
5% SOC steps according to the precedent pOCV measurement.

Visually analyzing the full cell’s impedance spectra, one distinct
semi-circle and the diffusive branch can clearly be identified. In con-
trast to this, three processes are revealed from the DRT, which are
denoted as F1, F2, and F3. The first process F1 has a time constant
of 1.3ms that does not change with the SOC and its magnitude only
increases slightly towards a high and low SOC. The addition of F1 and
F2 form the charge transfer resistance R of the full cell. Thereby,
F2 is highly dependent on the SOC. It is only visible from 0% SOC
to 20% SOC and from 90% SOC to 100%SOC with a time constant
of around 10 ms. Its resistance increases strongly towards the outer
SOCs. The third process F3 at about 100 ms is least pronounced with a
resistance of approximately 1Q cm?. It occurs at the transition between
charge transfer and diffusion and is denoted as R apsition-

By analyzing the half cell’s impedance spectra and DRT, processes
of the full cell can be assigned to either the cathode or the anode. The
first observed processes AO and CO occur at frequencies which were
not captured during full cell measurements and can be attributed to
the lithium counter electrode of the half cells [20].

The resistance of A1 and C1 show an exact opposite trend with the
SOC while Al is more pronounced overall. Since for F1 only a small
SOC dependency of the resistance was observed, it can be assumed that
F1 is the superposition of A1 and C1 with the opposed SOC dependency
being counterbalanced in a full cell assembly. The dominance of the
anode gets more pronounced at a high SOC and decreases towards a
low SOC, where the resistance at the cathode side increases. Similar
conclusions have been drawn in [19]. The strong increase of the full
cells R at a high and low SOC due to F2 seems to be resulting from
the cathode’s process C2. The changing resistance with the SOC of C2
coincides well with F2. Only the varying time constant of C2 does not
fit into the picture.

Similar processes at the transition frequency of F3 can also be
observed for the two half cells. C3 on the one hand is distinguishable
in the cathode’s impedance spectra and shows very similar behavior as
F3. A3 on the other hand shows different behavior, especially at a high
SOC, where the resistance of the process increases strongly. A sudden
leap can be seen in the impedance spectra of the anode at the middle
of the diffusion branch, which causes the DRT algorithm to identify
two separate processes within the diffusion branch of the anode. This
might be caused by impurity of the anode or measurement noise of the
EIS measurement. Results at 35 °C (Fig. A.11) and 50 °C (Fig. A.12) are
more reasonable for the anode and no transition process is detected at
the cathode. Overall, no clear conclusion can be drawn as to whether F3
should be assigned to the anode, cathode, or both and the assignment
might vary for different temperatures.

5.3. Quantification of loss process parameters over SOC and temperature
After identifying meaningful processes of the full cell and discussing
the assignment of them to either the anode or the cathode, the de-

termined parameters R and z of the full cell are now quantitatively
analyzed. Results are plotted in Fig. 10, which can be read as follows:
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Fig. 9. Impedance spectra from EIS measurements (left column) and corresponding DRT (right column) for different SOCs at 20°C for the full cell (top), anode (center), and
cathode (bottom). DRT plots are subdivided into a high SOC area (100%-50% SOC) and low SOC area (49%-0% SOC). Impedances are normalized by the active electrode surface.
SOCs of the half cells are calculated relative to the full cell according to the half cell fitting. For better visibility, impedance spectra in (a), (d), and (g) are shifted in y-direction
according to the respective full cell SOC using —Im(Z) = —Im(Z)+SOC/2 and the scale is indicated by the 10 Q cm? arrow.

Resistance values of the four main identified processes are plotted in (2) The charge transfer resistance R, determined as the sum of all

the first and second row, respectively: (1) The ohmic resistance R, contributing sub-processes (3) Ry ansition» Which was identified around

calculated as the intersection point with the x-axis in the Nyquist plot the transition frequency between charge transfer and diffusion (4) Ry
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representing the share of the solid state diffusion which was captured

In the first row, the logarithm of the resistance is plotted over
until the lowest frequency of 10 mHz.

the inverse temperature for every SOC to check for the Arrhenius

10
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dependency according to

-E
1 =A-eR%71§
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with the universal gas constant R, the activation energy E,, and the
amplitude A. A linear behavior over the whole temperature range is
expected for R, and Ry [53]. In practice, however, confirmation of
the Arrhenius dependency of solid-state diffusion is hardly possible due
to the limited frequency range of EIS measurements, which is also the
case for our measurements. Nevertheless, for R, we observe a good
quality of the linear fit (R?> > 0.996) with resulting activation energies
between 54kJmol~! and 65kJmol~'.

In the second row, the resistance values are plotted over the SOC for
the six different temperatures. For R, and R, the typical “bathtub”
shape [54] is consistently observed. Thereby, R is plotted logarithmi-
cally since it shows a strong temperature dependency with a resistance
spread over several decades, reaching from below 1Qcm? at 60°C to
above 100Qcm? at —10°C. The transition process shows a uniform
trend with similar magnitude above 20 °C. For low temperatures, the
resistance increases and is only visible in a narrow SOC interval. R
increases strongly towards a low SOC and shows characteristic behavior
in the mid-SOC area, which coincides well with the stage 2 transition of
graphite and can be explained by the homogenization effect [55-57].

In the third row, R, is further subdivided based on the DRT
analysis. At 20°C, two separate processes, which form the overall
charge transfer resistance, have been identified. For lower temperatures
(—=10°C and 5°C) a third process is revealed by the DRT, which is
assumed to be a result of the SEL In the fourth row, the corresponding
time constants r are plotted over SOC for the three sub-processes of
R, as well as for Ry, nsition- Whereas the time constants of the charge
transfer resistances vary highly with temperature, they are in the same
order of magnitude for the transition process. Per definition, there is no
time constant for R, and 74y is constant due to the limited frequency
range.

In this section, we complemented the study by giving detailed
insights into the kinetics of the investigated cell. Thus, physically mo-
tivated design of algorithms on the application level is enabled. Based
on these results, optimization algorithms, such as on-line estimation of
the impedance throughout the lifetime [27], can be initialized and the
number of considered loss processes, e.g., in an ECM, can be reasonably
chosen.

ohm

6. Conclusions

Tear-down analysis of LIBs are essential for gathering in-depth
knowledge about the systems’ behavior and for enabling advanced
algorithms to ensure optimal design and operation of LIBs on the
application level. In this study, we presented detailed insights into the
geometrical and electrochemical properties of a commercial NCA LIB
with a Si-doped graphite anode.

In the first step, the cell was opened under inert gas atmosphere to
yield direct measurement of the cell component’s length, width, and
thickness. Additionally, the battery was imaged by CT to get further
insights into the geometrical structure of the jelly roll. The anode
overhang was determined to approximately 7% of the total active
area. Anode and cathode half cells were built for further experimental
investigation of the electrode characteristics, with special focus on their
interaction in a full cell assembly and for further utilization in advanced
algorithms.

We compared different OCV determination techniques and found
that despite small deviations due to different overpotentials, the OCV
can be characterized with the GITT as well as pOCV measurements
with small current rates (> C/10). In certain SOC ranges we ob-
served a temperature dependency of the OCV. However, from our
experimental results it is not clear whether this actually is due to
temperature-dependent material properties or slower kinetics and in-
creased overpotentials. We used the anode and cathode half cell voltage
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curves to reconstruct the full cell and to determine the correct bal-
ancing and alignment parameters with meaningful assignment of the
electrode’s characteristic material dependent stages and phases. For
fitting in the OCV domain, an additional parameter accounting for
different polarization in the full cell and the half cells had to be
introduced. Using different configurations of the algorithms leads to
slightly different results, which is why it is important to choose consis-
tent measurements data, e.g., throughout the whole parameterization
process of electrochemical models.

By analyzing the impedance spectra of the full cell and half cells,
we gained detailed insights into the loss processes and their origins.
The charge transfer resistance R, of the full cell at a low SOC seems
to be dominated by the cathode, while it is dominated by the anode
at a high SOC. R is mainly responsible for the strong temperature
dependency of the kinetic behavior and a good fit to the Arrhenius
equation was confirmed (the activation energy lies between 54 kJ mol ™!
and 65kImol~! for different SOCs). Between the charge transfer and
the solid state diffusion, a transition process was observed which
might, still inconclusively, be assigned to the anode. These results can
further be used in physically motivated model development, e.g., by
choosing a reasonable number of RC elements for an ECM. For the high
frequent kinetic behavior, a minimum of two RC elements should be
chosen for R, which also could be subdivided into three RC elements,
and Ry nsiion- FOr the low frequent behavior, i.e., the solid state and
electrolyte diffusion, further investigations, such as pulse relaxation
measurements, should be performed.
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Appendix. Impedance spectra and drt at 35°C and 50°C

See Figs. A.11 and A.12.
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Fig. A.11. Impedance spectra from EIS measurements and corresponding DRT for different SOC at 35°C. See Fig. 9 for detailed caption.
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2.3 Systematic approach for parameter identification
of electrochemical models

Advanced fast charging control strategies rely on model-based algorithms controlling the charging
current at the edge of the physical limits to avoid critical aging mechanisms such as, most
importantly, lithium plating during a fast charging event. The complex physical nature of lithium-
ion cells requires sophisticated electrochemical models to precisely mimic the lithium-ion cell
behavior and give control access to these aging trigger conditions during fast charging. As stated
previously in Section 2.1, the benefit of model-based approaches lies in being flexible enough to
be transferred to different cell cathode materials (e.g., NMC, LFP, NCA) and varying properties
due to different cell design decisions (e.qg., thin electrode in high power and thick active material
layer in high energy cell designs), as the choice for cell design and materials will always depend
on the targeted application (e.g., cost-efficient short distance versus superior long-distance
applications, passenger vehicles versus heavy-duty vehicles, etc.). Furthermore, compared to
simple look-up tables, these models can be updated to the actual state and changing parameters
of the cell during operation, e.g., at rising SOC, varying ambient temperatures, and progressing
age of the lithium-ion cells. Besides the various advantages, it is a highly complex challenge to
precisely parameterize electrochemical models. There is still no consensus in the literature on
how to do this the most efficiently, as either in-depth experimental assessments of the lithium-ion
cell components and properties are carried out [103, 104, 183, 184], or parameters are grouped
and step-wise identified by global numerical optimization at cell level [191-193].

To pave the way for physical-motivated modeling of lithium-ion cells in automotive applications
and enable the use of these models for fast charging control algorithms, this section proposes a
comprehensive approach for parameter identification of electrochemical models. Measurement-
based parameter identification and fitting-based numerical parameter identification are balanced
and hybridized, as published in previous work by the author [38] and visualized in Figure 2.3.
The incentive lies in achieving sufficient accuracy while keeping the time and laboratory effort
at a minimum. The method is applied to an electrochemical model of reduced order, namely
an electrolyte-enhanced SPM originally published by Moura et al. [194], and extended with a
thermal model by Perez et al. [195], to allow for later use in computational-efficient applications.
Starting with material and geometrical parameters identified experimentally earlier in a tear-down
study of the investigated lithium-ion cell (Section 2.2), the model is step-wise parameterized
by fitting the remaining parameters systematically to explicit measurements. By systematic
parameter grouping according to their electrothermal interdependence, parameter ambiguities
are minimized. Note that electrolyte parameters have been extracted from the literature as it
is challenging to carefully extract electrolytes from post-mortem commercial lithium-ion cells
without contamination with other materials. In the first step, the electrode OCPs were fitted
with regressions to enable meaningful extrapolation behavior and were carefully balanced and
aligned to the lithium-ion cell OCVs to correctly map the electrode use in the pristine lithium-ion
cell. Here, GITTs measurements have been used as they have been seen to improve the fitting
accuracy compared to OCVs determination by constant current charging with low current rates
(pOCVs) [196]. In a second step, the crafted model was employed to identify the parameters
describing the dynamic cell behavior by fitting the single electrode model response (anode
and cathode) to the pulse current excitation from the GITTs measurements at half-cell level
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assessment

Figure 2.3: Schematics illustrating the developed systematic approach to trade-off the parameter iden-
tification task for electrochemical models with parameters determined empirically at the
electrode level (empirical identification) and globally by optimization to measurements taken
at the cell level (numerical identification).

and gathering SOC-dependent regressions. Then the results were used to quantify the thermal
dependence by scaling and fitting the regressions to high pulse power characterizations (HPPCs)
tests at different ambient temperatures at cell level. In the last step, thermal parameters were
identified without interference with the electrical parameter subset [197].

A broad validation up to charging rates of 6C, ambient temperatures between —10°C and 50 °C,
and scale to 12s2p system level showed that the parameterized model accurately maps the cell
voltage under different operating conditions. However, model accuracy decreased in low SOC
regions and at subzero temperatures. The first issue can be traced back to the difficult diffusion
coefficient and reaction rate quantification of the discharged cell. The latter issue has been seen
to originate from a poor electrolyte parameter set [198], which highlights the need for techniques
of precise characterization of the electrolyte parameter from post-mortem lithium-ion cells, which
has been beyond the scope of this study. The model usage is restricted in the areas mentioned
above for further deployment in real-time fast-charging control algorithms. The crafted model is
exemplarily used for anode potential control to avoid lithium plating onset conditions during the
aging of the modeled lithium-ion cell. The developed model and overall parameter identification
method of electrochemical models have also been published as open source [199].

Author contribution: General conceptualization, method development, investigation, and vali-
dation within this study were pursued by Nikolaos Wassiliadis except where noted otherwise.
Manuel Ank supported with the inclusion of system-level effects in the model. Preliminary
tests, validation experiments, and development of parts of the algorithms were performed by
Andreas Bach, Matthias Wanzel, and Ann-Sophie Zollner during their Master’s studies. Nikolaos
Wassiliadis, Manuel Ank, Kareem Abo Gamra, and Markus Lienkamp reviewed and edited the
manuscript. Markus Lienkamp provided resources and supervision for this work.
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In industrial practice, fast charging currents are usually controlled by current stages derived from long-term
lab testing at different cell integration levels — requiring intensive experimental effort prior to application.
Model-based approaches exploiting knowledge of the electro-thermal behavior of the deployed lithium-ion
cells promise a quicker and more targeted development of fast charging strategies with less long-term
lab testing effort. However, there is still no consensus in the literature on how to quickly parameterize
physics-enhanced electro-thermal battery models without a greater loss of generality. We present a systematic
procedure to parameterize an electrochemical reduced-order model capable of controlling the charging current
to a specific anode potential reserve at the edge of the lithium deposition process in real time for a given
commercial lithium-ion cell. A broad experimental validation at charging rates ranging from 1C to 6C, ambient

temperatures between —10°C and 50 °C, and at pack level is carried out to confirm the developed method.

1. Introduction

Fast charging of battery electric vehicles has been identified as
the key enabler for the wide-spread adoption of electric mobility as
it promises to vanish range anxiety. In recent years, R&D goals have
been focused on achieving fast charging times comparable to refueling
times of conventional vehicles by many political associations, e.g. the
United States Department of Energy (DOE) in 2017 with a targeted fast
charging time of below 15 min in 2028 [1] or a proposal of the European
Technology and Innovation Platform (ETIP) aligned with the European
Commission’s Strategic Energy and Technology Plan (SET-Plan) with a
targeted fast charging time of below 20 min by 2030 [2].

With the parallel uprise of R&D activities in this field, many stud-
ies have revealed innovative approaches in minimizing the risk of
accelerated aging due to fast charging, different to that of common
battery wisdom, i.e. constant current (CC) or constant power (CP)
charging. Most prominently, empirical fast charging strategies haven
been studied, by applying e.g. boost- [3-5], multi-stage- [5-7], or
pulse [5,8] charging currents to lithium-ion cells, choosing the fast
charging strategy with minimal cell degradation. In order to avoid
intensive testing, knowledge of aging mechanisms at high charge cur-
rents has been exploited for the design of fast charging strategies,
with focus on the main mechanisms metallic lithium deposition, also

* Corresponding author.
E-mail address: nikolaos.wassiliadis@tum.de (N. Wassiliadis).

https://doi.org/10.1016/j.est.2022.105951

well-known as lithium plating, occurring at anode potentials below
0V [9] and temperature-induced aging mechanisms occurring beyond
a cell-specific temperature threshold. Most commonly, model-based
approaches have been deployed connecting measurable cell states to get
a fair estimate of the immeasurable cell internal states for fast charging
control at the application level [10-14], as shown in Fig. 1. One of the
most promising approaches lies in deploying electrochemical models
of reduced order, as they are capable of avoiding hazardous operation
by scaling up knowledge of aging mechanisms at the electrode level
to the pack level. Moreover, these models can be adapted to the real
state of the cell during operation of a battery electric vehicle (BEV),
i.e., adjusted to varying conditions.

As stated by recent review articles [15,16], one of the biggest chal-
lenges in deploying model-based strategies still lies in the parameter
complexity of the involved electrochemical models and the intensive
effort in yielding accurate model predictions. Even though simplifi-
cations have been made to the original and mainly used pseudo-two
dimensional (P2D) electrochemical lithium-ion cell model developed
by the research group of Doyle, Fuller and Newman [17], there is no
consensus on how to identify the necessary parameter set in a way
that achieves accuracy while keeping the required time and effort to
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a minimum. From the author’s perspective, two different trends for
model parameter identification have been observed in the past: (1) In-
depth experimental assessment of single cell components and direct
parameter composition in electrochemical models on the one side [18-
20], and (2) grouped or simultaneous optimization of all required
material and electrode parameters to a voltage response at cell level
on the other side [21-24]. While the first approach has the benefit of
an accurate determination of all necessary parameters at the material
and electrode level, a validated model response of a scaled-up model is
usually hard to obtain. The latter approach has the advantage of fitting
to measurement quantities at cell or pack level without the need for in-
tensive electrochemical characterization, however, it loses the ability of
separating the physical effects of the electrode parameters necessary for
accurate fast charging current control. Hybrid approaches are needed,
which enable accurate parameter identification while keeping the time
and effort to a minimum.

1.1. Contributions

Model-based health-aware fast-charging control poses the challenge
of incorporating an electrochemical battery model with sufficient ac-
curacy, which is usually difficult to obtain. Many parameters must
be determined in advance and evaluated according to the used cell
type, additionally requiring intensive validation. The main objective
of this article, therefore, is to provide a systematic parameter identi-
fication procedure of an electrochemical-thermal lithium-ion battery
model valid at high charge rates, that is, an electrolyte-enhanced
electro-thermal Single Particle Model (SPM), to enable a fast scaling
of electrode knowledge to application level for the implementation in
BMSs. Alongside this, the parameterized model is validated against
measurements at high currents and temperatures and provided as an
open source with this article. The main contributions of the underlying
article can be summarized as follows:

» Novel and comprehensive method for systematic parameter
identification of an electrochemical-thermal model to en-
able scaling of electrode behavior to pack level for real-time
fast-charging control

A comprehensive and systematic approach in determining cell-
specific model parameters is presented and applied. The pro-
cedure enables a simplified model-based parameter identifica-
tion for a given lithium-ion cell by separating parameter fit-
ting into different stages and relying on reproducible and robust
experimental methods.

Extensive validation of the crafted model at various charging
currents and temperatures

The parameter identification procedure is applied to a commercially-

available lithium-ion cell and the model is validated up to 6C
charging current at —10 °C to 50 °C and 12s2p level.
Open-source provision of the validated model, parameteriza-
tion functions and raw measurement data

All measurement data, processing functions, and the overall model
are provided as open source alongside the article.

1.2. Organization of the article

The remainder of this article is structured as follows: Section 2
briefly introduces the governing equations of the deployed model and
the lithium-ion cell under study. Subsequently, the developed char-
acterization and systematic model parameter identification procedure
is explained in Section 3, from electrode level up to pack level. In
Section 4, the model accuracy is evaluated against various charging
C-rates, ambient temperatures, and at pack level. A health-aware fast
charging strategy is proposed in Section 5 and its sensitivity to param-
eter variations quantified in Section 6. Finally, Section 7 summarizes
the benefits of the presented method and sheds light onto future work.

Journal of Energy Storage 56 (2022) 105951

Observability of aging mechanisms

Pack level

Electrode level Cell level

Fig. 1. Gap between electrode and pack level to account for aging mechanisms and
their onset conditions for health-aware fast charging control in BMSs.

Table 1

Specifications of the lithium-ion battery under study.
Property Value Unit
Manufacturer Sony/Murata -
Type US18650VTC5A -
Format 18650 -
Active material SiC/NCA -
Rated capacity 2.5 Ah
Voltage bounds 25-42 A
Weight 47.1 g
Max. charge current 6.0 A
Max. discharge current 35.0 A

2. Model and cell under study

The used electrochemical model has been developed in previous
studies by Moura et al. [25] and extended with a thermal model by
Perez et al. [26], which is why only the output function is outlined
and the reader is referred to the corresponding publications of the
mentioned authors for more details.

2.1. Cell specifications

In this study, the commercially available lithium-ion cell
Sony/Murata US18650VTC5A was chosen as a representative cell can-
didate for lithium-ion cells with silicon-doped graphite anodes, which
have been frequently deployed in the past, as silicon enables a higher
energy density of lithium-ion cells [27]. The lithium-ion cell under
study further contains a nickel-rich NCA cathode. The operating volt-
age range has been defined between 2.5V and 4.2V. All properties
of the lithium-ion cell taken from the manufacturer data sheet are
summarized in Table 1.

2.2. Electrical model

The utilized SPM is derived from simplifications of the compu-
tational complex P2D model of Newman’s group [17] based on the
assumption of homogeneous concentration distribution within the elec-
trode in combination with approximations of various state variables. In
here, the partial differential equations (PDEs) are discretized, which
preserves both the physical-chemical description of the effects and
the meaning of the parameters in the equations. The usage of several
assumptions result in a model consisting of two linear PDEs which
describe the diffusion behavior of the two electrodes through one
spherical particle. Furthermore, it includes a quasi-linear PDE for the
description of the concentration within the three spatial domains,
i.e. the anode, the separator, and the cathode. These equations are
combined into a nonlinear output function returning the overall battery
voltage, which is calculated as a function of the concentration in the
solid phase and the concentration in the liquid phase. As the model
has been derived in previous work and is not within the focus of this
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article, we sacrifice a detailed explanation at this point and present the
overall model output equation only, highlighting the complexity of the
different fragments to yield a cell voltage following a charging current
excitation. For a step-by-step derivation of the model, the reader is
referred to the explanation and parameter notation in Appendix A or
the original articles [25,26].

The nonlinear output function of the cell voltage U () results from
the potentials of the solid phases, the overpotential of the
electrode/electrolyte interfaces, the overpotential of the electrolyte and
the electrode/current collector interface relationship, which can be
summarized as

RT, RT, -
U(r) = —= sinh™! _ IO )Rl g —I(‘t_)
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Electrolyte overpotential

with the mathematical derivation and parameter notations detailed in
Appendix A. With the above equations at hand, the overall electrical
model is defined and can be applied to get a good replica of the
electrical behavior of the lithium-ion cell under study while provid-
ing valuable information about the electrode states to avoid lithium
deposition during fast charging current control.

2.3. Thermal model

As pointed out by recent studies, the cell’s temperature at the
measurement point does diverge significantly from the cell core. Ami-
etszajew et al. [28] studied the thermal gradient for 18 650 cylindrical
cells with a thermal sensor in the cell core and observed tempera-
ture differences of up to 5K. Forgez et al. [29] investigated 26 650
cylindrical cells with a similar method in an earlier study observing
temperature differences of up to 10 K. These difference are expected to
diverge further with increasing charging currents, as locally occurring
power losses increase quadratically with the charging current and
thermal conduction is limited by the cell design. Therefore, in this
study, a lumped thermal model in the lateral direction of the cell
is used, based on the assumption of longitudinal homogeneity of the
thermal cell behavior.

The cell core temperature 7, is calculated with the ordinary differ-
ential equation (ODE)

dr.(n _ T,() - T, () N @
dt = R/C c

@

where T is the measured cell surface temperature, R, the thermal resis-
tance, C, the heat capacity, and Q the power losses within the cell core.
Note that only the cell core is modeled as the cell surface temperature
is measured. The heat dissipation is solely based on irreversible losses
(Joule heat) defined by

o) = -1() - [um - <¢gc,, HOE ¢5C,,(E;<t>)>] @)

~
Cell overpotential

with the charging current I, the electrode open-circuit potentials q%CP
dependent on the average particle concentration Ef, and the overall
cell voltage U. Since reversible losses (e.g., entropy-related heat) are
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not relevant with fast charging currents [30], they are neglected within
this study. For a more detailed step-by-step derivation of the thermal
model, the reader is referred to the explanation and parameter notation
in Appendix B.

2.4. Coupling of the physics

To ensure correct behavior of the model, close consideration has
to be given to the coupling of the electrical and thermal behavior.
Many parameters described in the electrical model are temperature
dependent, such as the diffusion D, and reaction rates k of both
electrodes or the conductivity of the electrolyte x. In order to ensure
a correct change of these parameters due to temperature variations,
the calculated cell core temperature is fed back to the electrochemical
model. Hereby, the core temperature T is an input quantity for the
calculation of the concentrations and potentials from Section 2.2 by
using temperature-dependent parameters. All temperature-dependent
parameters p follow the Arrhenius law as

L (L;)
p(TC) =py-e R Tref Tc 4

where T, is the reference temperature of the Arrhenius fitting with the
reference parameter py, E, is the parameter specific activation energy,
R the universal gas constant at the actual cell core temperature 7.

Note that the temperature-dependence of the open-circuit potentials
due to entropy variation, as recently reported [31], has been neglected
within this study as the effect is seen to be small compared to the other
error sources (e.g., falsely determined electrode open-circuit potentials
and false balancing and alignment of these potentials to the cell OCV).
Due to the closed loop nature of the electrochemical-thermal model
coupling, special detail has to be given during the parameter identifica-
tion procedure, so that the identification of electrochemical parameters
is not superimposed by thermal parameters and vice versa.

3. Characterization and model parameter identification

The characterization of the lithium-ion cell and the determination
of the model parameters follow a four step procedure. In order to get
access to the individual properties of the lithium-ion cell under study,
a cell opening is inevitable in the beginning. In this first step, material
and geometrical parameters such as mass and volume shares, widths,
heights and thicknesses of the electrodes are determined. In a subse-
quent step, half cells are built up from stamps of the original electrodes
to determine the static and dynamic behavior of the electrodes. These
results are used as regressions and scaled up to cell level at various
ambient temperatures. After that, the thermal parameters are identified
at cell level to complete the overall procedure. The final model can
be subsequently scaled to different system architectures at pack level.
The overall method is described in detail in the following sections and
illustrated in Fig. 2.

3.1. Parameter identification at electrode level

In a first step, the lithium-ion cell has to be analyzed according to
its individual cell components. In a previous study of the authors [32],
the cell under study was examined in a teardown analysis in order
to yield material and geometrical parameters and reference values for
the necessary characterization process. The reader is referred to the
corresponding article for further reference. The used values of the
lithium-ion cell under study are compared and complemented with
parameters determined from material analysis by other authors [33-
371.
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Fig. 2. Overall systematic characterization and parameter identification procedure. The battery model is scaled from electrode to pack level to enable health-aware fast charging
of electric vehicle battery packs. All parameters are identified using measurements within this study, except where noted otherwise (*).

3.1.1. Material, geometrical and electrolyte parameters

Maximum concentration The maximum lithium concentration c¢X_,
within the active material describes the specific capacity of the material
used for the electrodes. From a practical perspective, this value can be

determined according to

+ 4Py

cs:max = F (5)
with the specific capacity ¢¥, the density pF and the Faraday constant
F. According to previous studies [33], the specific capacity of the
anode active material (SiC) is 343mAh/g and of the cathode active
material (NCA) 168 mAh/g. The theoretical density of the SiC in the
anode is assumed to be 2.25g/cm? and the theoretical density of the
NCA in the cathode is set to 4.8 g/cm?>. In total, this leads to a maximum
concentration of 28790 mol/m? and 30090 mol/m? for the anode and
cathode, respectively.

Particle radius Furthermore, the particle radii are required as they
have a large leverage on the diffusion path length in the active ma-
terial and therefore dynamic behavior of the battery cell. In previous
studies of Lain et al. [33], the cell under study has been disassembled
under inert gas atmosphere and scanning electron microscopy (SEM)
measurements have been taken of the electrode surfaces. The average
particle radii have been determined to be 7 pm and 2.5 pm for the anode
and cathode, respectively [33].

Surface One of the most significant parameters for the model
parameterization is the electrode surface A. Here, the cathode defines
the active electrode surface of the battery model since the anode is
usually oversized for production and safety reasons, well-known as
anode overhang [38]. The surface has been determined in a previous
study by the authors [39] by measuring the active electrode length
(868 mm) and width (59 mm) of both electrodes of a discharged and
disassembled cell leading to a double-layer surface of 1024 cm?. This

is in alignment with recent studies of the investigated cell by other
authors [33].

Porosity The measured electrode surface does not directly match
the measured electrode surface in practice, as electrodes consist of a
material combination and, for the active material share, of millions
of particle spheres of the active material applied to the electrode as a
coating with gaps in between. Hence, the measured electrode surfaces
have to be adjusted taking into account its active material share and
porosity. Usually, this process is of theoretical nature as material shares
of the slurry can only be estimated with reasonable accuracy. The
active material shares w* have been estimated to 95% and 96% and
the porosity of the electrodes ¢ to 27% and 13% for the anode and
cathode, respectively, in a previous study [33]. The volumetric material
share eF of the total electrode volume is calculated according to

eF=(1-¢F) ot (6)

resulting in 69.35% and 83.52% for anode and cathode, respectively.

Thickness Due to manufacturing tolerances, the capacity of a cell of
the same type varies. The model reproduces this variation by adjusting
the layer thickness of the electrode L, according to

+ _ Ct
L= FA€; ¢ pax 2
with C as the measured capacity of the investigated cell. By applying
this equation to the cell under study with a measured capacity of
2.58 Ah during a CCCV discharge from 4.2V to 2.5V with a C/50 cut-off
current, we obtain an electrode thickness of 54.66 um and 42.77 pm for
the anode and cathode, respectively. Note that this parameter has to
be scaled to a specific cell in advance and requires a precise capacity
determination, i.e. a low cut-off current during a full CCCV discharge.
Electrolyte and separator Beyond the active material modeling, the
consideration of electrolyte overpotentials helps to increase the accu-
racy of the model at high current rates. The electrolyte is composed
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Fig. 3. Electrode open-circuit potentials (OCPs) determined with GITT measurements
in charge direction. (a) Anode and (b) cathode open-circuit potentials fitted with con-
sideration of the differential voltages to achieve accurate results with the regressions.
Note that both curves are oriented counterwise as in the full cell for improved clarity,
i.e., the cathode OCP is shown over the DOD instead of the SOC (mathematically,
1 -S0Q).

of conducting salt, organic solvents, and additives. However, the exact
composition of the solvents and their dynamic properties are usually
not specified by the cell manufacturer and are hard to determine in
practice (e.g., by gas chromatography of post-mortem wipe samples).
Moreover, broad experimental characterizations are rarely found in
literature, mostly because of the lack of established determination
methods [37]. Therefore, in this work, a 1:1 (wt%) EC:EMC compo-
sition is assumed and supplemented with different empirical studies
in literature. The electrical conductivity x is composed of a modeling
equation introduced by Mao et al. [34] and extended with an Arrhenius
dependency as presented in Eq. (4) according to

K(co, T) = (0.0911 + 1.9101¢, — 1.052¢% + 0.1554c?)

cexp( Lo (L L ®)
R Tref Tc

with the electrolyte lithium concentration c,, the universal gas constant
R, and the activation energy E,, which has been set to 17.120kJ/mol
based on a study by Ecker et al. [35]. The diffusion coefficient D,
is likewise composed of an empirical equation determined by Alber-
tus et al. [36] and extended with an Arrhenius dependency and the
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activation energy of Ecker et al. [35] according to

-10 E (1 1
D,(c,,T)=65-10"" - exp(-0.7¢,) - exp =7 9

ref c

The electrolyte activity f.,, describes the change of properties in
the presence of concentration gradients, which are expected to spread
under fast charging currents. The modeling equation is taken from
Lundgren et al. [37] and states

dlnfc/a
(ce
dlne,

0.2731c2 + 0.6352 ¢, + 0.4577
0.1291 ¢? — 0.3517 c2 + 0.4893 ¢, + 0.5713

(10)

For the sake of simplicity, a thermal dependency of the electrolyte
activity is neglected. The transport number is set to 0.38 [40]. The
remaining parameters describing the separator, namely the separa-
tor thickness LP and the porosity €7, are set to 8um and 0.40,

respectively, according to a study by Lain et al. [33].

3.1.2. Open-circuit voltage

The OCV of both half cells marks an essential component within
the model and has to be determined experimentally. The model output
voltage is crafted by a superposition of anode and cathode OCPs and
therefore marks the main error source if not precisely determined, as it
is omnipresent during the dynamic cell behavior parameter identifica-
tion process and operation of the lithium-ion battery cell. The following
two methods are commonly used for OCV determination: pseudo OCV
techniques (pOCV) and relaxation measurements (GITT) [41]. As GITT
measurements have been seen to more accurately match the voltage
slope of the electrodes in the full cell by being less influenced by
the strong voltage hysteresis of the investigated cell [42], we use
this measurement technique to further parameterize the model. In a
previous study of the authors [39], GITT measurements were performed
on two-electrode half cells of the cell under study at 20 °C ambient
temperature, as seen in Fig. 3. Both cells were fitted with a polynomial
capable of reproducing the specific shape of the electrode’s OCP and
stage transition phases. A hyperbolic polynomial, as proposed by Safari
et al. [43], has been used for the silicon graphite anode

SOC + ps >
Pe

SOC + SOC +
—pS ) + P1o tanh (—p” )
Py P12

soc+p.4>
P15

$ocp(SOC) =p; + p, exp(p3SOC) + p, tanh <
+p; tanh <

+p3 tanh < [¢8))

as it fits the measurements well and accurately reproduces the stage
transitions. For the NCA cathode, a 14th degree polynomial has been
used according to

¢ ¢op(SOC) =p,;SOC'* + p,SOC" + p;SOC'? + p,sOC!!
+p5sSOC!'? + pSOC® + p,SOCE + pgSOC’
+pgSOC® + p,,SOC + p;;SOC* + p;,SOC?
+p13S0C? + p;,SOC + pys 12)

which also yield the best fit of the cathode OCP. The coefficients of both
regressions are listed in Appendix C for brevity. Note that the cathode
regression coefficients are large, which indicates an overfitting of the
ground truth values, however, lower degree polynomials have been
tested but did not improve the overall fit of the voltage curve as the
characteristic gradients in the cathode OCP are most important. Both
regressions fit the underlying measurement well, with a R? of minimum
99.7%. The regressions are subsequently used for the balancing and
alignment of both electrodes to the full cell.
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Fig. 4. Results of the half-cell pulse fitting procedure. (a)/(b) Reaction rates and (c)/(d) diffusion coefficients over the full cell SOC for anode and cathode. Examples of the pulse
fitting results are illustrated in (e) for a current pulse of the anode at 50% SOC and in (f) for a current pulse of the cathode at 10% DOD according to the definition in Fig. 3.

3.1.3. Diffusion and reaction rate

After determining the OCPs of the electrodes under rest, the dy-
namic voltage responses of the electrodes during charging have to also
be determined. This is particularly critical to determine, as half cells
of commercial lithium-ion batteries are prone to an early failure under
load due to the manual manufacturing process and side reactions [44].
The parameter identification approach pursued in this article is based
on a qualitative characterization of the SOC-dependent parameters with
model-based pulse fitting of the measured half-cell voltage response to
current excitation. For this purpose, the previously determined GITT
measurement serves as a base with the main advantage that now
also the previously unconsidered SOC changes between the relaxation
sequences are taken into account. The input current of the model is
taken from the half-cell measurement and scaled to the cell level. The
diffusion coefficient and the reaction rate constant are determined for
each individual pulse independently using the least-squares method,
based on the Levenberg-Marquardt algorithm [45-47]. The results of
the fitting serve as base points to fit a regression function over the entire
SOC range.

The results of the pulse fitting procedure of both electrodes are
illustrated in Fig. 4. A single base point for the subsequent interpolation
corresponds to the result of the parameter adjustment to match the half
cell voltage response over time of one SOC specific pulse of the load
profile.

With first consideration of the determined values and regression
curves of the cathode reaction rate and diffusion coefficients, the
regressions

D}(DOD) = p;DOD? + p,DOD? + p;DOD + p,
k*(DOD) = p;DOD? + p,DOD + p;

13
14

fit the general tendency of the base points well. Again, the coefficients
of the regressions are listed in Appendix D for brevity. The overall
curve slope, with an increasing value at decreasing lithiation, seems
plausible, as resistance or overpotential mitigates (similar to an in-
crease in reaction rate and diffusion coefficient) with an increasing
number of vacant places for lithium-ion intercalation. Additionally, the
determined range of both values matches previously reported values for
NCA material in the literature, which lie in a range of 10~7 to 10~* for
the reaction rate [21,23,24,48-51] and 10715 to 10~1* for the diffusion
rate [36,52-60], respectively.

For the anode behavior, this procedure is likewise performed. Due
to the nearly constant OCP during the coexisting phases of the anode
OCP, as visible in Fig. 3(a), the diffusion coefficients are adjusted to
implausible values which do not follow a physical pattern. The origin
can be traced back to the model simplification of the SPM, replicating
an open-circuit potential drop during the pulse in the model which is
smeared out in the measured voltage signal by a multitude of different
sized particles in reality. The base points for the regression in these
SOC areas can be neglected to determine the final regression. Here, the
determined values for both regressions

D (SOC) = p;SOC? + p,SOC? + p3SOC + p,
k™ (SOC) = p;SOC? + p,SOC + p;

(15)
1e)

also match previously reported value ranges and show a plausible
overall curve slope for Graphite material in the literature, with 10~/
to 10~ for the reaction rate [21,23,24,48-51] and 10716 to 10712 for
the diffusion rate [35,61-68], respectively.

In the subsequent step, the determined static (OCV regressions) and
dynamic (reaction and diffusion rate regressions) electrode behavior
can be scaled to the cell level.
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Fig. 5. Open-circuit voltage (OCV) of the model plotted against experimental data after balancing and alignment of the electrode OCPs. (a) OCPs of the individual electrodes and
the superposition in comparison to the full cell OCV. (b) Differential voltage analysis (DVA) of the OCVs to analyze the positions of characteristic electrode OCP features in the
full cell OCV. All OCPs/OCV measurements are determined by GITT at 20 °C ambient temperature.

3.2. Scaling to cell level

The complete definition of the static and dynamic electrode behav-
ior has to be scaled up to cell level to yield a useful model at this stage.
Here, we use the determined electrode OCP regressions and diffusion
and reaction rates to scale them based on measurements performed at
cell level. First, the electrode OCPs are balanced and aligned to the
OCV of the full cell. Second, the reaction and diffusion reaction rate
regressions are scaled to the current pulse voltage response of the full
cell at ambient temperatures between —10°C and 50 °C. In a last step,
the parameters of the lumped mass thermal model are identified.

3.2.1. Balancing and alignment

The OCPs of both electrodes have to be scaled and superimposed to
achieve a precise replica of the OCV of the full cell, in the latter referred
to as balancing and alignment. The procedure hereby describes the
share of the active anode and cathode capacity in the pristine lithium-
ion cell, typically in a range of 1:1.15 to 1:1.20 with an oversized
anode to prevent the occurrence of lithium deposition at the edges
of the electrode active material layer [38,69]. In order to determine
the electrode balancing and alignment in the pristine lithium-ion cell,
the determined capacity windows of the half cells are compared to the
capacity window of the full cell. Here, we apply a method similar to
Honkura and Horiba [70]. By stretching or shifting the electrode OCPs,
both can be adjusted so that their superposition represents the OCV of
the full cell. Formally, the cell OCV Uy is calculated according to

Uocy = &gcpldh) — doepld™)

O+c' Q+o
=gt (_b> - ¢z <__b>
ocp s; ocp s;

a7
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and used for minimizing the objective function ?obj as

F o= ; +  oxy)2
fobj - alglg}i ||f(0' > Sb )”2
b’ b

Q+ot O+o_ 2
g (v (o (575 - 450 (557))
l;:< ocv < OCP S; ocp Sb
(18)

by using least-squares and the Levenberg—Marquardt algorithm [45-
471, with the stretching factors S;—' and the shifting factors "bi over the
charge throughput g of the electrodes and the charge throughput Q of
the full cell.

The results of the procedure are illustrated in Fig. 5. The su-
perposition of both electrodes achieves an almost perfect fit to the
measurement data with a R? value of 100%. It should be noted that
also the characteristic stage transitions of the electrode active materials,
i.e., SiC and NCA, are accurately positioned, although the differential
voltage signal was not part of the objective function. The lower R?
value of 83% of the differential voltage can be traced back to the
approximations made due to the chosen measurement technique and
regression functions.

3.2.2. Diffusion and reaction rate fitting

The following procedure for scaling the determined electrode kinet-
ics to the cell level is based on the qualitative regressions determined
previously at the electrode level as a function of the electrode SOC.
Now, the determined properties need to be quantified at cell level and
at different ambient temperatures to allow for an accurate replica of
the cell’s behavior.

While the charge transfer resistance becomes almost directly vis-
ible during current excitation and is omnipresent during charging,
the diffusion behavior requires a specific amount of time until it



2 Contributions

N. Wassiliadis et al.

becomes observable as an overpotential in the cell voltage signal.
For the synchronous determination of both parameters, i.e., reaction
rate and diffusion coefficient, both a current pulse excitation and
a subsequent voltage relaxation period are, therefore, performed at
different SOCs of the cell, in the latter referred to as high pulse power
characterization (HPPC). This procedure is similar to the non-invasive
fitting procedure presented by Namor et al. [22], but enables the
determination of a reaction rate and diffusion coefficient dependent
on the SOC and the temperature, as those dependencies were already
earlier identified. In order to obtain the same pulse excitations over the
temperatures as well as over an SOC range of 20-80%, it is necessary to
limit the maximum current to 2 C in the underlying study. To avoid any
interference with the still undefined thermal model parameters and as-
sign the results to a specific temperature, we again assume constant cell
temperature conditions during the short current excitations, referred to
as quasi-isothermal conditions. To avoid over- or underestimation of the
fitted parameters, both charging and relaxation phases are considered
with equal time proportions. For the fitting algorithm, only positive
charge pulses are considered to accurately fit the charging behavior of
the cell under study. The regressions of the diffusion and reaction rate
from Eq. (13) to Eq. (16) are then scaled to the full cell level using a
scaling factor s% , according to

D/k
D¥ = DE(SOC) - 5% 19
k* = k*(SOC) - 5t (20)

and by minimizing the voltage error of the resulting model volt-
age response to the measured voltage signal at a specific ambient
temperature. It should be noted that both diffusion coefficients and
reaction rates are of significantly different magnitude, but are fitted
synchronously during optimization, which is why a proportional scaling
factor is used to ease the optimization problem. Formally, the objective
function 70bj according to

Fobi = min ||/ (s, O3
SB.S;
Pmax
. A 402
= min < 2 (U - U(sg, sk)) > 21)
o>k \ P=1

is minimized using the least-squares method, based on the Levenberg—
Marquardt algorithm [45-47] and the parameter vector
0 = I[sg 5 sB, sZ], the investigated pulse P and the measured and
simulated voltage U and U, respectively. This procedure is repeated for
each temperature level.

The results of the fitting at —10°C to 50°C ambient temperatures
are illustrated in Fig. 6 for the reaction rate and diffusion coefficient
of the anode and cathode. All fitted scaling factors are presented using
the Arrhenius dependency from Eq. (4) and the help of a logarithmic
transformation to obtain a linear dependency from the exponential
function. As expected, both the reaction rate and the diffusion co-
efficient increase with increasing temperature, leading to a lowered
overvoltage of the cell with increasing operating temperature. In this
illustration, the activation energy E of the individual processes can be
derived assuming an Arrhenius dependency. 20 °C is used as a reference
temperature. The resulting activation energies are noted in Table F.
The obtained values are coherent to the literature, e.g., the obtained
activation energy of the anode diffusion coefficient Ej = 22.5 kJ/mol
lies inbetween reported literature values between 20 [71] to approx.
50 kJ/mol [18]. Finally, the reaction rate and diffusion coefficients can
be easily calculated as a function of SOC and temperature within the
model.

3.2.3. Thermal parameters

The determination of the cell specific thermal model parameter
introduced in Section 2.3 marks the last step in the parameter iden-
tification procedure. All temperature dependencies of the electrical
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Fig. 6. Results of the full-cell pulse fitting procedure. (a)/(b) Reaction rate and
(c)/(d) diffusion coefficients over temperature for anode and cathode, respectively. All
regressions are based on an Arrhenius correlation.

parameter have been determined at quasi-isothermal measurement se-
tups and are therefore assumed to be independent of the cell’s thermal
model parameters. For the thermal model, the determination of the heat
capacity of the cell C; and the thermal resistance R, from the core
to the cell surface are required. Many methods exist in the literature,
which enable the determination of the thermal model parameters, such
as thermal impedance spectroscopy (TIS) [72], calorimetry [73] or
the decomposition of the cell and the determination of the individual
material parameters [74]. All of them are subject to a certain degree
of uncertainty, involve a lot of effort or require a specific type of
laboratory equipment. Measuring the core temperature of a cell reliably
is difficult, as inserting a temperature sensor into the cell core is
laborious and changes the attributes of the pristine cell [28,29,75].
Bryden et al. [76] provided a practical method to determine the heat
capacity and conduction of a lumped thermal-mass model, which has
been successfully applied in downstream studies in the literature [77,
78]. Consequently, this method has been also applied to the lithium-
ion cell in this work. For performing the method, an extended thermal
model to Eq. (2) incorporating the ambient temperature (additional
thermal modeling of the surface T), referred to as two-point thermal
mass model, was used to simulate both the cell core temperature and
the cell surface temperature in order to compare it with the measured
surface temperature. The extended thermal model is described by

T,()  ORy —T,(®) + Ty
dt =~ C(R +Ry)
with the surface temperature T}, the ambient temperature T,,,;,, the heat
capacity C,, the heat generation Q, the heat transfer between cell core
and surface R;, and the heat transfer between surface and ambient R,.
Before determining the unknown thermal model parameter C, and R,
the heat resistance between the cell and the ambient must be found.
The zero-square average current excitation was then applied for two
individual cells with free (no fan) and forced (fan) convection, as seen
in Fig. 7(a), to yield two measurements with different temperature

(22)
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Fig. 7. Improved parameter identification of the thermal submodel. (a) Measurement
setup for performing the method according to Bryden et al. [76], (b) thermal behavior
of the cell under free and forced convection with the stationary temperature difference
at the cell surface 7, compared to the ambient T, due to zero-average square current
excitation.

evolutions over time due to the difference in the heat transfer between
the cell and the environment R,, as seen in Fig. 7(b). After approxi-
mately 30 min of the experiment, the cell surface temperature becomes
stationary (dT,/dr) and Eq. (22) simplifies to

— Ts - Tamb
0

where the heat generation Q is calculated using the cell’s OCV at

the begin of the experiment and the average terminal voltage during

the last 30 min of the experiment, as it enables a decoupling from the
electrical submodel and parameter uncertainty error propagation. After

R, , (23)

determining the thermal resistance to the ambient R,, the transient part
of the measurement is used to fit the discretized Eq. (22) following a
forward Euler method according to

OR, + Ty, — T, (1)

LO="C R + Ry

At+T(t—-1) (24)
to find the remaining two parameters C; and R;. With both measure-
ments at hand, the two parameters can be determined analytically.

Fig. 8 shows the simulated and measured surface temperatures 7,
during cycling with a squared zero-average current excitation at 50%
SOC and an ambient temperature of 20 °C. The method results in a heat
capacity C; of 590 J/(kg K) and a thermal resistance R, of 4.3K/(W)
or heat transfer coefficient 4, of 0.23 W/(m K). Both found parameters
significantly differ to the identified values from the literature (C;, >
800 J/(kg K) [76,77] and R, > 30K /(W) [73,77,79]). Reasons for the
large deviation can be seen in the large uncertainties involved during
thermal parameter identification, which also lead to a wide spread of
literature values.
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Fig. 8. Measured versus fitted cell surface temperatures 7, during cycling with zero-
averaged squared current excitation and free convection, starting from a relaxed state
at 50% SOC, and at 20 °C ambient temperature.

3.3. Scaling to pack level

In automotive applications, multiple lithium-ion cells are commonly
connected in series and parallel to reach a specific capacity or energy
level. Therefore, a scaling of the model to pack level is important to
enable deployment of the model.

In the simplest and most practical way, the model inputs can
be downscaled and the model outputs upscaled in accordance with
the given pack configuration. Hereby, it is assumed that all cells are
equally stressed and individual cell properties do not vary. Formally,
the current as model input is downscaled and the voltage as model
output is upscaled according to

I pack

I cell = (25)

Upack =Ugp - n (26)

with the pack current [, and voltage Uy, the cell current I and
voltage U, and n serial and m parallel connected cells. To account
for electrical contact resistances (ECRs), additional ohmic resistance
Rgcr can be added to the model depending on the used cell-to-cell joint
technique and resistance thereof [80].

3.4. Summary of the parameter identification procedure

The procedure leads to the overall model parameter of the investi-
gated lithium-ion cell presented in Appendix F. The model can be used
for a single lithium-ion cell or, for the application at pack level, it can
be scaled to a pack of serial and parallel interconnected cells.

4. Validation

For the development of fast charging strategies, models are needed
that are validated against experimental measurement data and whose
accuracy is confirmed [81]. Thorough validation is an important part
of model development to ensure that the model can accurately re-
produce the experimental measurement data. This is especially true
for simplified or reduced order models (ROMs), whose validity check
has been identified as most important [82] and has been intensively
investigated in the past [83,84]. To assess the accuracy and robustness
of the derived electro-thermal battery model parameterized with the
presented method, the model is validated at various high charging
currents and ambient temperatures. The validation is based on the
assumption that the electrode behavior is correctly represented if the
simulated cell voltage matches the measured cell voltage, as in operando
anode potential measurements are impossible without accepting any
interference with the real-world behavior of the pristine cell. Special
emphasis is given to a validation at high charge rates and low ambient
temperatures, as these scenarios are the most challenging.
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4.1. Low and high charging current

For each charging current validation stage, a pristine cell was
used. The cell was initially CCCV discharged to 2.5V with a cut-
off current of 1/50C to ensure a reproducible discharge to 0% SOC.
After a thermal relaxation of 2h, the charging procedure started with
a constant charging current between 1 C up to 6 C until the upper
voltage limit of 4.2V was reached. During the charging procedure,
the cell’s surface temperature was monitored at a central point of
the cylindrical cell can. For a downstream comparison to the model
response, the parameterized SPM was updated with the actual capacity
value determined in the initial CCCV discharge and executed with the
measured current and cell surface temperature of the charging step as
model input. The results of the validation at 20 °C ambient temperature
are shown in Fig. 9.

Overall, the model shows a good alignment to the measured volt-
ages of the cell under study with a RMSE between 18 mV and 29mV at
20 °C taking into account the complex task of parameter identification
and the sophisticated transient validation scenario. In the low SOC
ranges below 10% SOC, especially at the beginning of charge, the
largest deviations to the measured voltage occur. Consequently, special
detail has to be given to the potential error if the model is deployed
for fast charging strategies in a SOC region below 10%. In a SOC range
between 10-60%, the relatively low absolute error is mainly due to
the model simplification of the SPM. Since only one large spherical
particle is simulated for both electrodes, stage transitions of the active
materials (e.g. around 20% and 55% SOC, as it can be seen in Fig. 3)
can be clearly identified in the cell voltage response. In reality, the
steep voltage steps smear out due to millions of particles electrically
connected in parallel. This inaccuracy has to be accepted if model order
reductions and thus computational performance improvements are to
be achieved for real-time implementation. Close to the upper cut-off
voltage and generally with increasing current rates, the model error
slightly increases. A potential reason can be a stronger weight and
impact of the electro-thermal interdependencies, which are magnified
at increasing charge rates and are generally difficult to separate during
the determination procedure.

4.2. Low and high ambient temperature

To extend the validation to varying ambient temperatures, the
charging procedures are performed at —10°C, 0°C, 5°C, 10°C, 15°C,
20°C, 35°C, and 50 °C ambient temperature to account for typical au-
tomotive operating conditions. Each temperatures level is investigated
with a new cell to exclude aging effects deteriorating the reference
measurements. The RMSE of all C-rates and all ambient temperatures
are illustrated in Fig. 10.

Based on the observations made at 20°C ambient temperature,
similar model behavior can be observed for varying temperatures. Espe-
cially with increasing ambient temperatures, the model accuracy can be
improved. Lower overvoltages at the beginning of the charging process
improve the overall accuracy, which leads to the assumption that the
dynamic voltage response of the electrodes and their electro-thermal
interdependency may be the main error source during parameter iden-
tification and should be accounted for if the model is deployed for
fast charging control at lower temperatures. This conclusion is further
supported by the larger error at high charge rates and subzero temper-
atures. For the worst case, namely the 6C charging at —10°C, a steep
overshoot at the beginning of charge leads to a high initial error, which
becomes smaller as the cell heats itself up, however still remaining
the main contributor to the large RMSE. Declining model accuracy
at low temperatures is a well-known issue in literature. Therefore,
special consideration has to be given to the model error if the model is
deployed at subzero temperatures.
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Fig. 9. Measured versus simulated cell voltage at constant charging currents from 1C
to 6C. (a) Measured and simulated voltage over time. (b) Measured and simulated
voltage over SOC. (c) Voltage error of the model response to the measurements over
SOC. All measurements start from 0% SOC at a relaxed cell state at 20 °C ambient
temperature until the upper cut-off voltage is reached.

4.3. Upscale to pack level

Validation from C/10 up to 4C at an ambient temperature of 20 °C
has been performed with a laser-welded 12s2p module as a representa-
tive level for lithium-ion modules in automotive applications. All 24
cells originate from one production batch and were initially charac-
terized revealing a capacitance scatter of 0.79% and a DC resistance
scatter of 1.22%, as shown in Appendix E.

The procedure follows the experimental approach in Section 4.1,
i.e., each charge sequence started from 0% SOC and a fully relaxed
cell state with >2h relaxation. Four temperature sensors placed at
equidistant positions through the module were averaged, as visible
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Fig. 10. Voltage error heat map at charging currents from 1C to 6C and ambient
temperatures between —10 °C and 50 °C. The voltage error is evaluated with the
RMSE over the full charge sequence. Note that the lithium-ion cell’s temperature
increases during the procedure to allow for validation of the complex electro-thermal
interdependence.

in Fig. 11(a)-(b), and fed as input to the model. In addition to the
recording of the overall system voltage, all individual cell voltages were
monitored in order to check for inappropriate and improper voltage
deviations. The input current is scaled with the number of cells in
parallel and the output voltage is scaled with the number of cells in
series.

The comparison of the measured and simulated voltage is illustrated
in Fig. 11(c)-(e). Despite the scaling and the cell-to-cell interdependen-
cies during fast charging, the model achieves a robust estimate of the
overall system voltage. The added electrical contact resistances (ECRs)
of the copper-steel joints connecting the individual cell pairs did not
contribute a large additional overpotential as the largest overpotential
can be traced back to cell-internal mechanisms. As no larger deviation
to the cell-level errors is observed, the model can be easily scaled to
pack level of any architecture if laser-welded copper—steel joints or
other low impedance connections are utilized.

5. Fast charging control strategy

After parameter identification, the model can be used for fast charg-
ing control during lifetime of the lithium-ion cell, e.g., control of the
anode potential as proposed by many prior studies, e.g. [10-14]. The
anode potential ¢, defined by

SEIL

¢ =dgeptn T, 27)

is commonly controlled at a specific threshold to avoid any metallic
deposition of lithium during charging. In theory, the critical thresh-
old lies at 0V [9]. In practice, charging current control algorithms
start to decrease the charging current if a specified anode potential
reserve (APR) is reached [10] to account for model and measurement
uncertainties [14]. E.g., the anode potential can be controlled during a
fast charging event of a lithium-ion cell or pack, as illustrated in Fig. 12
for a arbitrarily set anode potential limit.

Initially, the charging current is limited to the model validation
boundary or a customized current limit during a constant current (CC)
sequence to limit the losses and heat rate within the lithium-ion cell.
If the anode potential reaches a specified limit, current is controlled
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Fig. 11. Validation at pack level. (a) Image and (b) equivalent circuit of the 12s2p
lithium-ion module with 24 lithium-ion cells B, electrical contact resistances Rgcg, and
temperature measurements T,. (c)-(d) Measured versus simulated voltage at constant
charging currents from 1C to 4C. (e) Error between measurement and simulation. All
measurements start from 0% SOC at a relaxed state at 20 °C ambient temperature.

to a constant anode (CA) potential. With rising age of the lithium-ion
cell and update of the state of health to the model (here, we adjust the
capacity and SEI resistance, the latter leading to a SEI overpotential ng;
rise for visualization purposes), the inevitable SEI growth leads to an
earlier reach of the CA sequence, even though anode potential reserve



2 Contributions

N. Wassiliadis et al.
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Fig. 12. Fast charging strategy with current control to a arbitrarily set anode potential
limit (CA) of 25mV adaptive to, e.g., a falling capacity C (from 100% to 80%) and
rising SEI overpotential 7, (from 100% to 200%) in the model during lifetime of a
single lithium-ion cell. (a) Current and voltage over time and (b) and anode potential
during a fast charging event with increasing age of the cell (in here, the cell capacity
has been reduced with 2% steps and the SEI resistance has been increased with 10%
steps as an example). Prior to each event, a constant current (CC) sequence is applied
to remain within the model boundaries determined during model validation, which is
subsequently followed by a constant anode potential (CA) sequence, if the specified
limit is reached. All simulations were carried out at 20 °C cell surface temperature.

violations did not occur with a pristine cell. By regular update of the
model, the changing properties of the lithium-ion cell can be accounted
for during fast charging control and improve their lifetime.

6. Control sensitivity to parameter variations

For a downstream usage of the model for fast-charge applications, it
is important to quantify the sensitivity of the model outputs to varying
parameters in order to highlight the inherited uncertainty of the pa-
rameter identification procedure and evaluate the required accuracy of
the parameters. Many studies in the literature already performed such
an analysis [31,85,86], however relying on the full cell voltage and
temperature response. As fast charging control with an anode potential
reserve is our major objective, we define a new quantity for further
sensitivity analysis. Formally, we therefore define a current control
inflection point SOC; as
SOC;.

-, =SOC(¢~ < APR) (28)

which defines the starting point for current control by the BMS. This
limit is monitored while single parameters of the model are varied
during the analysis. The remaining parameter set is held constant. The
parameters were sorted into four groups according to the parameter
identification steps presented in Fig. 2, that is, (1) material and ge-
ometric, (2) static, (3) dynamic and (4) thermal model parameters,
were put into the scope of the analysis, with the originally determined
values as the baseline scenario (ground truth assumption). Regressions
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Fig. 13. Parameter sensitivity to the charging control as an effect of model-based
control of an anode potential reserve (APR). (a) Definition of the abuse prevention
control point SOC| ~at an arbitrarily set anode potential reserve of 25mV and a
starting charging current of 6C. (b)—(e) Sensitivity of the defined control point SOC

lim
relative to (b) material, (c) static, (d) dynamic and (e) thermal parameter variations.
All simulations were carried out at 20 °C constant cell surface temperature.

over the SOC, e.g., the OCV, were varied by shifting and/or scaling the
regressions as during the parameter identification procedure.

The results are illustrated in Fig. 13 for an exemplary harsh 6C
charging scenario at 20 °C constant cell temperature. Note that a neg-
ative change of SOC|,  leads to a more conservative current control as
the limit is reached earlier, while a positive change of SOC; leads
to a critical control situation as the abuse limit is reached without
notice. As expected, the scale factor S~ of the determined anode OCV
has the largest impact on the anode potential and charging current
control, which emphasizes the necessity of an accurate determination
of both the electrode and full cell OCV during the parameterization
procedure. Furthermore, it should be mentioned that the cathode also
has an isolated influence on the anode potential via the thermal model,
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albeit a much lower one. Besides, the particle radius R of the anode
during material characterization and the activation energy of the anode
diffusion coefficient £ strongly influence the anode potential control.
Thermal model parameters, however, can be seen as less sensitive to
determination uncertainties, as the cell warms up fast during aggressive
fast charging and the change of overpotential-relevant parameter is
slowed down. These results have to be taken into account for the dis-
cussion of the validity of these models, since a rather large uncertainty
in model determination does not directly question the usability of the
overall model for fast-charge control applications.

7. Summary and conclusions

The development of health-aware fast charging strategies for ad-
vanced battery management systems relies on knowledge of battery
internal states for current control. An electrochemical battery model
of reduced order has been developed and validated alongside a novel
parameter identification framework for rapid knowledge scaling of
electrode aging trigger conditions, e.g. lithium deposition, to pack level.
The carefully crafted model has been validated in a broad operating
range, between —10 °C to 50 °C ambient temperature and up to 6C
charging rates, in order to yield a precise replica of the cell’s behavior
at fast charging rates and account for inherited model errors. The
model enables real-time fast-charge control of typically unobservable
internal cell states at the application level, reducing fast-charge time
while minimizing lithium-ion cell degradation. Moreover, as the model
parameter change over age of the lithium-ion cell and need to be
accounted for in the model [87-90], the aging state can be updated
by, e.g., adjusted capacity, electrode charge balance, and resistance.

In future work, the developed method will be deployed to parame-
terize electrochemical lithium-ion cell models for real-time fast charg-
ing current control in order to avoid critical aging mechanisms during
the lifetime. The results will give helpful insights on the advantages
and disadvantages of model-based fast charging strategies.
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Appendix A. Governing electrochemical model equations
The first equations of the model use the aforementioned assump-

tions to display the charge flux density j,() as proportional to the
applied current I(7) to the system, as described by

U ()
= A
R (0)
= Fol-A (A.2)

for both, the negative () and positive (+) terminals. F hereby de-
notes the Faraday constant, a the specific interfacial surface area,
L the electrode thickness and A the active electrode area. By using
the assumption that the concentration of the solid phase within the
electrodes is constant in the spatial dimension x and Fick’s law, the
lithium diffusion within the solid phase ¢* can be formulated as

dc, 10

+
S

= —
(=5

ot

D(T, )rzﬁ(r 1) (A.3)
s e or ’
where r denotes the particle radii, D¥ the diffusion coefficient in the
solid phase and 7, the cell core temperature. For solving the PDE, the
corresponding boundary conditions can be defined by using Egs. (A.1)

and (A.2), resulting in

+

—-(0,0=0 (A.4)
PN 1 1(0)

th=g— 0 A5
o %0 +D;—"(Tc)FaiLi < (A.5)

Accordingly, the lithium concentration in the liquid phase ¢, of the
spatial domains, i.e., anode, separator, and cathode, are defined with
PDEs along their axial direction through the electrode layers x as

dcT 9 [Deeri(cs. Ty) dcT 1-12 1
e €,¢l € c € c

== | ——— | — — A.6
ot (x.2) ox £; 0x (x ] e FL- A (A.6)
sep [ sep sep

7] D ot(c. ™, Te) oc

< == |————— = Lt A7
ar D= 5 &P ax D (A7)
oct =2 D, e (e, T,) ac;(x 1-10 f( (48
or T ox er ox e FLT A '

where D, .y denotes the effective electrolyte diffusion coefficient based
on the porosity ¢ of the deployed materials and the transfer coefficient
tB. For the defined PDEs, the following coupling boundary conditions
exist similar to the boundary conditions of the original P2D model

oc; oct

07, = ==("H=0 Ao
ox ( ) Ox ( ) (A.9)
dc
D;eff (Ce(L_), Tc) 0; (L_,I) =
sej ac®
D e,epff (co(0*P). T;) a_x(osep’ ) (A.10)
sep sep acs® p
Dc,cff (Ce(L ), TC)F(L ) =
+ + oct i
D i (co(L). Te) S =(L*0) (A.11)
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(L7, 1) = ¢ (0%, 1) (A.12)

(L3P, 1) = ¢ (L*, 1) (A.13)
The overall potential of both electrodes is then defined by

ECx, 1) = ¢5op (cEM) + () + ¢E(x, 1) + FREjE(1) (A.14)

where ¢35, (¢Z(1)) denotes the OCV of the electrode with the particle
surface concentration cX(r), #*(t) the overpotential at the electrode-
electrolyte interface, ¢F(x,t) the potential of the electrolyte, and
FR;L JjE(1) the passivation film ohmic resistance.

Considering the assumptions that (A1) the exchange current density
ioi(t) can be approximated by its average value Tj(t), which is indepen-
dent of the spatial x-dimension, (A2) charge conservation applies to
the liquid and solid domains, which leads to j*(#) being proportional
to I(t), and the Butler—Volmer equation

i(x,1) a,F a F
0 a + c +
(x,0) ) - — (x, 1 (A.15)
F [eXp < RTC r’ (x )) eXp < RTL rl (x )>:|
with the assumption that (A3) the outward and backward reactions

are symmetrical a, = a,, the overpotential at the electrode-electrolyte
interface n*(f) can be calculated according to

RT, I
7= () = — sinh™! i—ﬁ)
aF 2at LEiy (DA
The remaining potential of the electrolyte can then be determined
by integrating the expression

0% 9pt ot i*(x,1)
/ &(x,t)dx=/ < dx
0- Ox 0~ Kerr(ce)
0+
2RT, 0 din £/, dlnec,
— (1 -t 1 N ,0d
+,/0- F ( °)< * dlnc, (x.2) ox (x. 1) dx

which further simplifies with a linear approximation if it is assumed
(A4) that the activity of the electrolyte k;(x,7) =1 + dIn f, /a/ dlnc.(x, 1)
is constant in the respective spatial domain and results from the aver-
aged concentration %f(t) ~ k¢(x,1), and (A5) the conductivity in the
liquid phase is constant in the respective spatial domain and results
from the averaged concentration x ~ k(c,), leading to

JEx,n =

(A.16)

(A17)

o Lt +2L%P + [~
(0%, 1) — 0, )= ——————
¢ (07,1) — ¢ (07, 1) T

+ —ZI;TC (1= 20) ke (@) [In e (0%.1) = Ine,(07.0)] .

1(t)
(A.18)

In sum, the overall cell voltage U(f) can be formulated from the
electrode potentials of the solid phase ¢* taking into account the
overpotential 7%, the electrolyte potential ¢*, according to

-1 1@
2a= L~ig (DA

Anode overpotential

+ @ (cE0) —dgep (o) + it + &) 1o
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For a more detailed explanation of the governing equations and
their physical origin, the reader is referred to existing literature in the
field of P2D modeling and the derivation of the introduced reduced-
order model [25,91].

Appendix B. Governing thermal model equations

1D thermal models of lithium-ion cells can be derived by subdi-
viding the thermal dynamics into heat generation and heat transfer.
The first can be derived from a energy balance of the lithium-ion cell
according to Bernardi et al. [92] following

Q = Qirr + Qrev + Qreact + Qmix (8.1

with the irreversible losses Q;.., the reversible losses Q,.,, the enthalpy
of reaction Q,.,, and the enthalpy of mixing Q. . In contrast to the
first two, the last two loss terms represent only a minor share of the
overall losses and are difficult to be modeled precisely, which is why
they are often neglected in the literature. The relevance of reversible
losses due to entropy changes is controversial discussed. While the
relative share on the total heat generation may be relatively large
for specific anode/cathode combinations at cell formats [93], studies
pointed out that the negligence at small charging C-rates beyond 1 C is
reasonable [30]. Therefore, reversible losses are neglected for the case
of fast charging. Conclusively, the heat generation can be calculated by

o =-1@ [U(T) - Uocv] =-1(n [U(I) - <¢5CP - ¢6Cp)] (B.2)
with the charging current I and the overpotential of the cell as a
subtraction of the cell’s terminal voltage U and the cell’s OCV Ugcy.
Hereby, the cell’s OCV Uqcy is composed of both electrode OCPs ¢ ...

For the heat transfer, we simplify the model to the radial direction
of the lithium-ion cell, which usually poses the largest thermal gradient
and reaches the mounted temperature sensor at the cell can. Once
power losses occur, heat is transferred through the material to the
surroundings of the cell. By conducting an energy balance at the cell
core, the heat is equal to the heat generated at the core minus the heat
transferred in the radial direction, following

dT,

ar -9

1
G R_l(TC -T) (B.3)
with the thermal capacity C;, the internal thermal resistance R,
the core temperature 7T,, and the surface temperature T,. By solving

Eq. (B.3) for T,, we yield the final ODE

dT.(t) _ T(1) - T.(1) + o.()

= B.4
dt R,C, C, (B.4)

Appendix C. Open-circuit potential regression coefficients

See Table C for the electrode OCP regression coefficients.
Appendix D. Diffusion and reaction rate regression coefficients

See Table D for the diffusion/reaction rate regression coefficients.
Appendix E. Cell batch characteristics

Capacity and resistance scattering of the investigated lithium-ion
cells, which were laser-welded to yield a 12s2p system, can be found
in Table E.

Appendix F. Model parameter

All determined parameters for the investigated Sony/Murata
US18650VTCS5A lithium-ion cell can be found in Table F.
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Table C
Coefficients of the anode/cathode OCP regressions.
Anode Cathode

P 64.59 —63606.43
P> 0.53 396881.33
P3 -95.32 —1087294.13
Da 0.02 1718162.84
Ps -0.23 —1728735.76
Ps -0.04 1151449.10
p7 -0.18 —509520.51
Py -1.04 145123.39
Po 0.06 —24361.91
Pro —64.64 1977.60
P 0.43 -107.92
Do 0.14 38.59
Dis -0.018 —6.15
Pia -0.53 0.76
Pis 0.03 3.50

Table D

Coefficients of the reaction rate/diffusion coefficient regressions.

Anode Cathode
D; k- D K+

" -1.227 10714 8.603 -107° 4.871 10715 7.456 -107°
P 2.768 10714 -9.880 -10°° -9.281 -10715 -1.964 1077
P3 -1.926 10714 3.165 -107° 6.242 10715 2.100 -1077
Pa 5.205 -1071° - —8.020 -10717 -

Table E

Capacity and DC resistances for all individual cells used for the system level design. u

= mean; ¢ = standard deviation; k¥ = coefficient of variation.

Cell ID Capacity in Ah DC-Resistance in mQ
CCCV, 4.2-2.5V, C/50 cut-off 50% SOC, 1C, 10s
1 2.529 18.31
2 2.508 17.89
3 2.522 17.72
4 2.545 17.72
5 2.543 17.81
6 2.539 17.84
7 2.547 17.89
8 2.591 17.53
9 2.505 17.72
10 2.576 17.18
11 2.537 17.59
12 2.540 17.70
13 2.533 17.65
14 2.564 17.39
15 2.513 17.77
16 2.513 17.44
17 2.543 17.92
18 2.543 17.82
19 2.538 17.87
20 2.552 17.94
21 2.513 17.83
22 2.542 17.66
23 2.543 17.77
24 2.542 17.91
u 2.538 17.74
o 0.020 0.217
0.79% 1.22%
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Determined model parameter for the electrochemical battery model of a commercially
available Sony US18650VTC5A lithium-ion cell.

Description Parameter Value Unit
Anode (-)

Active electrode surface A 1024¢ cm?
Electrode thickness L 54.66" pm
Active material mass [oN 95° %
fraction

Porosity € 277 %
Volumetric active material €, 69.35° %
fraction

Particle radius R 7 pm
Active material density s 2.25° g/cm?
Specific active material qs 3432 mAh/g
capacity

Max. active material Cmax 28.79 x 103" mol/m?
lithium concentration

Open-circuit voltage U Eq. (11)° A%
Lithiation (0/100% SOC) SP/EP 2.985x 107 /86.17° %
Diffusion coefficient D, Eq. (13)° m?/s
Reaction rate k Eq. (14)° A m?3/mol'?
SEI resistance R; 44x 10732 Q m?
Cathode (+)

Active electrode surface A 1024¢ cm?
Electrode thickness L 42.77° pm
Active material mass s 96" %
fraction

Porosity €, 13# %
Volumetric active material € 83.52% %
fraction

Particle radius R 2.5% pm
Active material density s 4.8 g/cm’
Specific active material q 168* mAh/g
capacity

Max. active material Comax 30.09 x 10°P mol/m3
lithium concentration

Open-circuit voltage U Eq. (12)° \Y%
Delithiation (0/100% SOC) SP/EP 11.77 /99.30° %
Diffusion coefficient D, Eq. (15)° m?/s
Reaction rate k Eq. (16)° A m?3/mol'?
Electrolyte and separator

Conductivity K Eq. (8)* S/m
Diffusion coefficient D, Eq. (9)* m?/s
Activity R Eq. (10)? -
Initial lithium o 1x 10% mol/m3
concentration

Transport number 19 0.38% -
Thickness L 8¢ pm
Porosity e 0.40° -
Thermal parameter

Activation energy of the E; 36.08¢ kJ/mol
anode reaction rate

Activation energy of the EY 56.04¢ kJ/mol
cathode reaction rate

Activation energy of the Ej 22.51¢ kJ/mol
anode diffusion

Activation energy of the E} 28.83¢ kJ/mol
cathode diffusion

Activation energy of the E, 17.122 kJ/mol
electrolyte

Thermal capacity C, 590¢ J/(kgK)
Radial heat transfer hy 0.23¢ W/(m k)
coefficient

Cell mass m 47.7° g

All experimental values are given without confidence intervals, but are subject to
measurement-related scatter, which was not further investigated within this study.

ALiterature.
bCalculated.

¢Measured and/or fitted to measurements.
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2 Contributions

2.4 Model-based health-aware fast charging control
of lithium-ion cells

The effectiveness of constant anode potential (CA) control strategies to improve the fast charging
speed while avoiding the onset of lithium plating has commonly been investigated and experi-
mentally quantified for high-energy-density cells. With the trend towards improved fast charging
power, high-power density cells are brought to light, providing an optimized trade-off between
energy and power density for various applications. However, the declining performance over
charge throughput and time of high-power lithium-ion cells may also render fast charging a
critical scenario for lithium plating, which should be countered by advanced model-based fast
charging strategies aware of the SOH of the lithium-ion cell or pack. Beyond that, model-based
charging current control strategies based on electrochemical models are challenging to put into
practice due to their high complexity and computational requirements.

This section presents the empowerment and application of a model-based health-aware fast
charging strategy mitigating the risk of lithium plating despite repetitive fast charging over the
cycle life of the lithium-ion cells, as previously published by the author [58]. The characterized
lithium-ion cell introduced in Section 2.2 and a parameterized electrochemical model of reduced
order introduced in Section 2.3 have been used to derive a fast charging control strategy capable
of real-time operation. In the first step, the model was discretized to keep the computational
effort at a minimum while maintaining sufficient accuracy compared to high-fidelity resolutions
based on a preliminary analysis of the model [200]. The optimized model is deployed within
a robust control loop to allow for CA control to enhance the conventional CC control with a
more sophisticated control strategy based on internal lithium-ion cell states and non-linear aging
trigger conditions. The aging update, from now on referred to as SOH update, is a complex
task due to the diagnostic effort to derive relevant parameters and transfer them to the complex
electrochemical model parameter set, as highlighted in previous studies [201]. To provide
practical guidance for linking the progressing age and change of cell parameters, commonly
tracked down as a capacity decay AQ and an ohmic resistance increase AR by BMSs, to
the electrochemical model at hand, a simple metric was developed to scale relevant model
parameters with age. Prior to extensive cycle life testing, lithium plating pretests have been
carried out, based on the results of a previous study [144], to provide evidence that aged lithium-
ion cells can suffer under lithium plating even though the pristine cell may not. The resulting
fast charging strategy dependent on the lithium-ion cell’s SOC, temperature (T), and SOH was
then deployed in extensive cycle life tests and regularly updated with the SOC, temperature,
and SOH [202, 203]. All three quantities have been determined in a laboratory environment but
can be easily exchanged with more sophisticated BMS functions as proposed in the author’s
previous publications [204—206]. The deployed control scheme is illustrated in Figure 2.4.

To enable laboratory testing and charging current control based on model outputs, a model
deployment framework has been developed, empowering the electrochemical model of reduced
order to communicate via a controlled area network (CAN) with the laboratory testing equip-
ment [207], which has been used for all mentioned experiments in this work. The developed
fast charging strategy was compared to fast charging with a simple CC control strategy to prove
that the onset of non-linear aging can be avoided if model-based health-aware fast charging
strategies are deployed. In the first early cycles, the silicon-doped graphite anode rapidly lost
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Figure 2.4: Fast charging control function for model-based health-aware fast charging control. The cell
model is based on a downscaled P2D electrochemical model of reduced order, in the form
of a SPM, deployed for battery internal state estimation and fed with relevant battery states
of BMS subfunctions. Limits can be set to control the fast charging current, e.g., at the edge
of lithium plating (¢ > 0V).

capacity [208, 209], which may originate from drastic mechanical deterioration of the graphite
host structure due to the vast expansion of the silicon share at high charging currents and,
therefore, strong inhomogeneity in the anode particle size. In a later stage of cycling, a sudden
drop of capacity and rise of ohmic resistance could be observed for the CC reference fast
charging cells at moderate ambient temperatures of 20 °C, leading to a rapid failure of the sub-
jected cells. In contrast, the model-based health-aware fast charging followed a more moderate
aging trend reaching a more than two-fold longer cycle life, even though DVA showed a similar
electrode aging pattern compared to the CC fast charging strategy. Although a similar distinct
onset of non-linear aging could not be observed in a comparable life cycle test at 0 °C ambient
temperature, the aging was decelerated to a comparable capacity fade rate and resistance rise
as in the experiments at 20 °C with model-based health-aware fast charging.

The results emphasize the need for physics-induced current derating by the BMS during fast
charging events, which can be enabled by deploying electrochemical models. Beyond the use for
fast-charging control algorithms in real-time, the developed model deployment framework for fast
and efficient use of lithium-ion cell and pack models of different fidelity in CAN communication
with laboratory environments has been published as an open source alongside the previous
publication [210].
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HIGHLIGHTS

« Investigation of the fast-charge capability of high-energy and high-power cells.

« Proposal of a model-based fast charging strategy adaptive to relevant battery states.
« Validation in an extensive aging study with a commercial lithium-ion cell type.

« Post-mortem investigation of the occurring aging mechanisms.

ARTICLE INFO ABSTRACT
Dataset link: https://github.com/TUMFTM/EA_ The observed shift to a fully electrified transport sector with steadily increasing sales of battery electric vehicles
Battery MDF has led to their wider use under demanding operation conditions, e.g., more frequent fast charging due to a

higher degree of utilization with an increased share of operation under low ambient temperatures. These

Ig:{:e/:;fiectric vehicles critical edge cases have to be precisely controlled by the battery management system to avoid accelerated
Fast charging battery aging and, in the worst case, safety-critical battery failure events. In this article, we present a model-
Lithium-ion battery based, health-aware fast charging strategy for current control of lithium-ion batteries to prevent the onset of
Lithium plating non-linear aging and to prolong the cycle life. An electrochemical model of reduced order is used to avoid
Advanced battery management non-linear aging due to lithium plating. The model is regularly updated alongside the state-of-health of the

battery to account for the rise of resistance. Extensive cycle life results reveal that the charging time can be
significantly reduced while the cycle life can be prolonged compared to conventional charging. As the strategy
is based on an electrochemical model of reduced order, inheriting the physics of lithium-ion batteries, the
results can be easily transferred to other cell chemistries and/or formats.

1. I i
ntroduction of less than 15 min from 10-80% capacity. Unfortunately, this still

remains elusive for commercial lithium-ion cell technology under a
wide range of operating conditions.

Ideally, an optimal fast charging strategy should minimize the fast
charging time while maintaining a long lithium-ion battery lifetime.
During fast charging, the current must be precisely controlled at the
physical limits to avoid any onset of abuse conditions which could
cause non-linear aging or, in the worst case, a thermal runaway.
Because of the variety of cell designs and materials used in automo-
tive applications, determining a fast charging strategy that meets the
aforementioned requirement is hugely time- and resource-consuming.

Over the last ten years, many studies have been carried out to
identify and optimize fast charging strategies, as stated by a recent
review in the field [6]. Most popularly, many different strategies were

The growing demand for an enhanced all-electric range of bat-
tery electric vehicles (BEVs) comparable to conventional vehicles has
led to technological advancements, dramatically improving the energy
density of lithium-ion cells used in automotive lithium-ion battery
packs [1]. However, an increased energy density decreases the power
capability of lithium-ion cells, as the two electrode design principles are
contradictory [2]. At the same time, the recharging of BEVs is targeted
to reach time-parity with the refueling times of conventional vehicles.
While the concept of both an ever-increasing all-electric range and high
fast-charging capability, is generally to be questioned and should be
rethought for the individual application [3], fast charging currently
marks the most challenging scenario for state-of-the-art BEVs [4,5].
Moreover, industry and academia aspire to reach fast charging times
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determined by extensive testing of numerous charging current se-
quences, revealing that by selecting an adequate charging sequence, the
cycle life can be maintained while achieving shorter charging times.
For example, many studies investigated boost- [7-9] or multi-stage
charging current sequences [10,11], pulse charging sequences [12,
13], or adjusted voltage control windows [14,15]. Keil et al. [16]
applied a multitude of physically motivated charging sequences to
commercial lithium-ion cells, concluding that a precise knowledge of
the electrochemical behavior of the individual cell is required to find
an optimal fast charging strategy. Schindler et al. [17] identified aging-
minimal charging profiles by applying different charging sequences,
using design of experiments to reduce the effort required to evalu-
ate the different strategies. Recently, Mathieu et al. [18] investigated
the root causes for the degradation of three different application-
relevant materials, LFP, NMC, and NCA, in an aging study, emphasizing
that each cell chemistry requires an adapted fast charging strategy.
Model-based approaches were also investigated to pave the way for
a fast upscale from electrode to cell level and transfer to other cell
designs and electrode materials [19,20]. Besides data-driven meth-
ods [21-27], physics-enhanced equivalent circuit models (pECMs) [28-
32], electrochemical models based on the popular pseudo-two dimen-
sional model of Newman’s group [33], and the reduced-order models
(ROMs) thereof [34-42] with a cell-specific parameter set were also
investigated.

In general, the aforementioned studies on model-based fast charging
strategies either use offline optimizations, the result of which is then
applied as a 1D or 2D current map in an experimental environment, or
the model-based real-time strategy is only depending on some of the
relevant battery states during operation, namely, the state of charge
(SOCQ), the temperature (T), and the state of health (SOH). As a conse-
quence, neither of the approaches tolerates broadly varying operation
conditions during fast charging, which may lead to severe aging if
boundary limits are exceeded. To date, there is still a need for intensive
experimental validation of a real-time, model-based, and health-aware
fast charging strategy adaptive to critical battery states [5]. Beyond
that, the majority of the aforementioned studies emphasized the need
for advanced fast charging strategies for high energy-dense lithium-ion
cells, while one would more likely choose high power-dense lithium-
ion cells to achieve short charging times, which are said to be less
susceptible to lithium plating as the major aging mechanism [18]. We
question whether the increasing growth of resistance due to raised cell
core temperatures during fast charging may foster the onset of lithium
plating at a later stage of age, even though lithium plating may not
initially be a limitation for the lithium-ion cell.

1.1. Contributions

In this article, a model-based health-aware fast charging strategy is
developed to mitigate the risk of non-linear aging during the operation
of lithium-ion cells. Thereby, the shortest physically possible charging
times from 10% to 80% SOC over a wide temperature range is tar-
geted to allow for BEV operation. The parameter of the utilized model
can be identified comprehensively from electrode to cell level, thus
enabling a fast transfer to any lithium-ion cell design and chemistry.
The developed strategy is deployed in real-time with a commercial
lithium-ion cell at a moderate and a low ambient temperature of 20 °C
and 0°C, respectively. The model is continuously updated with the
actual SOC, T, and SOH of the lithium-ion cell to reveal the strategy’s
impact on the cycle life. Furthermore, this study seeks to understand the
barriers for applying a model-based fast charging strategy, supporting
its transfer from theory and simulation to a real-world environment.
The contributions of this study can be summarized as follows:

» Development of a model-based health-aware fast charging
strategy operating in real-time sensitive to the relevant states
An electrochemical ROM is utilized to derive a health-aware fast
charging strategy, mitigating the risk for lithium plating and
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adapting to the actual lithium-ion cell states (SOC, T, SOH). This
allows for the reduction of the charging time compared to the cell
manufacturer’s datasheet while enabling safe fast charging under
varying operating conditions.

Application of the fast charging strategy from theory to a
practical implementation in cell-level tests

The model and its implementation for a commercial SiC/NCA
lithium-ion cell is outlined, a feedback control loop is developed,
control parameters are identified, and cell tests are performed.
Extensive cycle life results and aging analysis

The developed fast charging strategy is deployed in extensive
cycle life tests partly over 1500 cycles and compared to con-
ventional constant current (CC) fast charging. Capacity and re-
sistance tracking, differential voltage analysis (DVA), and post-
mortem investigation of pristine and aged electrodes of the cycled
lithium-ion cells via SEM and EDX are performed to evaluate the
results.

1.2. Layout

Section 2 provides a basic understanding of the trigger conditions
for non-linear aging of lithium-ion batteries from the literature. The
deployed electrochemical model and derived fast charging strategy
are presented in Section 3, including methods for successful ROM
deployment. In Section 4, the experimental setup for the aging study
is presented and the overall aging campaign is outlined. The results of
the long-term aging study are presented and discussed from Section 5
to Section 7. The conclusions of this study are summarized in Section 8.

2. Fundamentals

In general, commercial automotive-grade lithium-ion cells use
carbon-based intercalation anodes, predominantly made from natural
and synthetic graphite due their cost-effectiveness and the comparably
high specific energy enabled by the high specific capacity and the
low electrochemical potential [43]. If the charging current is too high,
lithium ions accumulate at the anode’s surface, which leads to a drop
of the potential below 0V vs. Li/Li+, thermodynamically favoring
the malicious side reaction of metallic lithium Li® deposition at the
anode surface [44,45], well-known as lithium plating [46]. Despite
the possibility of partly reversing this reaction by a subsequent dis-
charge [47], deposits may further passivate against the electrolyte,
form irreversible lithium deposits [26], and foster severe gassing [48],
leading to accelerated capacity fade, resistance increase, and early non-
linear failure of the lithium-ion cell [49]. Even though the charging
current of some lithium-ion cells may be limited by maximum tem-
peratures and thermal degradation mechanisms (such as electrolyte
decomposition or gassing [50]) in the first early cycles, lithium plating
can be the dominant aging mechanism at a later stage of the cycle
life due to secondary solid electrolyte interphase (SEI) growth [51,52].
Therefore, thermal effects play an important role during repetitive
fast charging. High thermal losses have to be countered by an active
thermal management system, but the parasitic heat cannot be removed
fast enough in practice. High temperatures foster SEI growth in the
lithium-ion cell, consuming available lithium and consequently leading
to capacity fade and resistance increase [53]. The accelerated SEI
growth may in turn increase the likelihood of lithium plating because
transport kinetics are reduced, which amplifies overpotentials [54,55].
In sum, the lithium plating and SEI growth mechanisms mainly depend
on three operating parameters of the lithium-ion cell, as shown in
Fig. 1, which must be controlled during fast charging:

« State of charge (SOC)
The SOC of the anode directly affects the fast charge capability
of the lithium-ion cell, as the anode potential is a function of
the SOC. With increasing lithiation of the anode, the open-circuit
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Temperature

State of charge State of health

Fig. 1. Factors influencing the fast charging capability of graphite-based lithium-ion
cells. All factors are complex by their nature, interdependent, and require thorough
consideration if fast charging strategies are developed.

potential vs. Li/Li+ is steadily lowered, increasing the likelihood
of falling below the critical threshold of 0V vs. Li/Li+ during
charging. Moreover, the impedance also increases due to the
lowered diffusion at larger SOC [56,57], in turn increasing the
overpotential and likelihood for undercutting the threshold po-
tential. From a thermal perspective, the SOC directly exacerbates
thermal aging conditions because the cell’s heat rate also depends
on the impedance, which is larger at low and high SOC.
Temperature (T)

The lithium-ion cell temperature influences the charging capa-
bility during operation. An elevated temperature decreases the
anode impedance and the anode overpotential, reducing the risk
of lithium plating while accelerating thermal-driven side reac-
tions, which raises the SEI growth rate [58]. In addition, elevated
temperatures reduce the lithium-ion cell’s impedance and, fol-
lowing P = R - I?, the resulting power losses, which could be
beneficial during fast charging [59,60]. However, critical thermal
thresholds should be maintained to avoid intolerable high peak
temperatures. On the other hand, lower temperatures are harmful
from both a lithium plating and thermal management standpoint.
The lowered kinetics within lithium-ion cells at low to subzero
temperatures lead to increasing resistance, fostering overpoten-
tials, and consequently lithium plating, as well as larger power
losses, which lead to faster local self-heating without the ability to
dissipate the heat quickly enough in actively thermally-managed
environments.

State of health (SOH)

The SOH, as a function of the rising internal resistance R (SOHg)
and/or declining capacity O (SOH(), inhibits the fast charging
capability of the cell or system over time. While previous studies
pointed out that the fast charging capability depends on the dif-
ferent aging mechanisms and may equalize over time (mechanical
fractures may enhance the anode surface and the intercalation
kinetics, while SEI growth slows down intercalation kinetics) [27,
61], other recent studies showed that an SOH-based current de-
rating may prolong battery life [25,55,62,63]. The intrinsic SEI
thickness growth during lithium-ion cell operation increases the
anode overpotential, elevating the risk of lithium plating, which
may provoke the onset of non-linear aging [51,54]. Furthermore,
a more pronounced SEI increases the resistance over time, leading
to higher power losses of the lithium-ion cells. As the lithium-ion
cell ages, peak temperatures may rise and self-reinforce thermal
side reactions during operation.

Following this argumentation, all three conditions have a major
impact on the fast charge capability of the lithium-ion cell or system
at multiple levels and are directly coupled to the two aging mecha-
nisms, lithium plating and SEI growth, which makes it a tremendously
complex problem to control during operation from a practical battery
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management perspective. An optimal fast charging strategy should
respond to the changes of those parameters during operation to prolong
the cycle life of the lithium-ion cells.

3. Development of the fast charging strategy

To take into account the aforementioned states of the lithium-
ion cell or system during fast charging control and be able to adapt
to different cell designs and materials, we first need to develop a
capable model and empower it to run in a real-world experimental
setup. Subsequently, a health-aware fast charging strategy is derived,
i.e., controlling the current based on model states during the fast
charging event regularly updated over lifetime.

3.1. Lithium-ion cell under study

All tests are performed with commercial weld-sealed 18650 lithium-
ion cells from Sony/Murata with a nickel-rich NCA cathode, a silicon-
doped graphite anode, and liquid electrolyte with unknown composi-
tion. The identified characteristic properties of the lithium-ion cell can
be found in Table 1 and are partly derived from a previous teardown
study of the cell by the authors [64]. The cells have a rated capacity of
2.5 Ah, which translates to a rated areal capacity of 2.4 mAh/cm?. The
gravimetric energy density is 191 Wh/kg.

The lithium-ion cell has been chosen as a representative candidate
for fast-charged battery packs, as it provides a large charge power
at a relatively large capacity compared to other commercial lithium-
ion cells. NCA as the cathode material has been seen to be more
robust against harsh charging conditions compared to its frequently
used counterpart nickel-rich NMC [65]. This has led to extraordinary
cycle life performance at high current rates [66]. Also, the rather large
rated capacity while also achieving a high power capability is realized
by adding silicon oxide (SiO,) particles to the graphite anode (referred
to as SiC), which has been increasingly added to pure graphite anodes
in the past because it provides a high specific capacity in comparison
to graphite (3579 mAh/g compared to 372mAh/g) [67]. Therefore, it
has the ability to compensate for negative effects on the cell’s energy
density of more power-oriented electrode designs. However, it also
suffers under extreme mechanical stress during charging by a particle
volume expansion of up to 400% [68], leading to severe aging if not
properly controlled, which has to be countered by the operating voltage
window [69].

3.2. Electrochemical model of reduced order

To mitigate the risk of critical aging mechanisms, such as the onset
of lithium plating, the deployed model must be able to accurately
predict the anode potential. The procedure to obtain such a type of
model and validate it within the operating temperature range was
presented in a previous study by the authors [70]. This model is based
on the original developed reduced-order P2D model, well-known as
the single particle model (SPM), provided as open source by Moura
et al. [71] and Perez et al. [72]. For the sake of brevity, the reader
is referred to the aforementioned publications for further details. Note
that only the heat capacity and heat transfer coefficient have been
changed to 986JK~! and 0.0306 W/(mK), respectively, as an average
of obtained literature values for cells of 18650 format.

3.3. Model deployment and discretization

The computationally complex lithium-ion cell model has to be
simplified and discretized with a user-defined resolution so that it can
predict the battery states in a specified time span without losing too
much accuracy. Five quantities have to be defined before usage of the
model, that is, the particle discretization (anode/cathode) in the radial
direction and the layer discretization (anode/separator/cathode) in the
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Table 1
Specifications of the commercial lithium-ion cell under study.

Property Value Unit
Manufacturer Sony / Murata -
Type US18650VTC5A -
Launch year 2017 -
Format 18650 -
Anode material SiC -
Cathode material NCA -
Rated capacity 2.5 Ah
Voltage bounds 2.5-4.2 \Y
Weight 47.1 g
Max. charge current (20 °C) 6.0 A
Max. discharge current (20 °C) 35.0 A

spatial direction. In this study, the radial dimension of the anode and
cathode particles is referred to as one radial particle discretization 4,
and the spatial dimension of the three layers is referred to as one spatial
particle discretization 4,. The best compromise is hard to find, as the
model behavior depends on many operating conditions which cannot be
practically covered. To assess the trade-off between model complexity
and accuracy, we performed an analysis of the achievable accuracy
in terms of voltage for a 1C CC charge by calculating the root mean
squared error (RMSE) against (1) a validation measurement and (2) a
simulation with high fidelity, i.e., 30 finite elements in radial and spa-
tial direction. The results of the simulations are shown in Appendix A.
In this study and for the investigated lithium-ion cell, a good trade-off
appeared at a radial particle discretization of 20 elements and a spatial
discretization of 10 elements for the anode, separator, and cathode. The
separator had been set to 5 elements only, as the effect on the error
metric was only small, which is not illustrated for the sake of brevity.

Usually, the deployment of electrochemical models for advanced
battery management is avoided due to the fact that electrochemical
models inherit a great deal of computational complexity. For our given
case, the major limitation in solving the partial differential equations
(PDEs) of ROMs lies in numerical solutions and iterative methods to
solve the posed problem, such as the use of finite element methods
and the Runge-Kutta method [73], which is not deterministic and,
consequently, not capable for real-time environments. During model
operation, large computational threads, which did not lead to a solu-
tion in time, could be effectively managed by initializing the model
iteratively with the measured states and only predicting the next time
interval. Even if the previous attempt to solve the given problem did
not lead to a solution, the hard termination of the calculation and new
initialization of the model with its previous values helped to avoid any
runtime issues. Thus, the given solution time was set to a small value
(4t =100ms), reducing the impact of the system dynamics during a
charge sequence. This could be a beneficial error handling approach
in real-world applications, rebutting the long-standing argument that
real-time application of electrochemical models inheriting PDEs and
numerical solvers are impossible to realize in practice. With the rise of
central control unit architectures in electrical systems of modern BEVs,
the required high computational power may also be available in the
future, as many computationally intensive control units are idle during
a fast charging event (e.g., driving assistance systems).

3.4. Anode potential control

Previous studies demonstrated that inaccuracies may appear during
the runtime of model-based fast charging strategies, emphasizing the
need for an anode potential control above the threshold of 0mV [40,
62]. Therefore, we define the anode potential reserve ¢ . as the
control input parameter. To derive an appropriate anode potential
reserve, three major error sources appear in our approach, namely

+ a model error egoms
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* a measurement error &y, and

+ a controller error epyp .

The model error eggy arises because the ROM is not able to per-
fectly match the reality and is further discretized to a level that inherits
a certain degree of inaccuracy to find a good compromise with the
computational complexity. This error component is difficult to prac-
tically quantify, as it is neither observable nor measurable. In our
previous study [74], we performed a broad validation of the model
and quantified the maximum absolute error under constant current
charge sequences at the full cell level. Based on the results, a maximum
allowable current I}, is set to remain within the validation range
with reasonable accuracy and the model error is set to the maximum
absolute error occurring during the charge sequence from 10 to 80%
SOC, e.g., 45mV for 6C at 20°C ambient temperature and likewise
for 4C at 0°C ambient temperature. The second error component,
the measurement error &y, is mainly caused by inaccurate current
measurements (commonly up to 50mA in lab environments at cell
level) which influences the SOC determination due to the deployed
Ah-counter. To assess the error, we simulated the attained SOC for
fast charging from 10% SOC under a CC measurement offset of 50 mA
as the worst case. The current offset led to a capacity deviation of
45mAh or 1.8 % SOC. By transferring the results to the anode potential
control, an error of approximately 15 mV occurred compared to the ref-
erence, which is set as the measurement error ¢, for the downstream
deployment of the model. Pretests revealed that the anode potential
controller overshoot epy, led to an error of approximately 5mV during
runtime. In total, the anode potential reserve is set to 70mV as an
appropriate limit to account for the inherited inaccuracies in this study.
The overall closed-loop current control is illustrated in Fig. 2. Note that
in more sophisticated environments with inaccurate initial conditions,
further closed-loop control structures can be embedded to increase the
accuracy of the model (e.g., SOC observer [75]).

3.5. Health awareness

A coupled current derating over time involving both the capacity
decay and the internal resistance rise is of utmost importance to main-
tain cycle life during repetitive fast charging [25,55,62,63]. However,
aging mechanisms are known to have complex origins [76,77], which
are hard to track down in real-world applications. For example, fading
electrolyte performance is a well-known issue during fast charging [78]
but hard to quantify during the cycle life [79]. We seek a simplification
to link the SOH, commonly determined online for the capacity and
the internal resistance by the battery management system (BMS), to
a physically motivated adjustment of the electrochemical model at
hand. The model adjustments are then expected to lead to a more

Lithium-ion cell
or system (physical)

_ e Ipip 1
Primit _’@_’ PID > f N -0

el Electrolyte

PID control Input
with anti-windup saturation

SOC, %
T,
mV SOH

Fig. 2. Control loop structure of the health-aware fast charging strategy. PID controller
parameters are set to P=0.05, I=0.05, and D=0.001 and adjusted over time to follow
the changing system dynamics. The input current I is limited to Iy, which is why
an anti-windup control method is used to quickly follow the anode potential reserve
signal.

Electrochemical model
(SOC, T, SOH dependent)

Feedback loop ¢~
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conservative fast charging current control with increasing lithium-ion
cell cycle life.

The capacity decay over time is considered by adjusting the cell
capacity over time. To do so, we compute the capacity-related SOH,
SOH(, by evaluating the actual capacity Q of the lithium-ion cell
relative to its initial capacity Q. in a 1C constant current constant
voltage (CCCV) discharge sequence according to

Qcccev | >
Qinilial '
Here, we additionally ensure that the capacity is reduced over time

by limiting the factor to an upper limit of 1. The degradation factor
SOH( is used to lower the initial capacity

SOH = min ( (@]

O = Ojpigial - SOHC. @

The adjusted capacity leads to a larger current density and an earlier
reach of high SOC regions in the model. As the lithium-ion cell capacity
is composed of the individual cell electrode capacities, we assume
that the simplification of a likewise decreasing individual electrode
capacity holds. It should be noted that this assumption may not be
true in practice, but allows for the most practicable solution, as the
online determination of accurate OCV curves is still being investigated
by many researchers [80,81] and also the individual electrodes and
their open-circuit potentials may change more drastically over time and
different operating conditions than commonly expected [82,83].

The rise of resistance over time is linked to the SEI overpotential
nsgr of the model. Therefore, the pulse resistance R,._;o, is computed
by evaluating the voltage drop of a 1C pulse in the charge direction
over 10s according to
Rairo, = Ui—o = Ui—10s _ 3

Iic

The pulse resistance is calculated at 20%, 50%, and 80% SOC. The
maximum change relative to the initial value at the given SOC stage is
then computed to a resistance-related SOH, SOHg, as

SOHy, = max (—RA‘=1°5 .1 ) : )
initial

and it is also ensured that only a larger scaling is used even though

the resistance may drop under specific conditions, as we do not want

to yield faster charging times as initially expected. Subsequently, the

degradation factor SOHy, is applied to the model by likewise increasing

the SEI resistance Rg; proportionally according to

Rsgr = R jnitial - SOHR - (5)

The gradual increase in the SEI resistance leads to an earlier control
of the charging current over the cycle count of the lithium-ion cell. Note
that both the change of capacity and impedance were computed in the
RPT in this study (cf. Section 4.3) and can be substituted with an online
SOH estimation algorithm [84,85] for more sophisticated applications.

3.6. Fast charging control strategy

Fig. 3 shows the resulting health-aware fast charging strategy at
20°C ambient temperature. The lithium-ion cell is fast charged be-
tween 10% and 80% SOC, because it has been reported that low
operating voltages (low lithiation stages of the SiC anode) may lead
to severe aging due to rapid volume expansion [69] and should be
avoided. Also, the used model reached large errors due to the strong
hysteresis behavior of the cell, which may be also traced back to the
different lithiation speeds of silicon and graphite at low SOC [67].
Furthermore, the charging current is initially limited to 15 A to account
for the model validation boundary as discussed earlier and also to
avoid excessive inhomogeneous heat generation in the lithium-ion
cell. After approximately 40% SOC, the fast charging current of the
pristine cell is controlled to the anode potential reserve limit, which
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Fig. 3. Simulated fast charging current over time for the model-based health-aware
fast charging at 20°C ambient temperature.

results in a continuous current derating depending on the SOC and
core temperature of the lithium-ion cell. Strictly speaking, we apply a
constant current constant anode potential (CCCA) control with a real-
time electrochemical model and regular SOH updates. The transition
to anode potential control is reached at lower SOCs with progressive
aging due to the regular model updates with the SOH (capacity and
resistance) accounting for the decaying lithium-ion cell fast charging
capability.

4. Experimental

In the following, the lithium-ion cell under study, the experimental
test setup, and model deployment framework, as well as the test
procedures used for the aging experiment are introduced.

4.1. Test setup

For the experiments, the lithium-ion cells were connected to an
XCTS50 battery cycler (BaSyTec GmbH, Germany) for cycling and
connected to a CTS battery cycler (BaSyTec GmbH, Germany) for refer-
ence performance tests (RPTs). All tests were performed at controlled
ambient temperatures within a VC3-4100 thermal chamber (Weiss
Technik GmbH, Germany) for 20°C and a KB400 thermal chamber
(Binder GmbH, Germany) for 0 °C experiments. The experimental setup
is illustrated in Appendix B.

As real-time control of the charging current is required and conven-
tional battery cyclers usually do not provide an internal programming
logic for state-dependent control of the charging current, we extended
the setup with a microcontroller unit (MCU). The MCU directly com-
municates with the battery cycler via a controlled area network (CAN)
and serves as a proxy for a battery management system (BMS). Prior to
each fast charge sequence, the cycler provides the initial battery states
to the MCU. During the fast charge sequence, the actual current I, is
also provided. An additional temperature sensor on the cell surface is
used and connected to the MCU to enhance the temperature monitoring
capabilities. All aforementioned quantities serve as model input to
predict the anode potential ¢,. Subsequently, a PID controller adjusts
the current for the next time step based on a predefined anode potential
reserve ¢, . . The PID controller output is then limited to a predefined
maximum charging current I ,.. Also, the PID integrator is clamped
for anti-windup control. The result is sent back to the battery cycler
control unit. The overall procedure is repeated each 100ms, which
therefore limits the model execution and test bench communication
time accordingly.
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Table 2
Comparison of the parameter set used for fast charging current control of the
investigated aging campaigns within the scope of this study.

Campaign #1: 20 °C ambient temperature

CCCA charging CC charging

cC 25A 6A 10A
cv 42V 42V 42V
Timic 15A

Nimit 70 mV
SOH update 50cyc. 50cyc. 50cyc. 50cyc.

Until 60% SOH or 1500 cycles

Campaign #2: 0 °C ambient temperature

CCCA charging CC charging

CC 1A 2A 8A

cv 42V 42V 42V
Tiimic 10A

Plimit 70mv

SOH update 50cyc. 50cyc. 50cyc. 50cyc.

Until 60% SOH or 1000 cycles

4.2. Lithium plating pretests

Prior to the aging experiments, the lithium-ion cell under study was
subjected to repeated charge current pulses to investigate the sensitivity
to lithium deposition under different conditions, similar to a previous
study in the literature [86]. After a charge current pulse excitation of
rising amplitude, a relaxation sequence was applied to track down the
mixed potential of the reintercalation reaction after the onset of lithium
plating. A pristine and an arbitrarily aged Sony/Murata cell were
subjected to rising current pulses between 0-75% SOC at 0 °C. In order
to evaluate and compare the results, a high-energy reference lithium-
ion cell INR18650-35E from Samsung SDI was similarly subjected to
rising current pulse excitations; however, between a narrower charge
window of 30-45% SOC, as lithium plating is expected to occur earlier.

4.3. Aging campaigns and test procedures

Three aging campaigns at 20 °C and 0 °C ambient temperature were
performed, as summarized in Table 2. At each temperature level,
health-aware fast charging strategies with anode potential reserve and
SOH derating were applied to the lithium-ion cell under study and the
lithium-ion cells were cycled until a remaining capacity of 60% or a
temperature-specific cycle limit. Likewise, conventional CC charging
strategies with the manufacturer’s recommended current, the man-
ufacturer’s maximum current, and a fast charging current reaching
comparable charging times as the health-aware fast charging strategy
were applied. Each test was performed with two individual cells of
the same batch to hedge against misinterpretations due to cell man-
ufacturing defects or unintended experimental coincidences during the
cycle life test. The aging campaigns were carried out with the same
test procedure except for the fast charge sequence. All lithium-ion cells
were initially subjected to a RPT at 20°C ambient temperature and
subsequently cycled 50 times with the given test procedure at the
given ambient temperature level of the aging campaign. The overall
procedure is shown and elaborated in more detail in Appendix C.

4.3.1. Post-mortem cell investigation

Since non-invasive methods lack the ability to provide ground truth
indications of the occuring aging mechanisms, we further assessed
the aging mechanisms by subjecting selected cells to a post-mortem
visual analysis. Therefore, the cells were discharged to 2.5V. Subse-
quently, the cells were transferred to a glove-box (GS MEGA E-LINE,
GS Glovebox, Germany) under argon atmosphere (H20 < 1 ppm, CO2
< 1 ppm) and the electrodes were harvested by a careful teardown of
the lithium-ion cells similar to previous studies [64]. Camera images of
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the electrode strips were then taken and samples were cut out from the
electrode areas formerly located at the edge and core position of the
electrode coil. The samples were transferred to a dry room within an
airtight container and placed into a SEM (IT-200, JEOL, Germany) for a
qualitative assessment of the electrode surfaces. Additionally, selected
samples were subjected to an elemental analysis via the EDX module
of the SEM. The results were used to judge the aging mechanism by
comparison to the electrode surfaces of a pristine cell.

5. Aging study

The lithium-ion cell under study was pretested for lithium plating
sensitivity and cycled over 12 months in total partially achieving over
1500 cycles to compare the developed model-based health-aware fast
charging strategy to the CC charging reference control with a special
focus on the dilemma of charging speed versus cycle life.

5.1. Pretest to determine the sensitivity to lithium plating

Fig. 4 shows the results of a lithium plating current pulse pretest. As
a reference, the voltage relaxation subsequent to an increasing current
excitation of a high-energy lithium-ion cell is presented in Fig. 4(a)/(b).
At a charging pulse of 2C over a narrow SOC range of only 30-
45% SOC, the first voltage plateaus can be seen during relaxation,
indicating the intercalation of reversible lithium deposits originating
from previous lithium plating at the anode surface. In comparison,
the pristine high-power lithium-ion cell does not show any indication
of malicious lithium plating under harsh conditions, i.e., high current
excitation and 0°C ambient temperature, as shown in Fig. 4(c)/(d).
However, if the high-power lithium-ion cell is aged down to 80% SOH_,
the voltage relaxation signal shows a voltage plateau at the beginning of
the relaxation sequence, similar to that of the high-energy lithium-ion
cell. Progressing age may, therefore, lead to the occurrence of lithium
deposits at a later stage of operational service life, resulting in non-
linear aging and a fast failure of the overall lithium-ion battery pack.
As a consequence, fast charging algorithms must avoid any abuse over
the complete lifetime of the lithium-ion cell if graphite-based anodes
are deployed, independent of the cell design or cathode active material
used.

5.2. Charging time comparison

Charging times slightly differ between the constant current con-
stant anode potential (CCCA) controlled and the constant current (CC)
controlled fast charging strategies. Starting from 10% SOC, the SOC
increases faster with the CCCA fast charging strategy compared to
the CC fast charging strategies until approximately 40% SOC as the
adjusted CC limit lies above the CC limit of the reference strategies. The
anode potential reserve limit leads to an initial CC control of the health-
aware strategies because the high open-circuit potential of the anode at
low SOC allows for high charging currents. After that inflection point,
anode potential control is utilized and successively derates the charging
current over SOC. It should be noted that the inflection point for the
transition from the CC current limit to the anode potential control is
reached earlier with decreasing temperature; however, in this study,
the CC limit has been adjusted from 15A to 10 A for the low ambient
temperature scenario to account for lower model validity at lower
ambient temperatures, resulting in a similar location of the inflection
point.

Table 3 gives further comparison of the charging times of the
health-aware fast charging strategy to the maximum charging current
suggested by the cell manufacturer. Hereby, the strategy drastically
reduces the charging time at partial charging to 80% SOC. The man-
ufacturer conservatively limits the fast charging current, especially at
low ambient temperature, increasing the charging time benefit of the
health-aware fast charging strategy.
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Fig. 4. Pretests for determination of the lithium deposition sensitivity. Charge current
excitations are applied to different lithium-ion cells with a minimum subsequent relax-
ation period of 15min at 0°C ambient temperature. (a)/(b) a Samsung INR18650-35E
3.5Ah as a high-energy reference, and (c)/(d) pristine Sony/Murata US18650VTC5 A
compared to an aged Sony/Murata US18650VTC5 A with 80% SOH. Indications of
prior lithium plating in the voltage relaxation signal are marked with dashed circles.

5.3. Cycle life

During operation, elevated ambient temperatures are commonly
present during fast charging because the battery pack heats up dur-
ing the prior discharge [87]. Besides moderate ambient temperatures,
initial low ambient temperatures may also occur during a fast charging
event, e.g., when starting BEVs from subzero temperatures or a rather
low SOC with insufficient discharge time for enough thermal precondi-
tioning of the lithium-ion cells. Commonly, the fast charging current is
strictly limited in those scenarios, as the aging impact of larger currents
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Table 3

Comparison of initial charging times to different SOCs (4SOC) of the health-aware fast
charging and CC reference charging strategy with the maximum charging current taken
from the manufacturer datasheet.

Temperature ASOC CCCA CC
Li,=10A/ @, =70mV 2 A datasheet limit
10-50% 6.5 min. (-78%) 30.2min.
0°C 10-60% 9.7 min. (-74%) 37.7 min.
10-70% 13.5min. (-70%) 45.3 min.
10-80% 17.4min. (-67%) 52.8 min.

Temperature ASOC CCCA CC
Iin=15A/ &, =70mV 6 A datasheet limit

10-50% 4.3min. (-57%) 10.1 min.
20 °C 10-60% 6.7 min. (-47%) 12.6 min.
10-70% 9.6 min. (-36%) 15.1 min.
10-80% 12.6 min. (-28%) 17.6 min.

is not well understood. The results of the aging study at 20°C and 0°C
are shown in Fig. 5.

With a closer look at the normalized capacity retention and resis-
tance increase in Fig. 5(a)-(b), all strategies lead to a fast capacity
and resistance decay. The observations can be explained by ongoing
SEI formation due to its micro-cracking. SEI fracturing is a well-known
issue with graphite-based lithium-ion cells [88,89], especially when
larger shares of strongly expanding silicon particles are used to in-
crease the energy density [90]. During cycling, the active material of
the lithium-ion cell undergoes strong mechanical disturbances during
intercalation of the lithium ions, particularly for the stage two phase
of the graphite of the lithium-ion cell under study [91]. During this
process, volume expansion leads to particle cracks, which expose fresh
graphite to the electrolyte, subsequently leading to irreversible con-
sumption of available lithium ions due to additional SEI growth. From
a phenomenological perspective, the secondary SEI formation leads to
a fast capacity fade due to the consumption of lithium inventory, but
also a decrease in impedance due to the greater electrode surface.
In particular, this can be seen for the cells cycled at low ambient
temperature, where the internal resistance initially drops below the
initial resistance, as the competition with the SEI thickness increase is
assumed to be slower than the growth of secondary SEI at the exposed
surface.

Beyond this first stage, the health-aware fast charging strategy
follows a fast capacity decay in the following 200 cycles comparable
to that of the CC fast charging strategy. A possible explanation is that
the lithium-ion cells underwent high temperatures during cycling with
both strategies, as the moderate ambient temperature allowed for large
initial charging currents, resulting in high heat rates within the cell.
Following this argument, an earlier deviation can be seen for cycling at
lower ambient temperatures. This observation can be supported if the
average (Fig. 5(c)) and peak (Fig. 5(d)) temperatures of the lithium-ion
cells are analyzed. While the average temperature of the health-aware
fast charging strategy is comparable to the average temperature of
the 10 A CC reference in the first 200 cycles, the peak temperature
reaches significantly lower values at 20 °C ambient temperature cycling.
This can be contributed to the initially larger current of 15A in the
health-aware fast charging strategy leading to a faster heat rate at the
beginning of the fast charging event, which allows for a more efficient
charge sequence in the later course. Similar results are obtained at low
ambient temperature. As different fast charging strategies are usually
optimized to the energy efficiency in the literature, we hereby provide
evidence that a fast charging strategy controlling the anode potential
to a limit synchronously leads to a more efficient fast charging event
due to the rapid heat-up of the lithium-ion cells.

Later in the progress, the capacity decay and impedance growth
are decelerated for the health-aware fast charging strategy, as the
continuous model update at every 50 cycles leads to an active derating
of the charging current. This is further visible in the capacity decay rate
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Fig. 5. Results of the aging campaigns for the fast charging strategies compared to manufacturer specifications at 20°C and 0°C ambient temperature. (a) Normalized capacity
retention over cycles. (b) Pulse resistances at 50 % SOC over cycles. (c) Average cell temperatures and (d) peak cell temperatures during the fast charging sequence over cycles.
Abnormal peaks in (c¢) and (d) are due to thermal chamber failures. Cells selected for post-mortem investigations are marked with .

converging to the slow charging 2.5 A CC reference in the later course.
Interestingly, the cells fast charged with the CC strategy reach a turning
point at around 850 cycles at 20°C ambient temperature, when the
onset of nonlinear aging appeared and led to an early failure of these
cells. The yielded cyclic aging rate of approximately 5% capacity loss
over 50 cycles is constantly reached at 0°C, which may indicate that
a similar aging mechanism is contributing to the aging from the start.
These results highlight the need for fast charging strategies adaptive to
the SOH of the cells to prolong the cycle life, as fast charging capability
is hampered over the operational life.

6. Differential voltage analysis

Differential voltage analysis (DVA) is a powerful tool to trace back
the aging mechanism at cell level to the individual electrodes without
the need for invasive techniques and post-mortem investigations during
the runtime of the study. Hereby, the voltage signal U of a charge
sequence with a low charging current (i.e., C/20) is differentiated from
the charge throughput, following

dU _dU  di _dU .y ©)

pr="2 =225 =
dQ dt dQ dt
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Fig. 6. Differential voltage analysis (DVA) of the fast charging strategies compared to the reference charging strategy at 20°C ambient temperature (left) and 0°C ambient
temperature (right) for the first 1000 cycles. (a) Differential voltages (DVs) of a pristine cell including the differential electrode potentials to guide the reader’s eye. DVs for (b)
reference charging, (c) health-aware fast charging, and (d) CCCV fast charging. (e)-(f) Normalized feature evolutions to their initial value over cycles.

similar to the method presented by Bloom et al. [92,93] and Lewerenz
et al. [94]. This reveals characteristic features in the voltage curve,
which can be assigned to characteristic features of the individual
electrodes, as illustrated in Fig. 6(a). With further analysis, decaying
electrode capacities can be analytically evaluated.

Fig. 6 shows the DVAs of the CC reference, the CC fast charging,
and the health-aware CCCA strategy of both aging campaigns for
further analysis of the dominant aging mechanism. With respect to
the individual open-circuit potentials of the electrodes in Fig. 6(a),
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individual features in the C/20 charge sequence can be attributed to
either the anode (cf. @) or the cathode (cf. @). The height of these
features has been reported as an indicator of inhomogeneous aging of
the electrodes [94,95], which is why it is also used within this study
normalized to a close minimum in the voltage trace (cf. arrows in
Fig. 6(a)). Moreover, the change in the electrode capacities is evaluated
by determining the normalized change in capacity with respect to the
lithium-ion cell boundaries.
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The differential voltages are illustrated in Fig. 6(b)-(d) and the
evaluated features in Fig. 6(e)—(f). While feature @) slowly moves
to higher SOC stages for the slow charging CC references and the
remaining features showed almost no change over the cycle life, both
fast charging strategies showed significant changes in the general slope.
Feature (1) completely vanished after 100 cycles (denoted by ‘fails’),
which has been also reported in previous studies, in which it has been
seen as an indication of the occurring electrolyte decomposition due
to cycling [96] and inhomogeneous aging [61,94]. This supports the
previous observation of the initial fast capacity decay, originating from
the expected strong volume expansion and micro-fractures due to the
silicon content and high charging currents. This in turn leads to the
lithium ions following different diffusion pathway lengths and resulting
in a prominent manifestation of heterogeneity in the negative electrode.
Another possible origin for the large detected inhomogeneity may lie
in the cylindrical cell design. A steep thermal gradient within the cell
may foster degradation and electrolyte decomposition in the cell core
compared to the outer cell areas. The issue of the rapidly vanishing
anode characteristics is discussed in the post-mortem analysis of the cells
(cf. Section 7).

While the health-aware CCCA strategy seemed to be dominated by
similar aging mechanisms as the CC fast charging strategy, the overall
capacity decay was faster for the latter. A possible reason may be
the combined fade of anode and cathode capacities until the onset of
non-linear aging, which is generally larger for the CC fast charging
strategy. Also, the severity of anode aging may be larger, which is
unfortunately not trackable due to the vanishing feature (. The fast
non-linear capacity fade starting approximately from the 1000th cycle
is also visible in the differential voltage signal. During this transition,
the cathode capacity remained at a similar capacity fade rate, which is
why the onset of anode degradation mechanisms can be considered as a
highly likely origin even though it is not directly observable. However,
although the presented health-aware fast charging strategy leads to a
fast capacity decay in the first stage of cycle life, it can prevent the
onset of non-linear aging at a later stage of cycle life, as it continuously
adapts to the fast charging capability of the lithium-ion battery.

The observed generally faster degradation of the health-aware fast
charging strategy in contrast to the 2.5A CC charging sequence pro-
vided by the manufacturer can be explained by the larger power losses
and therefore higher lithium-ion cell temperatures achieved during the
fast charging event, as discussed previously and as can be seen in
the observed cell temperatures in Fig. 5(c)-(d). However, over 2000
cycles with a controlled capacity fade rate could be achieved above
60% capacity retention at 20 °C, which corresponds to over 2000 fast
charging events or over 5 years of daily fast charging.

7. Post-mortem analysis

For a more detailed analysis of the occurring aging mechanism
and for tracing back the occurrence of lithium plating, a post-mortem
teardown can precisely separate anode and cathode effects and provides
deep insights into the electrode aging mechanisms. Two lithium-ion
cells from each the cycle life experiment at 20 °C and 0°C (all marked
with f in Fig. 5) were compared to a pristine lithium-ion cell.

Fig. 7 shows a general overview of the individual electrodes. In
direct comparison to the pristine cell shown in Fig. 7(a), both the
CC and CCCA cycled cells cycled at 20°C show severe aging of the
electrodes. In particular, the anode suffered under large stress where
a difference was already detected during the separator extraction from
the anode layer. The graphite coating was partly detached and even
peeled off down to the copper current collector along the center axis of
the electrode, indicating strong active material delamination. A clear
difference can be seen at this stage when the CC and the CCCA cell
anodes are visually compared in Fig. 7(b) and (c), respectively. Note
that the CCCA cell reached 50% more cycles compared to the CC
cell. With further regard to the SEM images of the anode, differences
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between samples of the core and edge area of the cell can be observed.
Depositions on the anode layer are seen mostly for the core area, which
does not visually match the morphology of lithium plating reported
by studies in this field, e.g., [97], and visualized in this study for a
high-energy cell in Appendix D. However, as these deposits are mostly
seen for the CC cell, it can be assigned either to the missing anode
potential controlled strategy or the experienced high peak charging
temperatures. The deposits are further investigated later by means of
EDX. Beyond, graphite particle fractures can be seen for both strategies,
which align to the observed fast capacity drop for all cells at the
beginning of life. The strong heterogeneity of the cells, that is, (1)
between the cell core and edge area and (2) between the individual
particles due to the particle cracking, may explain the quick peak
diminishing within the DVA of the anode voltage traces in Section 6.

A more significant appearance of the aforementioned deposition
morphology and difference between the CC and CCCA cycled cells
could be seen at 0°C ambient temperature, where a more rapid cell
failure also occurred. Fig. 7(d)-(e) show the CC cell in contrast to the
CCCA cell. During teardown of the CC cell, a distinct gold electrode
coloring was visible (cf. 45° angle image), which is usually seen as an
indication of lithium plating in the literature [98,99]. SEM images show
a strong deposition layer onto the graphite anode for both the edge
and core areas of the CC cell. Similar to the results obtained at 20 °C,
cathode aging could barely be identified from the SEM images, which
aligns with the DVA results.

In order to further investigate the identified deposits onto the
anode layer, an EDX analysis was performed in these areas. As the
CC cycled lithium-ion cell at 0°C showed the largest sensitivity to
the deposition reaction, an electrode image with clear deposits and
visible graphite particles has been captured, as seen in Fig. 8(a). The
results revealed a congruent measurement of Al- and O-traces, as it
can be seen in the yellow and purple colored traces in Fig. 8(b) and
(c), respectively. This indicates that a ceramic coating (Al,03) from
the separator adhered to the graphite surface during manual peel-off.
Separators are often coated with a ceramic layer to increase the thermal
stability of the commonly used polyolefin-based structures, such as
polyethylene [100,101]. However, the ceramic coatings suffer from
limited mechanical adhesion [102]. No direct indications of lithium
plating could be seen in the SEM images. Nevertheless, ceramic coating
remnants occurred at significantly different degrees for the CC and
CCCA cycled cells. Thus, it is hypothesized that irreversibly deposited
lithium fractions origin from lithium plating may be present behind the
ceramic coating of the separator, as reported in [103]. This indirect
lithium plating indication would align with the observed locations
onto the anode; that is, mostly in the core areas of the investigated
lithium-ion cell. Metallic lithium deposition has been reported to occur
in the core areas for small format cylindrical cells with low thermal
capacity and large temperature heterogeneity [104], due to the rapid
core temperature rise and a lowered resistance, leading to a higher core
current exceeding the physical charge acceptance limits of the graphite
anode. However, a direct evidence for this hypothesis could not be
provided since the direct proof of lithium deposition is challenging to
yield at these progressed aging states.

8. Conclusions

In this study, it was shown that a cycle life of over 1500 fast
charging cycles from 10-80% SOC at a capacity retention of above
60% is possible to reach by applying a model-based health-aware fast
charging strategy. This cycle count translates to over 5 years of daily
fast charging. The real-time model-based approach mitigates the risk
of non-linear aging during the cycle life. The developed fast charging
strategy is based on an electrochemical model of reduced order sensi-
tive to the three most critical states to control during fast charging,
i.e., the SOC, T, and SOH, and mitigates the risk of lithium plating
during operation. Special attention was given to investigate the steps
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Fig. 7. Images of the electrode layers (macroscopic and SEM images). From top to bottom, (a) pristine cell, (b) CC, and (c) CCCA fast-charged cells at 20 °C ambient temperature,
(d) CC and (e) CCCA fast-charged cells at 0°C ambient temperature. Anode edge images are taken from samples obtained from the outer electrode regions; anode core images are

also taken from samples obtained from the cell center.

required to transfer an electrochemical model of reduced order to a
real-world implementation for health-aware fast charging strategies.
Lithium plating may not be initially limiting the fast charging event for
high-power cells, and the aging was traced back to particle cracking and
thermal degradation. Furthermore, it was measured that the developed
fast charging strategy is also more beneficial from a thermal manage-
ment perspective compared to simply constant current fast charging.
However, it was shown that lithium plating may occur in the later
course of aging as the lithium-ion cell internal resistance and likewise
the anode resistance increases due to high temperatures, which may
swap the dominant aging effects.
The findings of this study can be summarized as follows:

» Fast charging generally leads to a faster degradation than slow
charging for high-power cells. High current rates lead to elevated
average temperatures and accelerated SEI growth. Further, high
charge rates lead to inhomogeneous stress, particle cracking, and
aging of the anode. As a consequence, fast charging events should
be utilized only to a limited extent during operation to control the
capacity fade rate.

The investigated high-power lithium-ion cell is initially limited by
thermal degradation without any indication of lithium plating at
larger currents. At a later stage, accelerated thermal degradation
can change the cell properties, which may lead to the onset of
lithium plating and initiate non-linear aging. Model-based anode
potential control strategies are therefore relevant to high-energy
as well as high-power lithium-ion cells to prolong their cycle life
if frequently fast charged. This is especially true at low ambient
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temperatures, as these strategies successfully preheat the lithium-
ion cells and reduce the peak temperatures compared to CC
strategies.

Model-based fast charging enables physics-motivated derating of
the fast charging current dependent to the three critical states
of lithium-ion cells (SOC, T, SOH), which is a powerful tool for
increasing the maximum achievable fast charge cycles during
operation. The developed strategy may be particularly beneficial
if use-case scenarios beyond the common warranty limits of 70—
80% SOH are considered, as the likelihood of lithium plating
amplifies. However, the deployed model in this study did not
capture all observed effects (e.g., inhomogeneous aging, shifting
of electrode balancing). Thus, extensions are needed to allow for
further fine-tuning of the health-aware fast charging strategy.
Lower ambient temperatures and/or aggressive cooling pose a
critical edge case for fast-charged lithium-ion cells and systems, as
an inhibited self-heating of the lithium-ion cells lead to a reduced
fast charging capability. Advanced thermal preconditioning and
optimized battery thermal management system (BTMS) engage-
ment strategies should likewise be applied, if fast charging times
of below 15min are to be achieved.

The presented strategy can be deployed for any graphite-based cell
of any format or cathode chemistry and can be further detailed or
abstracted depending on the data availability and the intended lithium-
ion cell application. Subsequent studies should improve the accuracy
of the underlying model and current derating routine over age, e.g., by
investigating the idea of an updated electrode balancing over age, as
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(b)

10 pm e

Fig. 8. Magnified SEM images containing various undefined structures with EDX
overlay for Al-O traces of the CC cycled cell at 0°C ambient temperature. (a) Pristine
SEM image, SEM image overlayed with (b) Al-traces in yellow, and (c) O-traces in
purple.

the impact of the electrode age on the model accuracy has not been
within the scope of this study. Moreover, the physics of additional
aging effects, such as particle cracking and fading electrolyte perfor-
mance, should be added to the model to allow for control during fast
charging. Additional experimental techniques beyond SEM/EDX could
help to identify lithium plating and the remaining aging mechanisms
during anode potential controlled fast charging as reported in recent
studies [105-1071].
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Appendix A. Model discretization

To determine a computationally efficient but also accurate model
discretization, the voltage response of the model was compared to a 1C
CC reference measurement and the reference simulation with a high-
fidelity discretization. The model error over the varying discretization
of the radial and spatial dimension is illustrated in Fig. A.

—e— Error against reference measurement
—eo— Error against reference simulation

16 - :
| AN
> 14 |-
E 1
g e
m 41 7
< 20} |
[~4
2 | —|
0 | 0 hd hd
0 10 20 30 0 10 20 30

Particle discretization A, Layer discretization A

Fig. A. Model error for varying particle (radial direction, 4,), electrode layer (nega-
tive/positive), and separator layer discretizations (spatial direction, 4,). Here, the error
is quantified as the root mean square error (RMSE) for a 1C CC charge sequence at 20 °C
ambient temperature. Note that the illustrated spatial discretization 4, summarizes the
spatial discretization of both electrodes and the separator for visualization purposes.
The parameter were varied one at a time, i.e., the others were set to the default
high-fidelity value of 30 elements.

Appendix B. Experimental setup

The overall experimental setup used for the aging tests presented in
this study is illustrated in Fig. B. The cell is connected to a battery cycler
and contained in a thermal chamber. Sensing of the testing equipment
is extended with additional thermal sensors and all signals are fed
into the model operating on a microcontroller unit (MCU). Here, the
fast charging current is determined for the current cell state k and
communicated to the battery cycler via controlled area network (CAN).
The developed model deployment framework (MDF) is provided as
open source along with this article (cf. Section ‘Data Availability’).
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Fig. B. Experimental setup and framework for model-based fast charging control
in real-time. The cell itself represents an electric vehicle (EV) battery pack, while
the cycler represents the electric vehicle supply equipment (EVSE). The deployed
microcontroller unit (MCU) serves as an advanced battery management system (ABMS),
providing the maximum charging current I, to the battery cycler dependent on the
previous charging current (1), temperature (7}), and initial conditions (SOC, SOH) of
the lithium-ion cell. The model-based controlled fast charging current (f,,) hereby
depends on all relevant impact factors (SOC, T, SOH).

Appendix C. Test procedures

Fig. C shows the aging procedure as well as the reference perfor-
mance test (RPT). In the aging procedure, a 1/4h relaxation sequence

Fast charge
event
1CCC 1C
1/4h rel —
/4h relax t0 10% SOC 1h relax IOSC??:% ccev
= N
(a) ; .
4.2 —— ‘ ‘ 15
\ (2) Health-aware Y A
: fast charging & 1./ B
> agl _ /410 0
= : : t /' Reference] k=
2 [ charging | 5 &
E 3]
= 34 s g
> 1o ©
3 | | B _5
0 1 2 3
20/50/80% SOC
3h relax capacity C/20 VA pulse resistances
4.2 1 T g T
38 -
> . <
g 34 ) £
R 5
= E
G 3 =4
> @]
25 ] ] I L I
0 5 10 15 20 25 30 35
Time in h

Fig. C. Aging and reference performance test (RPT) used in this aging study. (a) Cy-
cling with varying fast charging strategies starting from 10% SOC and a thermally
relaxed state to avoid any influence of the previous discharge. The final 1C CCCV
sequence is performed to reset the test procedure to a well-defined 100% SOC to
accurately perform the partial discharge of the following sequence. (b) Redundant 1C
capacity discharge sequence, C/20 charge sequence for differential voltage analysis
(DVA), and charge and discharge pulse resistance determination at 20%, 50%, and
80% SOC during the RPT.
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was performed to reach a relaxed state. Subsequently, the lithium-ion
cells were discharged to 10% SOC by coulomb counting and set to
rest for 1h to avoid any unintended thermal influence of the previous
discharge on the following fast charging sequence. Then, either (1) a
reference CC fast charge or, if the health-aware fast charging strategy
was applied, (2) a model-based CCCA fast charge was performed to
80 %. Note that the model was initialized prior to the fast charge
sequence and stopped after completion of the sequence. If the voltage
limit of 4.2 V was reached earlier, a CV sequence was performed to 80%
SOC. All strategies were followed by a 1C CCCV charge to 4.2V and a
cut-off current of 50mA for direct comparison and recalibration point
of the coulomb counter (SOC determination).

The RPT starts with a 3h relaxation, followed by a repeated 1C
CCCV capacity determination between the voltage bounds. The second
capacity determination cycle was used to obliterate anode overhang ef-
fects during the handling of the cell between the two test positions with
reference to an earlier study [108], which has been reported to interfere
with the first capacity determination cycle. The sequence is followed by
a C/20 charge sequence for DVA purposes and subsequently followed
by 0.5C/1C/2C pulse resistance tests each at 20/50/80% SOC in
declining order. The SOC levels are derived by charge titration based
on the actual capacity determined earlier in the RPT.

Appendix D. Lithium plating reference

To yield a reference of the visual appearance of lithium plating, a
high-energy lithium-ion cell (Samsung INR18650-35E) was charged un-
der harsh conditions, provoking lithium plating. In detail, the lithium-
ion cell underwent a CC charging sequences at 2C (6.8 A) and dis-
charging sequences at 1 C (3.4 A) repeated ten times at —10 °C ambient
temperature. A rapid loss of capacity over cycles was observable al-
though only ten charge/discharge repetitions were performed. The
lithium-ion cell has been subsequently CC discharged to 2.5V and
transferred to a glove-box (GS MEGA E-LINE, GS Glovebox, Germany)
under argon atmosphere (H20 < 1 ppm, CO2 < 1 ppm) for disassembly

(b)

Fig. D. SEM images of (a) a pristine and (b) a 2 C fast-charged anode at —10 °C ambient
temperature harvested from a high-energy lithium-ion cell (Samsung INR18650-35E).
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of the cell, harvest of the anodes, and SEM imaging. As a reference,
a pristine cell was likewise prepared. Both SEM images of the anode
surface can be seen in Fig. D.

The graphite particles are clearly observable as a flake-like structure
in the pristine cell (cf. Fig. D(a)), whereas these particles are not visible
anymore in the fast-charged cell (cf. Fig. D(b)). A thick coating layer
manifests itself onto the graphite particles, with clearly visible cracks
across the coating layer. The observable coating thereby follows a struc-
ture reported by Ghanbari et al. [109], which allows for the hypothesis
that the thick coating originates from lithium plating and secondary
SEI formation. The coating was observed in a similar appearance for
the overall anode layer; from the core to the edge of the jelly roll.
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2.5 Impact of electrical contact resistances in
fast-charged battery packs

Fast charging strategies for lithium-ion cells are commonly developed under controlled laboratory
environments and later transferred to real-world applications (e.g., BEVs). During this transition,
many additional pack-level aspects, such as the influence of balancing currents due to multiple
lithium-ion cells connected in serial or parallel [211], varying thermal masses and thermal cell-to-
cell effects [212], thermal management impact [213], or external electrical contacts and their
resistance [214] need to be considered. As one supplement to this field of research, external
electrical contacts have been investigated more thoroughly in this work.

Earlier work revealed that the electrical contact resistance (ECR) strongly differs between
different experimental setups in laboratory environments and may lead to different thermal
behavior of the lithium-ion cells under study [215, 216]. This issue is particularly interesting if
high currents are applied in the future of ultra-fast-charged battery packs, as the high charging
currents amplify the losses observable as parasitic heat (Joule heat) in the lithium-ion battery
pack following a quadratic dependence on the charging current according to P = I?R.

This section presents the results of a study investigating the impact of electrical contact resistance
(ECR) on cell performance due to cell-to-cell joints, previously published by the author [217].
This study aims to quantify the thermal effects of fast charging current rates at battery module
and pack level [217]. ECRs of different material combinations (e.g., Al-Cu) were compared based
on a literature survey, revealing that industry-scale cell-to-cell joints, as shown in Figure 2.5, lie
in a range of less than 1 mQ as similar joining techniques are used. A simple loss model was
used to show how the quadratic nature of the parasitic thermal impact at the cell tabs amplifies
with larger current rates. To quantify the ECR present in lab-scale lithium-ion cell testing with
reversible contacts and compare it to industry-scale contacts and real-world applications, ECR
was measured with different contacting probes. Interestingly, simple one-pin contacts led to
ECRs in a range of 22 mQ far beyond the previously mentioned and targeted range of less than

This study
Reversible contact Laser-welded contacts
for laboratory testing Laser-welded prototype in automotive-grade lithium-ion cells

)
©)
)
9)
&)
)

Figure 2.5:  Visual comparison of lab-scale cell connections with cell connections present in industry-
scale lithium-ion battery packs. (a) Typical reversible cell contact in laboratory environments,
(b) laser-welded cell contact used to replicate industry-scale cell contacts, (c) cell contacts of
a Volkswagen ID.3 1%t edition (C/NMC) lithium-ion battery module, and (d) cell contacts of a
Tesla Model 3 Standard Range+ (C/LFP) lithium-ion battery module. Images were collected
from earlier work [217, 218].
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1 mQ. For a direct comparison, two different laboratory probes with varying contact resistances
and a laser-welded benchmark were built and used to assess the temperature development of a
cylindrical lithium-ion cell at both tabs and the cell center during a fast charge event. The laser-
welded cell achieved lower cell center temperatures than the lab-scale cells, with more than 20°C
temperature differences of the cell center measurements at 5C. Moreover, the tab temperatures
in both laboratory probes exceeded the core temperature at charging rates of 3C and larger.
At the same time, the laser-welded cell reached the highest temperatures at the cell center
up to 5C, with the tab temperatures never exceeding the cell center temperature. The lesser
thermal impact was attributed to a faster thermal relaxation and lower peak temperatures of the
laser-welded cells during long-term testing in contrast to the lab-scale cells. All measurements
taken within this study were published as an open source [219].

The results reveal that fast-charged lithium-ion battery packs with low-resistance cell-to-cell
joints, such as laser-welds, only suffer under low parasitic heat from the electrical connection
even at high charging currents. Vice versa, lithium-ion cells tested in laboratory environments
are strongly affected by parasitic heat from the cell tabs, which can be measured at the cell
center. Therefore, the lithium-ion cell’s thermal behavior in real-world applications can be
expected to differ significantly from lab-scale cell-level tests if high currents are applied and
no comparable ECR can be reached with reversible joints. Thus, the self-heating potential of
lithium-ion cells under test may be overestimated compared to the real-world application. As
elevated temperatures improve charge transfer and mass transport, the robustness against
lithium plating may be overestimated, too. Beyond that and from a practical perspective, it was
found that lithium-ion cell tests can be improved by simply scratching the contact pins on the
lithium-ion cell tabs to remove the oxide layer and improve the electrical contact before long-term
cell tests are carried out. This could be an advantageous method to keep the thermal interference
of the ECR low even with simple contacting techniques in laboratory environments.

Author contribution: The general concept, methodology development, formal analysis, valida-
tion, investigation, and data curation was carried out by Nikolaos Wassiliadis except where noted
otherwise. Manuel Ank supported the methodology development, formal analysis, validation,
and investigation of the results in a preliminary study. Nikolaos Wassiliadis and Manuel Ank
wrote the original manuscript. Leo Wildfeuer assisted in the formal analysis of the experimental
data. Michael K. Kick provided the resources for the laser-welding of lithium-ion cells. Leo
Wildfeuer, Michael Kick, and Markus Lienkamp reviewed and edited the original manuscript.
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ARTICLE INFO ABSTRACT

Keywords:
Electrical contact resistance

With the rising demand for electric vehicles with a fast-charging ability, high currents are applied to lithium-
ion batteries to develop accurate battery models and intelligent fast-charging strategies. In order to achieve
reliable results for automotive applications, single cell test conditions should be as close as possible to the
conditions present in the battery pack of the battery electric vehicle. As cells are irreversibly connected in
a battery pack, electrical contact resistance (ECR) is usually in the magnitude of <1 mQ, and thus far lower
than in reversible contacts during lab-testing. An interesting question arises as to whether this ECR has any
unintended influence on the battery cell during testing. In this article, various experiments with high charge
rates of up to 5C are performed in order to assess the impact of the ECR of the measurement setup on the
cells’ behavior. Two different commercial contact probes with different ECRs are tested on a 18650 lithium-ion
battery, and compared to a laser-welded cell as a benchmark. ECRs of the lab-testing setups are measured with
a micro ohmmeter, and the temperature evolution of all cells studied is measured at both cell tabs and the cell
mantle during cycling. The results show that high peak temperature differences due to parasitic joule heat at
the lithium-ion battery tabs occur when applying full charge cycles from 0.5C to 5 C. Repetitive cycling with a
multistage fast-charging strategy indicates a correlation of ECR with peak temperatures and aging spread. As
a consequence, high ECRs could negatively affect drawn conclusions of cycle life tests. They should therefore
be taken into account and kept low in any examination of fast-charging strategies.

Thermal behavior
Lithium-ion battery
Fast charging
Battery testing

1. Introduction ECR is usually neglected during lab-testing, because it has no influence
from an electrical viewpoint due to four-terminal sensing. However,
ohmic resistances always lead to operational heat losses according to
Ohm’s law, in particular, if currents are large. With the upcoming large
currents for fast charge applications, an interesting question arises as
to whether the ECR of lab-testing is close to real world conditions and
whether it has any unintended thermal influence on the measured cell

behavior deteriorating experimental results.

The fast-charging of lithium-ion batteries (LIBs) has been identified
as a key enabler of the world-wide adoption of battery electric vehicles
(BEVs), tackling the concern of range anxiety of BEVs on long-distance
trips [1-5]. The ability to charge a BEV in as short a time as it takes
to refuel a combustion vehicle has therefore become the R&D goal of
academia and industry. Charging times of approximately 15 minutes
and lower involve charging at the physical limits of the LIB [6], posing
the necessity for development and thorough experimental investigation
of fast-charging strategies and accurate battery modeling for battery
management system (BMS) prior to application. As such, intensive lab-
testing is needed with conditions close to the conditions present in
real-world applications, so as to be able to deduce reliable conclusions
from the experimental observations.

1.1. Literature review

Many methods for the electrical and structural joining of individual
cell tabs to module terminals currently exist and are used in various
energy storage applications. Common materials in battery tab design

Commonly in many energy applications, cells are connected in serial
or parallel in battery modules, with non-detachable bonds between the
cell tabs and bus bars/module current collectors. The resistance of those
joints are usually far lower than internal resistances of the LIB itself.

* Corresponding author.
E-mail address: nikolaos.wassiliadis@tum.de (N. Wassiliadis).

https://doi.org/10.1016/j.apenergy.2021.117064

are aluminum (Al) and nickel-coated copper (CuNi) for the positive
and negative electrode, respectively, which have to be mounted to
a cell can and module terminal material with high electrical con-
ductivity [7]. Especially with cylindrical cells, a reliable solid-state

Received 21 July 2020; Received in revised form 10 February 2021; Accepted 3 May 2021

0306-2619/© 2021 Elsevier Ltd. All rights reserved.

118



2 Contributions

N. Wassiliadis et al.

Abbreviations

AC Alternating current

BEV Battery electric vehicle

BMS Battery management system

CcC Constant current

CCCV Constant current constant voltage
DC Direct current

DUT Device under test

ECR Electrical contact resistance

EOL End-of-life

HHS Pressure film ~130 to 300 N/mm?
HS Pressure film ~50 to 130 N/mm?
[ECM Interfacial electrically conductive material
LIB Lithium-ion battery

LLLW Pressure film ~0.2 to 0.6 N/mm?
LLW Pressure film ~0.5 to 2.5 N/mm?
LW Pressure film ~2.5 to 10 N/mm?
MS Pressure film ~10 to 50 N/mm?
NCA Nickel cobalt aluminum

NTC Negative temperature coefficient
PCB Printed circuit board

RPT Reference performance test

SOC State-of-charge

SOH State-of-health

connection without a high temperature input into the cell is a difficult
task and much effort is put into the correct tuning of process parameters
or the finding of alternative non-heat-inducing techniques, such as
mechanical clamping [8,9]. An overview of commonly used joining
techniques and their accompanying ECRs is given in Table 1 and will
be explained hereinafter. For further reference on joining techniques
for battery module production, the reader is referred to the thorough
reviews provided in the Refs. [10] and [11].

Resistance spot welding is based on the principle of applying high
currents to the welding joint through a carrier substrate capable of
high temperatures, inducing a high local heat gradient, and melting
the surfaces of the connecting materials. The heat generated to fuse
the targeted materials is focused on the welding spot, thereby inducing
less heat into the battery cell core during manufacturing. However,
due to a high likelihood of voids in welded nuggets, resistance spot
welding is rather unsuitable for high-current applications such as fast-
charging [10]. ECRs between 0.340 mQ [12] and 0.167mQ [10] can be
achieved, depending on the material.

Ultrasonic welding is a well-known technique for generating steady-
state bonds between battery tabs and counter materials. Under a
specific axial pressure, high-frequency lateral force is applied by a
sonotrode in the range of typical 20kHz [11], in order to generate
heat at the welding spot by friction. Studies examining this technique
achieved ECRs ranging from 0.169 mQ [10] down to 0.005 mQ [7].

Another important contacting technique is laser beam welding, in
which high-energy laser-beams are directed at the contacting point to
be welded and, due to local heating, are transformed into a materi-
ally bonded connection. This technique benefits from its energy- and
time-efficiency, in reducing the thermal impact to battery cells during
battery tab welding. ECRs as low as 0.130mQ [10] can be achieved.

As an alternative, mechanical clamping offers the potential of avoid-
ing parasitic heat during the joining process. However, special attention
must be paid in ensuring the correct adjustment of the applied force
since mechanical deformations of LIBs, if occurring, can lead to a severe
safety hazard. The authors Bolsinger et al. [9] provided an in-depth
analysis of clamping batteries with varying force, indicating that ECRs
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of down to 38 mQ can be achieved if copper is used as the counter
material. Taheri et al. [16] investigated power losses due to ECRs
in mechanical clamps, and emphasized the consequences on battery
health and safety of parasitic tab heat during operation.

The literature overview proves that if materials are adequately pre-
pared, ECRs below 1 mQ and sometimes below 0.01 mQ can be expected
to be achieved in controlled series production processes of tab-to-bus-
bar joints, by using state-of-the-art joining techniques. Besides earlier
studies on resulting power losses, the question remains as to whether
ECRs during lab-testing have any unintended influence on the achieved
results, especially if fast-charging currents are applied.

1.2. Article contributions

The underlying study aims to clarify how far the ECRs of current
lab-testing equipment differs from those of real-world automotive ap-
plications and, if differences are present, to quantify the impact on
battery cell behavior during fast charging, it being the most challenging
scenario. The main contributions can be summarized as follows:

1. Comparison of the contact resistance of detachable and
non-detachable automotive joints
An overview of ECR of state-of-the-art bonding methods is given,
and contact resistances of two different state-of-the-art con-
tacting pins are measured and compared. The difference be-
tween real-world non-detachable and detachable testing joints
are highlighted.

2. Impact on cell thermal behavior
Cell temperature evolution is measured during fast charging
with two different state-of-the-art lab-testing contact pins with
differences in ECR and compared to a laser-welded bond. The
impact of ECR due to thermal conduction of power losses into
the cell is shown to be relevant to the thermal behavior of the
cell, especially under fast-charge-cycle testing.

3. Impact on cycle life studies
The correlation of ECR and temperature evolution of cells under
repetitive fast charge cycles are quantified by cycle life cell
temperature histograms and cell capacity decay, indicating that
contact resistance has an adverse impact on life-cycle studies .

1.3. Organization of the article

The remainder is structured as follows: Section 2 provides a theo-
retical background to contact resistance and its considerations in cell
contacts for lab-testing. In Section 3, a detailed description of the
battery cell under study, the experimental setup and testing procedures
are given. The corresponding results are presented and discussed in
Section 4. Based on the results, conclusions are drawn in Section 5.
A brief summary of the implications of electrical contact resistance for
battery cycle life tests involving fast-charging procedures is given in
Section 6.

2. Theoretical background

In order to understand the origins of influences on the ECR in
cell tests, the basics of metallic current-carrying contact partners must
first be explained, as well as the projection to cell testing and the
measurement principle.
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Table 1

Literature review on ECRs of different material joints relevant to lithium-ion battery design.

Applied Energy 295 (2021) 117064

Tab material Min. ECR in mQ

Method Author Counter material
Brand et al. [10] CuZn, CuZn, 0.167
Resistance spot welding R R s
Masomtob et al. [12] CrN%MoT? 18650 posmye tab 0.170
CrNiMoTi 18650 negative tab 0.340
Brand et al. [10] CuZn, CuZn, 0.169
Cu CuNi 0.005
Al CuNi 0.005
_ ) Das et al. [7] Cu Al 0.080
Ultrasonic welding Al Al 0.065
Multilayer Cu Cu 0.057
. Cu Multilayer Cu 0.060
Shin and Leon [13] Al Multilayer Cu 0.072
Multilayer Cu Al 0.079
Brand et al. [10] CuZn, CuZn, 0.130
Mehlmann et al. [14] CuSn, Ni-plated steel 0.300
Laser beam welding Cu Ni-plated steel 0.740
Al Ni-plated steel 0.740
Schmidt et al. [15] Ni-plated steel Ni-plated steel 1.250
Al Al 0.250
Cu Cu 0.150
CrNiMoTi CrNiMoTi 0.223
Ni CrNiMoTi 0.052
Bolsinger et al. [9] CuZn, CrNiMoTi 0.050
Al CrNiMoTi 0.074
Mechanical clamping Cu CrNiMoTi 0.038
Cu Cu 0.018
CuZn, CuZn, 0.110
Brand et al. (8] Ni-plated steel Ni-plated steel 0.186
AP AP 1.777
aUnpolished Al.
2.1. Fundamentals of electrical contact resistance (a)
. . . bhitt
All surfaces of solid metals have a certain roughness on a micro- Q i
- . - o
scopic scale [17,18]. Furthermore, it can be assumed that metallic 5 TE
surfaces in a natural atmosphere are completely or partially covered by § =
thick impurity layers (a passivating film) [19]. In places with uneven- s 5
. - >
ness, mechanical contact occurs when two metals are pressed together ) D
- . . 8 %)
under force. The load-bearing contact area A, describes only a fraction S o
of the apparent contact interface with the area A,,,, i.e. the surface on o
which a macroscopic contact occurs [18]. Depending on the contact
pressure p, a deformation arises in ductile materials which deforms Current flow
the highest microtips on the contact surface and thus increases the
bearing contact surface Ay, [20,21]. During this process, the insulating (b)
tarnish films can tear open or be partially displaced into adjacent A-spots A,
‘valleys’ [18]. Due to these impurity layers on the metal surfaces, the Y e ;—-““--7
electrically conductive area A, is again smaller than the load-bearing < ! ’ '] ® |
area Ay, [20]. This effective contact area A, describes the sum of all § ! !
current-carrying contact areas (the so-called micro areas or a-spots), 5! @ o !
which are distributed unevenly on the apparent contact area A,,, [18]. £/ ” |
The following relationship applies, where the sum of the a-spots often S 3 H
. c1
results in less than 2 % of the apparent contact area [16,22]: § ! 0 P ,:'
[ R T.____.T _________ ]

Ay < Ap < Agyp (€8]

Fig. 1 schematically illustrates the deformation of the rough surfaces
of both metallic contact partners when applying a contact pressure
p, including the possible current paths, the passivating films and the
different contact surfaces [21,23].

The contact resistance R, is composed of the sum of the two
components constriction resistance R, and film resistance R;. [18,23].
In addition, there is a negligible amount of resistance due to the
disturbance of the periodicity of the crystal lattice in the metallic
interfaces in the order of magnitude of 1078 Q [18,19], leading to the
following equation:

R. =R, + R, which is no longer permissible if Ry, > R, 2)

120

Load bearing contact areas A,

Fig. 1. Schematic representation of various aspects of contact resistance. Sectional view
(a) laterally and (b) through the contact surface [21-23].

According to Holm [19] the possible points of contact can be

classified with respect to the geometric shape of the surface:

1. Metallic contact surfaces/a-spots These areas only cause the

constriction resistance R, but not the film resistance Ry,.
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2. Quasimetallic contact surfaces Such interfaces are covered
with an adsorbed gas skin through which electrons can tunnel
without loss.

3. Semiconductive impurity layers Electrons can no longer tun-
nel here, current flow only after mechanical destruction or elec-
trical piercing.

4. Mechanically bearing layers of another material
High resistance prevails here, up to the point of isolation.

The constriction resistance R, results from the constriction of the
current paths in the micro-surfaces of the effective contact surface
(Fig. 1(a)) and depends on the specific resistance of the material
used, the surface irregularities and the number of effective contact
surfaces [18]. The resistance component due to impurity films Ry, is
caused by the reduced conductivity of the passivation layers on load-
bearing contact surfaces which are not a-spots [21]. Corrosion-free
precious metals such as gold, silver or platinum can be used to achieve
low film resistance. In addition, the mechanical design of the contacts
can ensure that the foreign layers of the contact pair are removed by
friction.

The ECR of two compressed metals therefore depends on the contact
pressure applied, the electrical properties of the metals and the surface
microstructures. The following methods can be used to reduce the
resistance [16,22]:

1. Application of cohesive bonding
This can be achieved by brazing or welding the contact surfaces,
for example.

2. Use of interfacial electrically conductive materials (IECMs)
In such cases, contact lubricants or electrical grease can be
applied, which can conform to the imperfect surface properties
of the mating surfaces.

3. Increase of the effective contact surface A,

This can be achieved by increasing the contact pressure p or by
reducing the surface roughness of the contact surfaces.

2.2. Considerations of electrical contact resistance in cell contacts for lab-
testing

For battery contacts in test environments, not all of the points listed
in Section 2.1 can be used to reduce the contact resistance: cohesive
bonding is favorable but not suitable due to the necessary reversibility,
while the use of IECM is conceivable, but leads to an increasing set-
up effort for the use of cell holders in test environments, thereby
counteracting the need for quick testing during multiple cell tests with
different test devices. In the best and last case, the surface of the
contacting element (e.g. a contact probe) is designed in such a way that
it pierces any foreign layers on the contact partner, and at the same
time provides sufficient effective contact surface A,.

In addition, a large number of requirements are placed on the
material contacting the cell. In the ideal case, the material has sufficient
ductility and nevertheless avoids permanent deformations. Virtually
wear-free material is advantageous for the service life of the contacts.
In addition, the contact material must not corrode with the adjacent
materials, otherwise the electrical contact may be lost [24]. The specific
resistance of the contact metals, which represents the reciprocal of
the electrical conductivity and is temperature-dependent, must also be
taken into account [25].

For use in battery test scenarios, spring-loaded contact pins in recep-
tacles with different diameters have been proven to reliably transmit
the required currents. These components, which are designed for high
cycle stability, are based on spring contact probe technology, which
has been tried and tested for several decades and is used in printed
circuit board (PCB) and chip tests. Usually such a contact probe consists
of a plunger which moves in a cylinder or barrel, whereby a pre-
stressed internal spring provides the desired contact pressure [26].
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Theoretically, a large planar surface of the plunger tip would be ideal
for the transmission of large currents. However, since in reality there
are contamination particles on the contact surfaces, no reliable contact
could be guaranteed. The other extreme would be a contacting mandrel,
where the danger of sparking would increase. A compromise is to
use a wafer shape on the pins, which penetrates any barrier layers
on the surface to be contacted and also minimizes wear and possible
marks on the device under test (DUT). Without penetration of these
layers, no electrical connection is created. The contact forces are also
of great importance: high forces counteract contamination, but lead to
undesired increased wear. If the forces are too low, the contact tends
to rebound elastically against the suspension during movements. The
optimum contact pressure of a contact is therefore usually determined
experimentally.

Coaxially designed high-current probes, well-known as Kelvin
probes, combine the possibility of four-terminal sensing with low ECR
through the use of separately spring-loaded single probes, intelligent
material selection and wafer-shaped tip geometry. However, consid-
erable differences exist in the ECRs of these contact pins. A high
resistance can be disadvantageous in this application, since ohmic re-
sistances convert electrical energy into thermal energy when a voltage
drop occurs due to the present current. Each heat input into the battery
cell to be tested has a parasitic influence on the cell temperature, and
thus on the overall properties of the cell. The specified measurement
conditions would no longer be given in the event of strong heat
development at the poles — a measurement error can occur which is
considerably more substantial with impedance measurements due to
the AC characteristic and sensitivity than with DC techniques).

In the larger system environment (globally), the temperature differ-
ences are usually compensated by a climate chamber, but locally this
can only be done by a low contact resistance at the contacting elements,
since these directly border the cell poles and thus open up a short path
of heat transfer to the inner cell chemistry.

Fig. 2 shows the theoretically resulting power loss P, at different
ECRs and applied currents I,c. Furthermore, if a fictitious cell is used
with a lumped 1D-thermal model according to

d0 L Loss R-T1 2
ar = &£ = “Los : @)
C C m-c
with the specific heat capacity ¢ = 900 J/k and the cell mass m = 0.05 kg,
the resulting heat generation rate dT,, and C-rate emphasize the need

for low ECRs if high currents are applied.

3. Experimental setup

Various tests with two different contacting probes and one laser-
welded benchmark were carried out as part of this study, as illustrated
in Fig. 3. In the following, the equipment used, the experimental setup
and the procedures of the tests are described.

3.1. Battery cell under study

The investigation is carried out with a cylindrical cell of Sony
US18650VTC5A type as a representative battery cell format with crit-
ical structure prone to parasitic thermal impact of disadvantageous
ECRs. If parasitic heat is generated at the tabs of the 18 650 battery cell,
short thermal heat conduction paths to the cell core lever undesired
effects during testing. In general, the examined cell is capable of
accepting higher charging currents due to its anode structure, which in
turn is expected to accelerate the impact of repetitive fast charging: low
cell-core temperatures could increase relative temperature differences
between core and tab, increasing the transport of malicious parasitic
heat, and leading to accelerated thermal aging of the battery cell. A
summary of the cell specifications can be found in Table A.1.
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Fig. 2. Theoretical thermal impact of electrical contact resistance to lithium-ion
batteries. Note that the illustrated C-rate and heat generation rate are related to a
fictitious cell with 2.5 Ah capacity, 0.05 kg thermal cell mass and 900 //k¢k heat capacity.

3.2. Preparation of benchmark laser-welded contacts

In order to compare the thermal impact of the probes versus a manu-
facturing process of series production, battery cells and cell connectors
made of 0.3 mm thick and 20 mm wide copper sheets were contacted
using laser beam welding. The frequency-doubled disk laser TruDisk
1020 and a programmable focusing optics PFO 20-2 were used to
produce a circular weld seam geometry with a radius of 2.5mm. The
welding process was conducted with a laser power of 1000 W, a welding
speed of 230 mm/s, and a spot diameter of 160 pm on the top surface.

3.3. Test setup and procedure

Prior to cell cycling, ECRs at the contact pins are measured with
a Chauvin Arnoux 6250 micro ohmmeter with a resolution of 0.1 pQ
and a corresponding accuracy of 0.05%. Two measurement paths are
used, as illustrated in Fig. 4, to ensure reproducible measurements and
ECRs are calculated by subtracting path B from path A. For the sake
of simplicity, only one contact pin of each model is measured, since
all structurally identical contact pins should be maintained in a similar
range. The specifications of the contact probes can be retrieved from
Table A.2.

Subsequently, all cells are connected to a Basytec XCTS battery
cycler. Three NTC temperature sensors are positioned close to the
contacts and at center of the cell mantle using heat transfer compound,
to ensure correct thermal contact during measurement. All experiments

(a) Probe 1:
Full view and top view tip geometry

(b) Probe 2:

Full view and top view tip geometry
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Path A

Path B

Fig. 4. Experimental setup with measurement paths associated with Table 2 to
determine the ECRs of the contact pins with a micro ohmmeter. The decisive ECR
values are determined by subtracting the measured readings of path B from those of
path A.
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Fig. 5. Sketch of the experimental setup with three NTC temperature sensors used,
connected to both cell tabs and the mantle with thermal-conducting compound. The
overall setup is contained in a thermal chamber regulated to 25°C.

are performed within a thermal chamber at 25 °C. The overall setup is
illustrated in Fig. 5.

Three identical LIBs are measured synchronously, connected to the
two different contact pins and laser-welded as a reference. To avoid
an impact on the cells’ behavior due to aging, all cells are first cycled
with a constant current constant voltage (CCCV) charge to 4.15V and a
consecutive CCCV discharge to 2.5V, reflecting the full operating range
provided by the cell manufacturer. Subsequently, the cells are kept at
rest for a period of 4h to ensure an electrically and thermally relaxed
state prior to fast charging. After the relaxation, the cells are charged
at the target fast-charge rate, starting at 1 C increasing to 5C. The test
procedure is illustrated in Table B.1, with a 5C charge rate taken by
way of example.

(c) Laser-welded
benchmark

Fig. 3. Two different contact probes with their wafer-shaped tip geometry (a, b) and the laser-welded contact as a benchmark (c).
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For the cycle life tests of Section 4.4, cells with the low, high
ECR and laser-welded connection are each repetitively cycled with a
multistage fast charge protocol in the charge direction and a 1C CC
discharge within the aforementioned voltage range. The multistage fast
charge protocol starts with a 5C charge phase until a voltage limit
of 4.15V is reached, then the charging rate is reduced by 2C. If 1C
is reached, the cell is fully charged by a CCCV protocol. After 25
fast charge cycles, a reference performance test (RPT) with a capacity
measurement is performed. The cells are cycled until 70% of the
nominal capacity remains, which is defined as the batterys’ end-of-life
(EOL). The procedure is summarized in Table B.2. For each setup, two
cells are synchronously cycled.

4. Results and discussion

The results of the experiments are presented hereinafter. The pres-
sure distribution analysis will be addressed first, before the ECR mea-
surements. The impact of the ECRs on the thermal and cycle life
behavior will be discussed on the basis of further experiments.

4.1. Pressure distribution analysis of the two investigated contact probes

The pressure distribution between two components can be illus-
trated with Fujifilm’s Prescale pressure film, where the surface pressure
can be determined from the color depth. For low to medium pressure
ranges, this is done by positioning a two-sheet type (two matching
Prescale films, placed with the matt sides on top of each other) between
the surfaces where the pressure is applied [27]. For medium to high
pressure ranges, a mono-sheet type is used, which is inserted directly
between the load surfaces [27].

The foil models for “ultra super low pressure” (LLLW), “super
low pressure” (LLW), “low pressure” (LW), “medium pressure” (MS),
“high pressure” (HS) and “super high pressure” (HHS) are used to
visualize the pressure distribution at the two contact probes at pressure
ranges from 0.2 to 300 N/mm? (specifications of the films can be taken
from the product data sheet of the manufacturer [27]). When pressure
is applied, the microcapsules in the film are destroyed, causing the
color-developing layer to absorb the color-forming material, thereby
generating a red coloration [27]. The test is carried out at nominal
clamping length to represent the standard case, whereby the foils are
each stressed for about 60s. After exposure, the sheets are removed
and the matching foils of the two-sheet type are separated again.
The colored films are then visually inspected and scanned with high
resolution.

The resulting pressure distributions of the experiment are shown in
Fig. 6, with the geometric arrangement of the individual contact pins of
Probe 2 clearly visible: the three concentrically arranged pins enclose
the decentrally arranged sense pin. The tip geometry of the current-
carrying contact pins is also apparent: due to the wafer shape, four tips
per contact element contact the cell pole. This is particularly noticeable
in the pressure distribution of the HS-film, as here only the points
with high contact forces are colored red. The scattering of the pressure
input increases with the use of more sensitive pressure measurement
films — with the films of the type LLLW, LLW and LW ‘smudging’
the actual pressure points. The foils used to represent higher pressures
act like a filter on these parasitic influences. From the pressure ranges
investigated, it can be concluded that the maximum pressures present
at individual contact points are between 50 and 130 N/mm? (the pressure
range of the HS film). A pressure greater than 130 N/mm? does not have
an effect, otherwise they would be visible in the HHS film.

The contact pressures for Probe 1 are mainly below 10 N/mm? (the
pressure ranges of the films LLLW to LW), at higher pressures only a few
force transfer points are visible. In the pressure distribution image of
the HS-film only a single point of small size is observed. This is assigned
to the eccentrically located sense pin and not to the screened current
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(a) Probe 1 (b) Probe 2

B

.'«‘
¥

%

v .

" - R

ol

43

LLLW ~0.2 to 0.6 N/mm2
v T ¥
e

L 4
»
LLW ~0.5 to 2.5 N/mm2

LW ~2.5 to 10 N/mm2

MS ~10 to 50 N/mm2

HS ~50 to 130 N/mm?

HHS ~130 to 300 N/mm2

Fig. 6. Pressure distribution of the two investigated contact probes with pressure
measurement films. Pressure sensitivity decreases from top to bottom, indicating a
better electrical contact surface of (b) Probe 2 than (a) Probe 1. The images are matched
with the Prescale film type and associated pressure range.
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Table 2

Measured ECRs between the cell terminal and the source contact at the contact probe.
Two different contact probes were tested (Feinmetall model F79606B230G300 as Probe
1 and Feinmetall model HCO6B29010G as Probe 2). All measurement paths were
repeatedly measured with a Chauvin Arnoux 6250 micro ohmmeter at approximately
25 °C and a time delay of 20s to eliminate systematic measurement errors. All measured
ECRs of Probe 2 were divided by three due to the presence of three electrical contacts
in parallel per design.

Measurement configuration Probe 1 Probe 2

Clamped only Clamped and Clamped only

twisted
in mQ
19.138 4.574 0.561
15.139 4.288 0.573
16.073 4.873 0.554
18.769 5.136 0.545
18.806 9.583 0.542
19.336 5.441 0.555
17.318 6.794 0.547
18.072 4.601 0.567
16.753 4.540 0.572
16.141 5.180 0.545
Measured ECRs 19.273 4.012 0.583
18.005 4.872 0.563
25.657 4.737 0.535
26.521 4.522 0.546
16.006 5.702 0.540
17.274 4.923 0.614
22.649 4.167 0.517
24.550 3.969 0.532
22.625 3.901 0.519
26.148 3.985 0.524
Mean value 19.713 4.990 0.552
Standard deviation 3.647 1.284 0.023
Coefficient of variation 0.185 0.257 0.042

contact pin. The source contact element causes several contacting paths
of lower contact pressures.

When comparing the pressure distributions of the two contact
probes, it becomes apparent that Probe 2 has a significantly higher
contact area at higher contact pressure. This results in a lower contact
resistance of the press contact. Probe 1 has a considerably smaller
contact area available for current transfer, and the screened tip ge-
ometry is also less pronounced in the distribution image. Due to the
higher contact pressures and the superior tip geometry of Probe 2, even
stronger contamination and thicker barrier layers on the cell poles are
successfully penetrated. It was demonstrated that a pressure distribu-
tion analysis of contact pairs can already provide initial indications of
the anticipated performance of the respective joint.

4.2. Electrical contact resistance measurements

The results of the resistance measurement on the two contact pins
are shown in Table 2. Both contacting probes were measured after the
battery cell was clamped, with Probe 2 making a scratching movement
on the surface during clamping due to its angled design that pierces any
impurity layers, as illustrated in Fig. 7. Here, the angle of the external
current-carrying contact pins of 2.5° each causes a scratching motion of
0.044 mm on the cell surface per millimeter of spring deflection. Probe
1, on the other hand, is arranged orthogonally to the cell pole surface
and therefore does not automatically scratch any foreign layers during
the clamping process. In order to simulate the scratch effect with Probe
1, a further procedure was carried out in addition to measuring the
basic clamping process: after clamping, the battery cell was rotated
manually around the cell center axis so that the surface of the cell pole
is scratched by the Probe 1 pressing on it, also illustrated in Fig. 7.

In addition to the measured values, Table 2 shows the mean values,
standard deviations and the coefficient of variation of each measure-
ment configuration. It becomes clear that Probe 2 is of two magnitudes
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Scratch by manual twisting
Top view
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Fig. 7. Principle of decreasing ECR by manually twisting the non-angled contact probe
(left) or scratching the battery tab surface per angled design (right).

less and, according to Fig. 1, has a significantly lower ECR than Probe
1. ECRs achieve values around 0.552mQ. The variation between the
individual measurements is also lowest with Probe 2, with reliability
increasing if multiple cell tests are performed. The contact resistance
of Probe 1 can be significantly reduced by axially twisting the battery
cell after the clamping process, but it is still one magnitude higher
than with Probe 2. In addition, the coefficient of variation is highest
in this measurement configuration, since the individual values of the
measurements sometimes deviate greatly due to the manual rotation of
the cell.

The available data demonstrates that there are major differences in
the ECR of contact probes for battery tests resulting from the probe
design. An angled design leads to a reproducible penetration of for-
eign layers with low variation, whereas a contact probe with multiple
current-carrying contacts further reduces the existing resistance by
parallel connection. The achieved low ECRs are close to irreversible
ECRs of state-of-the-art manufacturing processes, as introduced in Sec-
tion 1.1. Manual piercing of the impurity layers by twisting the cell
leads to an improvement of the contact quality, although it causes unin-
tended high variation between the measurements leading to unreliable
connections. The order of magnitude of the ECRs in the case of multiple
current-carrying contacts is unmatched by single current-carrying con-
tacts. If a reproducible low ECR is required when contacting batteries
for high current applications, contact probes similar in design to Probe
2 are recommended.

4.3. Impact on cell thermal behavior under different charge rates up to 5C

Fig. 8 shows the measured temperature evolution of all three NTC
thermal sensors for charge rates from 0.5C to 5C of the investi-
gated LIB. For each charge rate, measurements were performed with
bad/high and good/low ECRs by varying the contact probes of the
cell holder (Section 3). In addition, the temperature development of
a laser-welded connection to the cell with a similar thermal sensor
arrangement is presented as a benchmark.

It is apparent that higher charging rates result in higher tempera-
tures at all sensors. For example, at a charge rate of 0.5C, maximum
temperatures of up to 21.5 °C are observed, while temperatures of up to
31.3°C are reached at 2 C, and even of above 60 °C at 5C. A higher heat
input at a higher current flow is to be expected due to the fundamental
relationship P = R - I?, whereby higher power losses occur when a
higher charging current is applied. Furthermore, the instantaneous rise
in temperatures after the start of the current load is visible. The time
of the temperature maxima matches the end of the charging period. A
non-instantaneous drop in temperature is attributable to the response
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Fig. 8. Measured temperature evolution of all three NTC thermal sensors and applied C-rate for different charge rates as well as high and low ECRs at the left and the center,
respectively, starting at 25°C ambient temperature. Laser-welded benchmark temperature evolution with similar thermal sensor setup at the right.

time of the sensors used, but mainly due to the generated and available
heat output.

The temperature evolutions of the positive and negative tabs of the
cell (Tp and Ty ) for all three setups (high and low ECR testing setup
as well as the laser-welded benchmark) show a comparable progression

on a roughly similar scale. However, an inconsistent behavior is appar-
ent in the low ECR testing setup (use of Probe 2): the temperature curve
of the positive tab is constantly higher than that of the negative tab —
unlike in the other two setups. This may be caused by various effects,
which are, however, not of importance in this work, since the decisive
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characteristic curve for assessing the influence of contact resistance is
the temperature development of the cell mantle surface T,,, which most
closely reflects the value of the cell core temperature.

Minor outliers, such as the overshoot of the positive temperature
measurement at 5C of the high ECR testing setup (use of Probe 1),
are due to the particular measurement arrangement and the local
system characteristics. They do not alter the general picture of the
developments.

Looking at the temperature development at the cell mantle surface
Tc, there is a distinct tendency when comparing the three setups:
in the high ECR testing setup (use of Probe 1), comparatively high
temperature maxima are measured on the cell mantle surface, which
are significantly reduced in the low ECR testing setup (use of Probe
2). The development is in line with expectations: at lower ECRs, the
maximum temperature of the cell mantle surface approaches the tem-
perature evolution of the laser-welded benchmark. This confirms that
the ECR has a definite influence on the temperature development of the
cell in lab-testing scenarios. The lower the present ECR, the lower the
occurring temperatures and maxima.

The graphs of the three setups at the same C-rates are remarkably
similar in shape, which suggests that the series of measurements was
performed properly. Furthermore, a strong correlation between the
graphs of the cell mantle surface and those of the positive and negative
tabs is evident, which suggests a well-defined thermal coupling of the
surveyed cell regions.

In conclusion, a significant influence on the temperature at the cell
mantle can be determined with a worst-case temperature difference of
approximately 25 K compared to laser-welded cells, which are usually
deployed in automotive applications. Whether the measurements with
a higher ECR show a higher temperature of the cell core compared to
the measurements with a lower ECR can neither be excluded nor proven
by this experiment. However, due to the perceptible differences in cell
mantle temperature at varying ECRs across the different charging rates,
it is likely that there is a substantial deviation in cell core temperature.

4.4. Impact on cell behavior over cycle life

To substantiate the aforementioned observations and translate them
to applications, the results of repetitive fast charging with the mul-
tistage CC charging protocol described in Table B.2 are shown in
Fig. 9. Fig. 9(a) shows that the multistage fast-charging protocol yields
80% SOC in approximately 10 minutes, as expected by experimental
design. For the further analysis hereinafter, the temperature behav-
ior of the LIBs is investigated in the next paragraph and supported
subsequently by aging behavior analysis.

Within Fig. 9(b), measured peak temperatures at the cell mantle
are shown during the fast charge period over the cycle life. As studied
before, cell mantle temperatures are increased with increased ECR.
Differences of around 5°C are present between the worst contact and
the laser-welded benchmark, leading to the conclusion that tab tem-
peratures may be worse, as has been observed previously. Surprisingly,
the low ECR contact probes do not lead to significantly decreased cell
mantle temperatures. This may have multiple reasons. Since this phe-
nomenon is observed only for the lower ECR contact probe in contrast
to the laser-welded contacts, the contamination of the low ECR contact
probe with thermal conductive compound originating from the prior
setup may be possible, even though a thorough cleaning in ultrasonic
baths was performed prior to testing. In turn, as observed earlier during
single cycling, parasitic heat may not be clearly detectable at the cell’s
mantle, because charging times may be too short to allow for sufficient
heat transfer from the cell’s core to the mantle sensor setup. The
latter may be visible if aging paths are investigated. In Fig. 9(c), the
normalized distribution p of the cell mantle temperature is illustrated
for the individual contacts/contact types for further analysis of the
thermal development during fast charging. At first glance, a strong peak
at ambient temperatures of the laser-welded setup is visible, originating
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from a faster thermal relaxation than the contact probes, as LIBs cool
down earlier because of lower cell temperatures during fast charging.
This interpretation is supported by the secondary peaks observed at
high temperatures, where peaks in temperature distribution correlate
with the ECR of the deployed setups. Based on the observations,
significantly slower aging may be expected for the lower ECR setups,
i.e. the low ECR and laser-welded setup, due to lower rest time at high
temperatures and lower overall peak temperatures.

Fig. 9(d)—(f) further extends the analysis with the cell performance
in terms of capacity decay over the cycle life. For a common un-
derstanding of the used quantities, we refer to the definition of SOH
according to

C
H= —
SO o 4

N
where C denotes the actual cell capacity and Cy denotes the normal-
ized cell capacity, determined at the initial capacity characterization
cycle. For further analysis of the aging spread between the two cells
used in each setup, we define

|SOH — zSOH]

2SOH ’
where we normalize the SOH difference of one cell to the SOH average
of both cells.

Interestingly, if the first 100 equivalent full cycles (500 Ah) are
analyzed in Fig. 9(d) in the first place, capacity decay slows down for
the laser-welded benchmark and is accelerated for the low and high
ECR setups. No clear aging trend differentiation can be deduced from
the low and high ECR setup. However, the accelerated aging behavior
of the two ECR setups compared to the laser-welded cell confirms a
correlation between temperature conditioning times and aging speed of
Fig. 9(c). Conversely, aging speed increases with the low ECR contact
probe compared to the high ECR contact probe, despite slightly higher
peak mantle temperatures. Here, no clear conclusion can be drawn
which would support prior observations.

If aging results are analyzed in a neighborhood close to the EOL
at around 70 %, as depicted in Fig. 9(e), the trend of reduced aging
of the laser-welded cells, and accelerated aging of the low and high
ECR cells can be further pursued. The lab testing probes fail earlier
than the laser-welded probes, with exception to the cell 2 high ECR
probe. Apparently, aging paths of the laser-welded cells do not differ
significantly in contrast to the high variations in low and high ECR
cells, which should be further analyzed.

Accordingly, Fig. 9(f) presents the aging spread between the two
cells used in each setup in percent to the mean value of each cell pair
over the cycle life. With increasing ECR, the aging spread also increases
with increasing cycle life of the cells under study. In particular, if
0.5 % are taken as a threshold, the earliest divergence occurs within the
high ECR setup. At two-fold greater charge throughput, the low ECR
setup follows. The most stable aging behavior can be observed for the
laser-welded setup. Consequently, the results support the hypothesis
that ECR affects the battery cycle life and lead to the conclusion
that the aging path correlate with ECRs of the investigated setups.
However, only two cells in each setup were used, which should be
further elaborated within future studies.

ASOH = 5

5. Conclusions

Based on the aforementioned results, variations in temperature and
cycle-life impact of different electrical contact resistance (ECR) setups
are present even at the low capacity cell level and currents investi-
gated within this study, from which we can conclude that the ECR
setup should be strongly considered in model-validation procedures and
cycle-life studies if fast-charging strategies are investigated. If ECR is
neglected, differences in peak temperatures and aging paths can be
expected. This effect is expected to be reinforced if lithium-ion batteries
with larger capacities are used, as it is common in the development of
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Fig. 9. Overview of the behavior of the cells under study during repetitive multistage CC fast charging. (a) Single fast charge cycle illustrating the applied CC stages and SOC
over time, (b) peak cell mantle temperatures during charge phases over the first 700 fast charge cycles, (c) normalized distribution p of the cell mantle temperature during fast
charge, (d) SOH over the first 500 Ah and (e) overall SOH and (f) SOH deviation over charge throughput.

current automotive battery packs and increases the absolute current at
a given C-rate. Measured cell temperatures may be superimposed by
parasitic heat of an artificial nature, and do not represent the conditions
present in real-world applications, leading to an overestimation of
short-term battery thermal behavior if battery models are validated
accordingly. If the battery thermal behavior on module or pack level
is of special interest, the battery parasitic heat may be overestimated.
With regard to the long-term cell behavior in cycle life studies, the
resulting peak temperatures in the cell core may aggravate electrolyte
decomposition and interfere with temperature-driven cell reactions,
which in turn further deteriorate aging studies with projections to real-
world laser-welded applications. If cycle life studies with short thermal
relaxation phases between the cycling are performed, the ECR setup
should be as low as possible to avoid accelerated aging due to increased
average cell temperatures by parasitic heat generated at the cell tabs.
This may further reduce aging spread and avoid an overly conservative
estimate of the cycle life of a given battery cell under excessive fast
charging. If mean values of the cell pairs are taken and the results are
extrapolated from the undertaken study, real-world cells may have a
longer cycle life than commonly expected from lab-testing results.

6. Summary and recommendations

The main goal of this study was to evaluate the impact of different
ECRs during battery testing with fast charge protocols and compare
them to state-of-the-art automotive joining techniques. Two different
setups with varying ECRs to the battery tab were examined. ECRs were

10

quantified in both setups with a difference of up to two magnitudes.
Only the angled scratch contact achieved ECRs below 1 mQ close to
non-detachable bonds of state-of-the-art manufacturing processes. In
a cell study, both tab and cell mantle temperatures were measured
during CCCV charging up to 5C, and compared to a laser-welded cell
with a similar temperature measurement setup. Peak temperatures at
the tabs in the high ECR setup exceeded the temperatures of the low
ECR setup with approximately 15K difference present at 5C charging,
and approximately 25K difference compared to the laser-welded cell.
In a second study with repetitive fast-charging cycles, different aging
paths evolved for the cells under study, and aging spread increased with
increasing ECR.

For the investigation of fast-charging strategies, ECRs during lab-
testing should be considered and reduced to the actual ECR in series
production, so as to reduce the parasitic heat generated at the tabs, to
avoid malicious thermal influence on the battery cells under study, and
to secure reliable conclusions for real-world applications. In particular,
the contacting techniques and the expected ECR during testing should
be considered and mentioned, if fast charging is investigated, to avoid
misinterpretations in terms of overestimation of the cell’s thermal
behavior or underestimation of the achievable battery cycle life in
automotive applications.

The findings should be further confirmed by simulations or addi-
tional experimental studies with other cell formats to provide further
insights into the thermal heat conductive paths of the parasitic heat
generated due to ECRs in lab-testing setups.
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Appendix A. Specifications

Table A.1
Cell specifications of the device under test taken from the data sheet of the cell
manufacturer, except where noted otherwise.

Attribute Specification
Manufacturer Sony

Cell type VTC5A

Cell top Flat
Cathode chemistry NCA

Anode chemistry

Rated capacity

Nominal voltage

Energy density
Recommended charge rate
Cell mass

Si-doped Graphite
2.5Ah

3.6V

196 Wh/ke [28]
6A CCCV

479¢

Table A.2

Contact probe specifications taken from the data sheets of the corresponding manufac-
turer. Probe 1 is a common contact pin, while Probe 2 is a concentric scratch contact
probe with multiple current-carrying contacts.

Attribute Probe 1 Probe 2
Manufacturer Feinmetall Feinmetall
Model F79606B230G300 HC06B29010G
Rated current (max.) 10A 50A

Number of sense pins 1 1

Number of source pins 1 3

Design straight angled

Operating temperature
Tip geometry

—20 °C to +80 °C
wafer shaped

—40 °C to +200 °C
wafer shaped
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Table B.1
Extract of the measurement procedure for a 5C charge test after a complete discharge
followed by a relaxation period.

# Command Parameter Skip criterion Comment
1 Start - - -
1=05C
. .. .
2 Charge U=d2v I<1/0C Initial condition
3 Discharge I=-1¢ I>-1/2C Capacity test
& U=25V apacty
4 Pause - t>4h -
I1=5C
1
5 Charge U=d2v I<1/0C Fast charge
6 End - - -

Appendix B. Testing procedures

The excerpts from the test and measurement procedures used are
shown in Tables B.1 and B.2, specifying the current and voltage pa-
rameters applied and the respective skip criterion to the next step.
The measurement procedures for the charge rates from 0.5C to 4C are
structured analogously to the 5C sequence in Table B.1.

Table B.2
Extract of the measurement procedure for the repetitive fast charge cycling with a 5C
multistage fast charging protocol.

# Command Parameter Skip criterion Comment
1 Cycle 1 start - - -
2 Pause - t > 15 min -
I=1c¢
3 Charge U =415V 1 < 100mA -
4 Pause - t > 15 min -
5 Discharge f=-1¢ I>-100mA RPT
8 U=25V m
6 Pause - t> 15 min -
7 Cycle 2 start - - -
8 Charge I1=5C U >415V Stage 1
9 Charge I1=3¢C U>415V Stage 2
10 Charge I=1c I <100mA Stage 3
& U=415V a8
11 Pause - t>5 min -
12 Discharge I=-1C U <25V -
13 Pause - t>5 min -
14 Cycle 2 end - - -
15 Cycle 1 end - - -
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3 Discussion

The presented contributions to the approach of successfully applying model-based health-
aware fast charging control to lithium-ion cells or packs starting with unknown properties of a
commercial cell bear benefits and drawbacks, which need to be further analyzed and reflected to
allow for reasonable interpretation and inform future research in the field. The proposed method
and key findings of the preceding chapter are critically discussed in the context of the theoretical
and practical implications that arose, and recommendations for extensions are made building
upon the results published in earlier work. Further, aspects of the method’s applicability for
real-world applications are critically discussed.

3.1 Reflection of the proposed method

The developed method is tangent to an intensively researched field, where no consensus exists,
and which still needs to be explored in many respects. Therefore, the presented approach
highlights one singular solution that has advantages and disadvantages compared to other
approaches, which is critically reflected in the subsequent sections.

3.1.1 Cell teardown and electrode characterization

The step-by-step approach to teardown and characterize commercial lithium-ion cells proposed
in Section 2.2 marks the first step in the overall procedure and is at the same time one of the
most important ones, as errors may propagate throughout the method. The teardown procedure
could be improved based on the experiences gained during the downstream process. The
individual steps for improvement are emphasized hereafter.

Harvested electrode stamps were used directly to build the two-electrode half cells without
any cleaning of unintended artificial material contamination. It is apparent that residuals of the
original electrolyte system (e.g., conductive salts such as LiPFg [187]) are still present in the
freshly built half cells due to the prior formation and cycling of the lithium-ion cell. Typically,
those electrolyte residues are washed out with a carbonate solvent of, e.g., ethylene carbonate
(EC) or dimethyl carbonate (DMC) (e.g., 1:7 (EC:DMC) [45]) with subsequent drying (e.g., 70°C
for 12h [45] or 120°C for 6 h [188]) to improve the performance of the built half cells, as, e.g.,
unintended conductive salt concentrations change the performance of lithium-ion cells [220].
However, in this work, a reliable coulombic efficiency during the formation and the low-rate
cycling could be achieved without any electrode washing, similar to other studies investigating
the electrochemical performance of post-mortem lithium-ion cells [221]. It is assumed that the
impact of the residuals, most probably by a change to larger conductive salt concentrations of the
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3 Discussion

electrolyte, has a low impact on low current rate tests such as GITT, pOCV, and EIS procedures,
as carried out. This would also align with the general expectations of the manifestation of
electrolyte overpotentials at larger C-rates [167]. A downstream analysis could be made by
comparing the half-cell performance of washed and unwashed electrodes, which could provide
ground-truth data on the hypothesis made.

In addition, the half-cell preparation relied on a new electrolyte composition, most probably
differing from the original one. The reason for the use of a new electrolyte system lies in the
contamination of the original electrolyte with metal particles during the lithium-ion cell teardown,
as the original electrolyte can only be harvested if sufficiently enough residual is available at
the bottom of the cell packaging (here, at the bottom of the cell can). Small metal particles
originating from the can-opening process have been observed during the reported tear-down
study, which could lead to altered cell properties and internal short-circuits if reused in the crafted
two-electrode half cells, as reported by other studies [222]. However, similar to the previously
mentioned issue, no significant deterioration of the added artificial electrolyte could be seen
during the low-rate characterization procedure in this work. If more dynamic tests with higher
C-rates are to be completed, the original electrolyte system should be harvested, analyzed, and
a similar composition used.

To conclude, the electrolyte system plays an important role in defining the electrochemical
behavior of the half-cells, either due to residuals of the original electrolyte or due to different
electrolyte properties compared to the original electrolyte in the built half-cells. Moreover, no
distinct adverse impact on the low-rate characterization was observed in this work.

3.1.2 Electrochemical model parameter identification

Section 2.3 proposed a new approach to the systematic parameter identification of electrochem-
ical models and achieved low errors at high charge rates and elevated temperatures, mainly
present during a fast-charging event. However, despite the thorough parameter identification, er-
ror sources are inevitable during modeling and parameter identification and must be considered
if the procedure is transferred to other cell types or applications.

An electrolyte model extension of the SPM has been used to account for the electrolyte overpo-
tential at high current rates and increase its fidelity, as reported in the literature [194]. However,
the electrolyte parameters were taken exclusively from the literature as a comprehensive elec-
trolyte characterization was not possible due to the difficult electrolyte extraction process during
the cell teardown, as discussed in Section 3.1.1. In later work, the electrolyte parameters and
their dependence on the temperature have been seen to critically interfere with the model
validation at subzero ambient temperatures [198], stressing that the model fidelity requires a
more in-depth electrolyte characterization for the individual lithium-ion cell under investigation.

The electrochemical submodel’s parameter identification has been performed using regressions
instead of numeric tables, which are commonly linearized between the grid points, e.g., in
prior studies in the literature [223]. The polynomial regressions used in this work (e.g., for the
cathode OCP, electrode diffusion coefficients, and reaction rates) offer the benefit of a more
accurate extrapolation behavior due to their non-linear nature and less computational demand
as the information is stored in a single analytical equation. This may be beneficial if either fewer
measurement data points are gathered, which has been seen to be resource- and time-intensive,
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or the lithium-ion cell is operated beyond the parameterized supporting points of the model.
Beside the use of simple polynomials of n-th order, a hyperbolic regression has been adopted
for the anode OCP, which provides a high modeling fidelity of the non-linear anode OCP and
maps the modeling-critical stage transitions well, but may lead to downstream computational
issues during deployment as tanh(-) is difficult to solve on automotive hardware. If this issue
arises in specific applications, similar analytical polynomials of n-th order can be employed as a
substitute; however, coming at the expense of fidelity.

In the downstream process, the dynamic cell behavior regressions (diffusion coefficients and
reaction rates) were scaled to fit the thermal dynamic cell behavior at different ambient conditions.
The scaling was performed linearly by multiplying a scaling factor to each regression. The reason
for this lays in the improved performance of the optimization routine, which is accelerated in
terms of computational time with linear correlations. However, the approach triggers an unevenly
scaled parameter set with temperature over SOC, as the scaling factor has different weights on
different absolute values of the respective curve. For example, low diffusion coefficients of the
anode in high SOC neighborhoods may be less stretched with a constant scaling factor than
high diffusion coefficients in low SOC neighborhoods. The linear scaling approach, therefore,
may introduce an unintentional error of non-physical nature. However, it is justified here by the
low computational effort of the optimization problem and a practical application of the overall
approach.

In sum, it can be concluded that knowledge of the electrolyte properties can further improve the
identification of the electrochemical parameters, as this was not considered in this work, but is
considered crucial for the general validity of the model from a retrospective. Beyond, numerical
methods to identify cell parameters based on previously identified electrode parameters pose an
unintended error, which may deteriorate the method’s success if transferred to other use-cases.

3.1.3 Thermal model parameter identification

Beyond the electrical submodel, the thermal submodel likewise relied on experimental meth-
ods incorporating significant uncertainty. The resulting errors may propagate to the results in
downstream deployment of the model and need to be accounted for if thermal parameters are
identified.

The applied method from Section 2.3 resulted in a specific heat capacity C; of 590J/(kgK)
and a thermal resistance R, of 4.26 K/(W) or heat transfer coefficient h, of 0.23 W/(mK). Both
parameters significantly differ from the values from the literature (C; >800J/(kgK) [224, 225]
and R, >30K/(W) [225—-227]). Possible error sources of the method were identified:

« Inaccurate current, voltage, and temperature measurements
Experimentally determined thermal model parameters rely on current, voltage,
and temperature measurements. All sensors are subject to noise, offsets, and
drifts, which may interfere with the identified parameters. In laboratory settings
at the cell level, voltage measurements are relatively accurate (with the setup
discussed for this study, 0.03 %), while current measurements suffer under more
considerable deterioration (with the setup discussed for this study, 0.8 %) due to
the measurement principle at high current rates. Likewise, temperature sensors
differ and drift over time. Moreover, the thermal contact between the lithium-ion
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cell and the temperature sensor may vary due to the manual process of applying a
temperature sensor with thermal compound onto the cell surface.

* Thermal impact of the electrical contact resistance
At high current rates, it was found that poor electrical contact resistance may induce
parasitic heat [219], which can be measured at the cell surface in experimental
laboratory settings. These differences may interfere with the yielded temperature
response of the lithium-ion cell.

« Varying calculation definitions (e.g., heat generation Q)

The heat generation Q during the pulse current excitation is calculated from the
difference between the lithium-ion cell OCV Uy, and the measured terminal
voltage U. The cell OCV Uycy may be inaccurately determined if relaxation times
are too short prior to the experiment. The cell terminal voltage U oscillates in the
charge and discharge sequence with different current excitations, which requires
averaging the heat generation. This can be improved by applying sinusoidal current
excitations in which the heat rate predominantly originates from ohmic losses, as
reported by Steinhardt et al. [225], which allows for direct calculation from the
measurement signals (current, voltage).

* Thermal impact of the low airflow of the convective thermal chamber
The convection of thermal chambers controlling the ambient temperature may
interfere with the experimental setup, i.e., having a cooling effect on the lithium-ion
cell under study. Therefore, the assumption of free convection may not be valid
and lead to different results.

The inaccuracies have been noted to deteriorate the results in this study (551 — 708 J/(kgK)
for Cy, 2.95—4.26 W/K for Ry, [197]). Interestingly, measurements with and without thermal
compound triggered only 1K of temperature difference. Despite the large spread in the results,
all investigated setups did not yield values close to those reported in the literature.

It can be concluded that additional, more accurate determination methods for the thermal
parameters, e.g., calorimetry for the thermal capacity, need to be applied to identify reference
values for the thermal parameter of the specific lithium-ion cell under study and to further
elaborate on the results. The apparent difference in the heat capacity and heat transfer coefficient,
however, may be more relevant to lithium-ion cells with less self-heating capability, e.g., large
format or actively-cooled lithium-ion cells, as the thermal model parameters have been seen
to be less sensitive for anode potential control limits since the lithium-ion cell quickly heats up
to elevated temperatures with less sensitivity on the thermal-dependent electrical properties.
The precision in thermal parameter determination should therefore be stressed if the method is
transferred to other lithium-ion cell types with less self-heating capability.

3.1.4 Degree of model fidelity

This work uses a P2D-based electrochemical model of reduced order, the SPM, to derive a
health-aware fast charging strategy. P2D-based electrochemical models may be more accurate
from a theoretical standpoint due to their incorporation of physical laws. Still, they may lose their
accuracy due to simplification (i.e., downscale from pack to cell level), model-order reduction
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(i.e., downscale of computational complexity with similar modeling objectives) to improve compu-
tational efficiency, and complex parameter identification. All pathways may be critical for practical
applications and will be discussed in the following.

The introduced model simplification by downscaling the multi-model approach of modeling each
individual lithium-ion cell in a battery pack to a single lithium-ion cell model drastically improves
the computational efficiency. Conversely, many critical pack-level effects (as discussed below
in Section 3.1.7) with impact on the model fidelity and accuracy become unobservable. This
approach is justified in this work, as only a single lithium-ion cell has been studied without any
deterioration of system effects on the results. If the method is to be scaled, pack-level effects
need to be considered. This can be done efficiently by identifying the most vulnerable lithium-ion
cells in the system, that is, the lithium-ion cells with the lowest and highest charging capability,
e.g., in cold and hot spots.

Beyond the downscale to a single model, the model-order reduction from a full-scale P2D
electrochemical model to an SPM leads to model fidelity and accuracy losses. The general
principle lies in assuming a constant electrolyte concentration and reaction current across the
thickness of the electrode. Following this assumption, a great compromise is given by likewise
reducing the computational complexity if only one single spherical particle is simulated and
also only a single partial differential equations (PDESs) is solved for each electrode. Following
the computational complexity of solving the PDEs in the electrode particle, the PDEs are
discretized using a finite difference method [194]. Here, a lower resolution of the particle, i.e.,
lesser nodes throughout the particle for which the concentration needs to be calculated, triggers
a lower solution accuracy. Within this work, we benchmarked lower resolutions against the
loss of accuracy compared to a high-fidelity model to account for this issue. A comparison of
the achieved accuracy with a high-fidelity reference simulation and the computational effort,
expressed as floating point operations, is given in Figure 3.1 for different discretizations. However,
the results are specific to the underlying investigation and cannot rigorously be transferred to
other investigations without repeated assessment.
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Figure 3.1: Comparison of the achieved cell voltage accuracy against a high-fidelity reference simulation
(n, = n, = 30) during a 5C charge sequence and the computational effort to yield
the results expressed as required floating point operations [200]. Note that discretization
parameters are varied once at a time for (a) the radial discretization n, of both electrodes
and (b) the axial discretization of both electrodes n__/n?.
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Beyond the model-order reduction, a large set of required parameters remains, which needs to
be identified before any application of the model. As outlined in the preceding sections, some
of the parameters are hard to obtain (e.g., electrolyte parameters) due to their microscale,
and if identified, they suffer from measurement-induced inaccuracies. These adverse factors
were seen to contradict and outweigh the inherited theoretical accuracy of the electrochemical
modeling approach. It is to be questioned, whether first-principle electrochemical models meet
the expectations of their promising high theoretical modeling accuracy if parameters are prone to
large uncertainties, or if other more simplified modeling approaches could lead to similar results
due to their improved parameter identification precision.

Finally, from a practical perspective, no clear superiority of electrochemical models compared
to more simplified approaches (e.g., pPECM or data-based approaches) can be seen for fast
charging control due to its accuracy vulnerability during the required model-order reduction
and laborious parameter identification. Other modeling approaches, such as anode pECM or
characteristic maps based on half-cell measurements, may have an enhanced accuracy due to
their inherited simplicity of identifying the relevant parameters, even though they may have a
more crude theoretical model fidelity. This could be advantageous for practical applications if the
required methods for accurate parameter identification or the laboratory resources for electrode
characterization are lacking. As these methods were not directly compared to each other, a clear
recommendation in favor or against an individual method cannot be made based on this work.

3.1.5 Model updates over the cycle life and current derating

A critical step in the overall approach was taken by identifying and linking common SOH quantities
present in automotive applications to the electrochemical-thermal model within this study, which
enables a health-aware current derating over cycle life by regular model updates to the actual
SOH of the investigated lithium-ion cells. In earlier contributions, the capacity decay SOH. and
resistance rise SOHy were calculated based on the maximum change relative to a 1 C charge
pulse at 20, 50, and 80 % SOC determined during regular check-up intervals in the laboratory.
These were linked to the electrode scaling (cell capacity Q) and SEI resistance increase (SEI
overpotential ngpr). Many study-specific definitions, simplifications, and assumptions were made
within this step, which is critically discussed and highlighted in the sections below.

Both SOH quantities usually vary in their specific definition throughout the field of research. For
example, the capacity decay can be calculated between different voltage bounds (cycling win-
dows), starting from varying initial conditions (charge cut-off current or voltage), and terminating
at different cut-off criteria (discharge cut-off current or voltage). Likewise, the resistance rise
may be identified at different initial conditions (relaxation time period, temperature), in different
directions (discharge or charge) at varying C-rates and time periods, and at varying SOCs.
Variations in these definitions may lead to different results if used in a downstream relative
calculation of the SOH.

Following this approach, a further simplification was made by linking both SOH quantities to
the electrochemical-thermal model. In theory, many other model parameters are subjected to
aging processes and must be regularly updated. For example, capacity decay is known to
originate from a changing electrode balancing, which changes along the individual aging modes
of the cathode and anode over age [228], or the resistance rise is known to originate also from
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changing electrode properties affecting the diffusion and reaction rates of all components [229].
All aspects above have been neglected based on the assumption that the measurements needed
for the parameter update are practically unavailable in typical applications and less relevant,
justifying the more straightforward approach. However, this may further deteriorate the overall
validity of the model over age and, therefore, may impact the accuracy of the model-based fast
charging strategy, which is worth further investigation beyond the underlying study.

3.1.6 Transferability to other materials or formats

One important feature, which has not been assessed in the earlier contributions listed in this
thesis, is the flexibility to easily transfer the method to other lithium-ion cells of different materials
or formats. In general, all three steps could be repeated, if necessary:

+ the cell teardown and electrode characterization (Section 2.2),
» the model parameter identification at electrode and cell level (Section 2.3),
» and the electrochemical model deployment within a control strategy (Section 2.4).

To account for the transferability aspect of the proposed method, both a change in material or
format and their impact on the individual steps of the method are discussed in the following, as
depicted in Figure 3.2.

It has become common practice to vary the active cathode materials to account for performance,
price, or sustainability targets in R&D. Most prominently, LFP has been frequently deployed
due to the absence of cobalt as a rare and expensive raw material for cost-effective vehicle
segments, while NCA or NMC have been used for mid- to high-performance vehicle segments
due to their enhanced specific energy density, as introduced in Section 1.1.2. The most drastic
change may lie in a complete change of the material systems, that is, a change in anode and
cathode material, design, or production process parameters without changing the cell format.
While the singular change in cathode material may only lead to a characterization and model
parameter identification for the cathode-relevant properties, a complete characterization and
model parameter identification must be performed if the anode and cathode material is changed.
In both cases, geometrical properties can be maintained as the cell design or format does not
change.

Regarding the cell format, a global trend is currently seen to increase the size of cylindrical
cells (from 18650 to 4680) as well as prismatic and pouch cells (beyond 70 Ah) to keep the
inactive material share low and improve the energy density of the lithium-ion battery pack. A
larger format, for instance, comes with a change in electrode size, which impacts the capacity
and impedance occupied in the deployed model. The model parameters must adapt to these
changes by, theoretically, adjusting the electrode surface in the electrical submodel if the same
material is used in a carefully crafted model for a smaller cell format. A complete electrode
characterization and parameter identification can be skipped in this case, except for the thermal
submodel parameters (e.g., specific heat capacity and heat transfer), which are highly dependent
on the cell format.

Ultimately, a proof-of-concept for a transfer of the method to other graphite-based lithium-ion
cells has been out of scope, so reliable conclusions cannot be drawn at this point. Investigation
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Figure 3.2: Transferability of the developed method within this work. Impact of a change in electrode
material or cell format on the individual steps taken to determine the health-aware fast
charging control strategy within this work.

of the method’s transfer capability to other materials or formats following the arguments in this
discussion is, however, necessary to evaluate the limitations of the presented method.

3.1.7 Additional effects during the upscale to pack level

Similar to the limitations arising with model simplification and generalization from electrode
particle to cell level, similar restrictions occur if scaled to pack level. In Section 2.4, the derived
model has been scaled to 12s2p level. It is apparent, however, that despite the proposed simple
model extension with ECR, a lumped scaling to a multitude of lithium-ion cells leads to further
inhomogeneity in the modeled system due to the presence of

* inhomogenous balancing currents between parallel-connected lithium-ion cells,
» disbalance due to delayed balancing of serial-connected lithium-ion cells,
+ thermal cell-to-cell interactions, or
« thermal management cooling gradients throughout the pack,
which will be even more dominant if the model is scaled to larger architectures.

Prior studies observed diminishing effects while scaling cell level results to the pack level.
Tanim et al. [230] observed a significantly faster capacity fade at the pack level compared to
cell-level tests, which has been traced back to cell-to-cell interactions using ICA. Yang et al. [231]
proposed an anode potential control for six individual lithium-ion cells connected in parallel with a
symmetrical busbar tab orientation. They showed that the lithium-ion cell closest to the busbars
suffered under the highest charging current due to current distribution. They also highlighted the
necessity to manifest a system perspective in designing anode potential control algorithms at the
pack level. Symmetrical busbar tab orientation is, however, rarely found in automotive practice
due to packaging reasons in constaint volumina. Thermal cell-to-cell effects may, therefore, be
more critical since the temperature is, in general, not controlled at each individual lithium-ion cell
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in automotive practice, thermal gradients may evolve rapidly in a non-homogeneously cooled
lithium-ion battery pack due to the rapid heat-up during a fast-charging event, and waste heat
may be more challenging to remove from the overall system, as observed by Sieg et al. [189]
with a 96s1p pack architecture.

To sum up, the upscale to pack level inherits several uncertainties beyond the considered one in
this work, which must be accounted for if model-based health-aware fast charging strategies are
to be applied at the pack level. Investigations at this scale are time- and resource-intensive but
imperative to ensure a good cycle life and safety during frequent fast charging.

3.2 Projection to battery electric vehicle applications

One of the most important aspects in engineering science is the relevance of developed
approaches to real-world environments. Limitations which arose in the preceding sections are
discussed in the context of BEV applications in the following section.

3.2.1 Impact of current derating on the charging time

During the proposed health-aware fast charging control strategy, the current is constantly reduced
with aging according to the predicted physical limits of the lithium-ion cell. This leads to two
opposite effects on the charging time. On the one hand, the decreasing capacity shortens the
fast charge time because less capacity or energy needs to be charged between similar SOC
limits. On the other hand, increasing SEI resistance leads to an earlier reach of anode potential
limits during CA control and increases the charge time. Capacity and resistance do not age
proportionally [185], so this effect can lengthen, shorten or even cancel out over the lifetime.

To discuss the impact of derating on the fast charging time for different cycling conditions,
the lithium-ion cell model parameterized in earlier work (Section 2.3) is used to show the
impact of different aging stages under conventional cycling on the fast charging time. Therefore,
theoretical aging scenarios must be defined as lithium-ion cells are always subject to individual
aging processes depending on their material, format, and use. As such, different aging trends
reported in aging studies with close-to-real-world cycling conditions (dynamic discharge, large
DOD) are chosen, and their resistance rise is assumed to originate entirely from the anode
and is aligned to the capacity decay to yield a generalized aging behavior. As discussed earlier
(Section 3.1.5), this may not be true in practice, as various aging mechanisms are known to
occur synchronously. Still, it is a justified worst-case assumption since a more precise splitting
of the individual aging mechanisms is hard to obtain in practice.

In a previous study of the author, an automotive-grade pouch C/NMC 78 Ah lithium-ion cell (LGX
E78) from a Volkswagen ID.3 15t edition was discharged with a real-world highway cycle and
charged with a 100 kW-peak fast charging sequence downscaled to cell level between 100 % and
28 % SOC and 20 °C ambient temperature. Using this experiment relatively close to automotive
operating conditions, polynomial regressions are employed to correlate the capacity fade with
the resistance rise, formally SOHy = f (SOH(). The aging correlation regression then follows

SOHg = 4.678 - SOHZ —9.578 - SOH + 5.913 (3.1)
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Figure 3.3: Charging time increase until 80 % SOC with a CCCA fast charging strategy if fast charging
events are derated based on the capacity decay and resistance rise. Charging time increases
at (a) 20 °C temperature with different initial SOCs and (b) starting from 10 % initial SOC with
different initial temperatures. Capacity decay and resistance rise is captured in regressions
generalized from a reported aging trend in the literature, as stated in Equation 3.1. Any
aging impact of the fast charging events is neglected.

with a goodness of fit of R% = 89.2% and is used for model parameter adjustments following the
current derating principle proposed in Section 2.4.

If the model is now parameterized with the defined aging scenario by updating the SOH according
to the regressions stated earlier and CA fast charging is taking place, the charging time differs
from the initial fast charge with a pristine lithium-ion cell with progressing age. Figure 3.3 shows
the relative change of this simulation study. Even though capacity continuously fades, resistance
rises and dominates the current derating. Figure 3.3(a) shows the relative change in time to
the initial fast charge if the initial SOC is varied and the temperature is kept at 20 °C. Here, the
resistance rise leads to a predominant increase in charging time at low initial SOCs because the
inflection point for CA control is reached earlier, resulting in a less self-heating rate of the cell,
and leads to a more significant impact on the charging time than at higher initial SOCs. A similar
mechanism can be seen in Figure 3.3(b), which shows the relative change in time to the initial
fast charge if the initial temperature is varied at an initial SOC of 10 %. Lower temperatures profit
from the raised resistance due to an elevated self-heating rate.

In conclusion, the theoretical model showcases how a rising anode resistance limits the fast
charging capability over the lifetime of the lithium-ion battery pack and electric vehicle. Even
though a capacity decay shortens the charging time, the resistance increase leads to a prolonged
fast charging time over age. If this scenario is projected in the simplest way to a mass-series elec-
tric vehicle, for example, a Volkswagen ID.3 15! edition with a fast charging time of 33 min [232)],
this would result in an increase in the charging time of up to 32 % until the manufacturer warranty
is reached at a remaining capacity of 70 %. To this end, to mitigate the risk of lithium plating and,
consequently, nonlinear aging in a later stage of life, fast charging requires an active current
derating by a health-aware fast charging strategy at the cost of additional charging time.
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3.2.2 Physical limitations due to predefined initial conditions

Even though advanced fast charging control depicts a promising lever to shorten the charging
time while remaining within a safe operating window during operation, the physical limits of
lithium-ion cells cannot be overcome. Particularly during fast charging at low initial temperatures,
which is expected to become more relevant in the future [143], lithium-ion cell kinetics is inhibited,
leading to high overpotentials ultimately followed by large temperature spreads and a higher
risk of lithium deposition. Besides low temperatures, a mid-level starting SOC drastically inhibits
the fast charging capability as the lithium-ion cell is not capable of self-heating fast enough due
to the reduced charging current capability with rising SOC. Both effects and their impact on
charging time are quantified in Figure 3.4 for the lithium-ion cell investigated within this work.
Model-based control algorithms for current control cannot overcome these physical barriers.

Prior work has shown that preheating the lithium-ion battery pack prior to a fast charging
event can significantly shorten the charging time of a Tesla Model 3 (LFP version) compared
to an arbitrary fast charging stop without any preconditioning [232]. This is usually done in
the automotive industry by raising the coolant circuit temperature with waste heat from other
powertrain components and, therefore, relying on a sufficiently large time frame before any fast
charging due to the thermal inertia (large thermal capacity) of the thermal management system.
For the Tesla Model 3 (LFP version), preheating starts at approximately 60 min before the fast
charging event, and the targeted temperature of 40 °C is reached after about 30 min [232]. The
raised temperature then leads to accelerated calendar aging, which is accepted and traded with
the benefit of improved fast charging speed. Unfortunately, preheating by a thermal management
system is only possible once the user has manually entered a fast charging event, which is
usually performed on long-distance trips, but rarely accomplished in short- to mid-distance trips
in, e.g., urban environments.

Many studies have already investigated different techniques to increase the speed of preheating
a lithium-ion battery pack before a fast-charging event. While experimental studies with lithium-
ion cells modified with a Ni-heating foil embedded into the cell showed extraordinary cycle life
with fast charging times under 10 min [27-29], techniques without the need for cell modifications
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Figure 3.4: Charging time increase until 80 % SOC with a CCCA fast charging strategy due to variations
in initial temperature and SOC at (a) —10 °C initial temperature and (b) 50 % starting SOC
relative to the shortest respective charging time [233].
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have been proposed. Here, internal heating techniques have been proposed using the thermal
losses of applied current pulse [234], but also alternating current techniques generated by an
external power device [235]. A recent numerical study reviewed the time-saving potential of
different preheating methods in the literature, showing that a time-saving potential between
20 % to 72 % with heat rates of 3 K/min to 60 K/min, respectively, compared to anode potential-
controlled fast charging without any preheating in the extreme scenario of 50 % SOC and —10°C
initial lithium-ion cell temperature [233]. The time-saving potential of advanced preheating is high.
It may become more critical with the broader use of BEVs in harsher use-case environments,
rendering additional measures to a positive cost-benefit ratio.

Consequently, the presented model-based fast charging strategy controlling the current during a
fast charging event should always be complemented with fast preheating control strategies to
raise the temperature to an optimum and further reduce the charging time if sluggish lithium-
ion cell kinetics restrict the charging time. As many situations require a fast preheating of the
lithium-ion battery pack, preheating should be further advanced with more powerful devices and
combined with fast charging stop prediction and scheduling algorithms based on the predicted
charging behavior of the individual user.
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This work proposed a framework to empower coupled electrochemical-thermal models to control
the fast charging current at the edge of the physical limitations of lithium-ion cells. The required
steps from a lithium-ion cell with unknown properties to a fast charging current control strategy
operating in real-time depending on the three most relevant states, i.e., SOC, temperature, and
SOH of the lithium-ion cell have been presented.

4.1 Key findings and conclusions

Following the results of this work, key conclusions can be drawn from the initially identified
problems and research objectives in Section 1.5. Answers to the posed questions are given in
the following.

@ What are the remaining challenges in fast charging control?

To answer this question, a novel clustering of existing methods of the state of the art was
applied, and the various studies were categorized into heuristic and model-based approaches.
Whilst the first is more straight-forward but requires vast resources (i.e., aging experiments to
assess the effectiveness of the best fast charging strategy) due to their exhaustive nature, the
latter provides a more flexible and sustainable approach as these methods inherit the physical
relations of lithium-ion cells and are, therefore, transferable to different lithium-ion cell types and
formats. With this, electrochemical models offer the largest potential and depth of detail but also
the largest complexity. The identified key challenges for this particular field were identified to
improve the precision of these models incorporating the physical limits of the lithium-ion cell (e.g.,
lithium plating) and accurately projecting these limits to the application level to allow for current
control by the BMS. This includes trading off the required fidelity of the model with the required
accuracy for fast charging current control. These models must be able to run robustly in real-
world environments and need to be experimentally validated with proof-of-concept studies, which
is seen to be rarely realized in scientific practice. A major barrier still is the need for applicable
model parameter identification techniques. While model-based fast charging strategies are often
used to prevent the occurrence of lithium plating depending on the cell’s SOC and temperature,
studies incorporating the SOH are rarely found in the literature.

143



4 Conclusions, recommendations, and future work

@ How can commercial lithium-ion cells be characterized to identify essential parameters for
electrochemical modeling?

A step-by-step procedure has been proposed to tear down commercial lithium-ion cells and
gather the most important measurements to determine the individual electrode behavior for
electrochemical modeling, i.e., separating the anode from the cathode behavior. The electrode-
individual properties for electrochemical modeling can be identified with the individual electrode
layers at hand. Beyond constant properties, half cells have been built to gather descriptive
measurements for downstream parameter identification of dynamic parameters affected by the
conditions of the lithium-ion cell. The results pave the way for accurate parameter identification
of electrochemical models without electrode ambiguities deteriorating the validity of the crafted
model.

@ How can electrochemical models be systematically parameterized for fast charging control?

To conclusively answer this question, this work proposed a new approach to systematically
identifying the parameters relevant for electrochemical models of reduced order, i.e., a single
particle model (SPM). The uniqueness of this approach lies in the efficient balancing of the
empirically identified parameters at electrode level and the numerically identified parameters at
the cell level, thus trading off the need for resource-intensive and precise laboratory techniques
with more vague but practical optimization problems while maintaining sufficient accuracy
of the developed model. The step-wise parameter identification approach carefully excludes
interdependencies of the individual parameters, e.g., by using isothermal environments to
exclude thermal effects. In a broad validation campaign up to 6C, between —10°C and 50°C
ambient temperature, and up to 12s2p module architecture, the accuracy has been proven,
e.g., by showing a root mean square error (RMSE) less than 29 mV at 20°C. At the same
time, remaining inaccuracies have been revealed, e.g., due to the difficult quantification of the
diffusion of discharged cells (low SOC range) and inaccurate electrolyte and thermal parameter
set (subzero temperature). Finally, a health-aware fast charging strategy has been proposed,
mapping the capacity drop and resistance rise to the model-based fast charging control strategy
over cycle life.

@ How to deploy electrochemical models for health-aware fast charging control and which
aging mechanism do occur?

The crafted electrochemical model of reduced order has been transferred to a laboratory
environment by performing extensive aging tests. Prior to deployment, the model was discretized
to balance the accuracy with the computational effort optimally. The individual error terms were
identified and considered to determine a defensive anode potential limit, defined as anode
potential reserve. As conventional cycling equipment in scientific laboratory environments does
not allow dynamic charging currents, a CAN-based communication between the commonly
used cycling equipment and a microcontroller unit has been developed and published as
open source [218], referred to as model deployment framework. Intensive cycle life tests and
comparisons between CC and CA charging were performed, highlighting that model-based
health-aware fast charging strategies can prolong the cycle life, especially at low ambient
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temperatures. Post-mortem analysis of the electrode indicated the occurrence of ceramic coating
remnants onto the graphite anode surface, which prevented a clear visual lithium plating evidence
via SEM. However, indirect detection methods by capacity and resistance tracking indicated the
onset of non-linear aging for the affected cells. In conclusion, aging mechanisms during frequent
fast charging can lead to the onset of nonlinear aging if conventional charging principles are
deployed. In contrast, model-based health-aware fast charging algorithms regularly updated
with the SOH enable a prolonged cycle life due to the mitigation of non-linear aging due to the
adaptive current to the SOC, temperature, and SOH.

@ How do electrical contacts in lithium-ion battery packs influence lithium-ion cell performance
during fast charging?

As one crucial but often disregarded pack-level effect, the impact of ECR on lithium-ion cell
performance has been identified and studied under large charging currents up to 5C in laboratory
and real-world setups. Besides studies investigating the impact of ECR on the homogeneity at the
pack level, this work assessed the thermal impact of losses occurring in the cell to busbar contact.
It was shown that laboratory setups with reversible cell contacts suffer under approximately
ten-fold larger ECRs than real-world laser-welded contacts. This significant difference has been
experimentally investigated. Large peak temperature variations of approximately 10K could be
observed, tracked down to significant cell tab temperature variations due to the parasitic thermal
impact of high ECRs. The results were correlated to an entirely different thermal behavior of
the lithium-ion cells cycled in laboratory setups compared to the lithium-ion cells cycled with
laser-welded joints. This may lead to an overestimation of the cycle life under repetitive high
charging currents, as in fast charging studies, and the underestimation of the occurrence of
lithium plating at elevated ambient temperatures due to slower self-heating of the lithium-ion
cells during a fast charging event.

4.2 Recommendations for industrial applications

Scientific research is usually carried out to provide the first steps into new fields, including
the inherited risks of the involved open-ended ideas. This often comes at the expense of the
recognition that these ideas cannot be directly implemented in commercial applications. Even
though the goal was to pave the way for enhanced technological readiness of the proposed
solution, the developed solution is not plug-and-play applicable to commercial products and
needs to be tailored to the individual application.

Despite the intensive effort to achieve a more precise replica of the lithium-ion cell under study
by the proposed systematic and hybrid (experimental and numerical) parameter identification
procedure building upon recent studies in the field, this work revealed once more the difficulties in
the parameter identification of electrochemical models. If the method is intended to be transferred
to practical applications, the precision of the model parameters found with the proposed method
needs additional cross-validation with other methods to avoid using wrongly set parameters and
ensure safe, fast charging control. This is especially the case if the method is applied to other
lithium-ion cells of different form and material, which has not been investigated in this work. From
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the author’s point of view, the use of electrochemical models is still far away from real-world
BMS applications due to its inherited inaccuracy of parameter identification.

Precise control of the fast charging current also requires accurate knowledge of the remaining
battery states, e.g., the SOC, which has been out of scope within this work. To unfold the overall
potential of model-based fast charging control, the presented algorithm must be embedded in a
multi-scale functional environment, including the precise estimation of all upstream lithium-ion
cell states and system interdependencies [58], which should be tested comprehensively to hedge
against error propagation and critical situations during fast charging control.

The practical implementation of the model used in this study showed that the computational effort
could be controlled without any severe drawbacks in a real-time environment, however, running
in an artificial laboratory environment. Resources for computational-intensive tasks are sparse
in automotive environments, which usually raises the argument that advanced algorithms based
on such models may be impractical in commercial applications. With the upraise of centralized
electronic control devices in the automotive field [236], which are capable of processing a
large amount of data to handle the complexity of autonomous driving functions, this may be
manageable in the future, as many autonomous driving functions are not relevant during a
fast charging event. Additionally, cloud-based allocation of the required resources could enable
advanced fast charging algorithms with increasing calculation effort, as already pursued for
other resource-intensive estimation tasks [237]. Moreover, if all attempts fail to yield a numerical
solution, a defensive current control based on implemented static current maps should be used
as a fallback solution.

Beyond any further use of the framework, the developed method needs additional validation
with more redundant and distinctive lithium-ion cells (form and material) under test, in-depth
post-mortem investigation and comparison of the cycled lithium-ion cells at various aging stages.

4.3 Peek into future work

Even though model-based fast charging control strategies can improve the fast-charging capa-
bility of commercial lithium-ion cells due to their health awareness, many hurdles still require
additional research activities in various fields. Following the results and discussion of this work,
recommendations for future work are seen in the following topics.

» Improvement of the methods to accurately determine dynamic electrochemical
model parameters (e.g., electrolyte properties, diffusion and reaction kinetics,
thermal behavior) to extend the accuracy over a wide operational range, especially
at low ambient temperatures.

» Transfer of the proposed systematic parameter identification approach to other
lithium-ion cell formats and cathode materials to verify the general validity of the
approach.

* Inclusion of additional aging-inducing phenomena and their effects (e.g., me-
chanical expansion and particle cracking, electrolyte depletion) to the model and
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implementation of additional current control limits to the fast charging control
framework.

» Design of model-based preheating strategies to bridge the gap between inhibited
charging and self-heating capability of lithium-ion cells at low temperatures. These
strategies should take into account the properties of the thermal management
system to optimize the operation strategy of the vehicle prior to a fast charging
event.

» Application of the model-based health-aware fast charging control strategy at the
battery pack level to explore the as yet unknown effects of multiple connected
lithium-ion cells in series and parallel and the thermal management system cooling
flux on the aging under frequent fast charging.

Apart from the remaining challenges in optimizing the method and practical implementation, fast
charging will always be limited by the physical limits of lithium-ion cells. It must be questioned
whether simply increasing the range of BEVs by increasing the energy density of lithium-ion
battery packs will lead to the optimal solution for the next-generation mobility, or whether power
density will have to take precedence as additional range will be less important at a certain point
than charging speed.
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