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Kurzfassung

Fortschritte in der Lithium-Ionen-Batterietechnik erschlieffen neue Anwendungsfelder. Heute
liefern sie die Energie fiir Autos, Schiffe, Ziige und dienen dem Energieversorgungsnetz als
Pufferspeicher. Fiir diese Anwendungen sind hunderte bis tausende Zellen nétig, die parallel
und seriell verschaltet sind. Der Strom in den Parallelschaltungen teilt sich in Abhangigkeit
der System- und Zellparameter auf. Diese Aufteilung ist nur homogen, wenn alle Parameter
exakt gleich sind, was in der Realitét nie der Fall ist. Die folglich in der Praxis asymmetrische
Stromaufteilung kann zu einer asymmetrischen Alterung oder zu einer sicherheitskritischen
Uberlastung einzelner Zellen fiihren.

Diese Studie analysiert die Stromaufteilung in Parallelschaltungen aufgrund zellinterner Ein-
flussfaktoren simulativ und messtechnisch. Ein Zustandsraummodell, basierend auf einem
Ersatzschaltbild berechnet die Stromaufteilung. Das Modell ist mit Parametern von finf ver-
schiedenen Typen von kommerziell erhaltlichen Rundzellen unterschiedlicher Zellchemie be-
datet. Es simuliert Zellspannungen und berechnet daraus die Stromaufteilung. Beides ist an-
hand von Messdaten validiert. Zusatzlich liefert ein Messaufbau Zellstrommesswerte von
zwei parallel verschalteten und einzeln temperierten Batteriezellen. Der Aufbau minimiert
Einfliisse der Messtechnik auf die Stromverteilung. Anhand von weiteren Messungen der
Stromaufteilung an einem Batteriespeicher mit 1440 Zellen konnte gezeigt werden, dass eine

Skalierung der Messergebenisse von Zell- auf Systemebene moglich ist.

Eine asymmetrische Stromaufteilung wird durch Spannungsunterschiede in den Zellen er-
zeugt. Fiir die Zellspannung ist die Gleichgewichtsspannung und der Spannungsabfall an der
Impedanz der Zelle verantwortlich. Zudem nehmen die Hysterese der Gleichgewichtsspan-
nung und die Entropie Einfluss auf die Klemmenspannung der Zelle. Es zeigt sich, dass Tem-
peraturdifferenzen zwischen den Zellen und damit verursachte Impedanzunterschiede zu den
wichtigsten Einflussfaktoren auf die Stromverteilung gehoren. Die Temperaturabhangigkeit
der Zellimpedanz ist somit eine entscheidende Grofie, die iiber die Stromaufteilung entschei-
det. An Zellen mit flacher Ruhespannungskennlinie konnen Hysterese und Entropie zu Lade-
zustandsunterschieden im zweistelligen Prozentbereich fiihren.

Eine messtechnische Analyse mit einem realitdtsnahen Lastprofil identifiziert kritische Be-
triebszustande. Vor allem bei Stromspriingen kommt es zu einer stark asymmetrischen Strom-
aufteilung. Auch der absolute Ladungsumsatz steigt durch Ausgleichsstrome abhéangig vom
Lastprofil bis zu 14 %. Weiterhin beeinflusst die Nichtlinearitdt der Ruhespannung die Strom-
aufteilung. Beim Ladevorgang zweier parallel geschalteter Zellen mit flacher Ruhespannungs-
kennlinie, die unterschiedlich temperiert sind, {ibernimmt die kaltere Zelle am Ende des La-
devorgangs den grofiten Anteil des Gesamtstroms. Ein Alterungsexperiment beweist, dass
diese Stromiiberh6hung zu beschleunigter Alterung durch Lithium Plating fiihrt. Um negative
Auswirkungen durch die asymmetrische Stromaufteilung zu verhindern, kann auf der Zell
und Systemebene auf Homogenitat der Parameter geachtet werden. Kritische Situationen, wie



die Effekte einer nichtlinearen Ruhespannungskennlinie, konnen mittels Steuerung des Last-
profils abgefangen werden. Die Ergebnisse dieser Arbeit dienen der Entwicklung von intelli-
genten und zellschonenden Schnellladestrategien.
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Abstract

Progress in lithium-ion technology has opened new fields for its application. Today, lithium-
ion battery cells power cars, ships, and trains as well as support the grid as buffer storage. For
these applications, hundreds to thousands of cells in parallel and series connection are neces-
sary. The load in parallel connections is split depending on the parameters of the system and
cells. A symmetric distribution only occurs when all values are identical, which is never the
case in reality. Asymmetry can lead to inhomogeneous ageing or generate safety issues caused
by cell overload.

This study investigated the current distribution in parallel connections caused by internal cell
parameters by means of simulation and measurement. A state-space model based on an elec-
trical equivalent circuit was used to calculate the current distribution. The model was para-
metrised with data from five types of commercial cells of different cell chemistry. The model
simulated the cell voltages and calculated the current distribution; both results were validated
with measured data individually. Furthermore, a measuring setup was used to acquire the cell
currents of a parallel connection of two individually tempered cells. The design of the test
bench minimised the influences of the shunts on the distribution and prevented back cou-
plings. Additional measurements of a large storage of 1440 cells confirmed the scalability of
the results in terms of current distribution.

Asymmetric current comes from voltage differences in the cells. Cell voltage consists of the
equilibrium voltage and the voltage drop at the internal impedance. Furthermore, the hyste-
resis of the equilibrium voltage and entropy influence the potential. Temperature differ-
ences—and with them impedance differences —are some of the most crucial drivers of asym-
metric current distribution. The temperature dependence of the impedance of cells plays a
vital role in the current distribution. In cells with flat open-circuit voltage, hysteresis and en-
tropy can lead to differences in the state of charge in a double-digit percentage range.

Finally, measurements were made to analyse critical states using a realistic load profile. Strong
asymmetry appeared especially at steps of the total current. Furthermore, the total charge
throughput increased. A simple constant current discharge followed by a relaxation phase led
to a 14 % increase because of equalisation currents after the load phase. Moreover, the nonlin-
earity of the open-circuit voltage influenced the current distribution. At the end of the charging
process of two parallel-connected cells with a temperature difference, the cold cell took the
major part of the current. This led to accelerated ageing caused by lithium plating. An ageing
experiment was used to confirm this hypothesis. To prevent asymmetric current distribution,
it is a good idea to consider homogeneity in the system and cell design. Critical effects such as
those of nonlinear open-circuit voltages can be eliminated by controlling the load profile.
Therefore, the results of this work can help to develop intelligent and gentle fast charging
strategies for lithium-ion batteries.
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1 Introduction

Lithium-ion technology had its breakthrough in consumer electronic devices and information
technology [1]. The first commercial application of lithium-ion battery cells was the Sony
CCD-TR1 8 mm camcorder in 1991 [1]. The developer used a series connection of two cells
with a capacity of 1.2 Ah each [2]. To date, most smartphones and consumer electronic devices
employ a single-digit number of cells for power. Power tools have a higher power and energy
requirement [3]; therefore, more battery cells are connected. Normally these devices require a
single- to double-digit number of cells to power them.

With the transformation toward a low-carbon future, the demand for large energy storage
systems grows [4, 5]. In the automotive sector, hybrid electric vehicles (HEVs), plug-in HEVs
(PHEVSs), and battery electric vehicles (BEVs) powered with lithium-ion batteries have up to
several thousands of cells [6]. In other applications such as buses, trucks, and ferries, the en-

ergy and power demands are even higher.

In the field of stationary storage systems, a new market has grown within the last years. Lith-
ium-ion storage systems appear in different sizes. Home energy storage systems collect energy
from photovoltaic (PV) panels during the day and power homes at night. Community storage
systems such as Energy Neighbor can buffer the power peak of the power grid [7]. This battery
storage system consists of almost 20,000 cylindrical lithium-ion cells [7]. Storage plants such
as the 129 MWh battery storage system built by Tesla Inc. in Australia are even larger. Sup-
posing they use 60 Ah cells with a nominal voltage of 3.65 V, then more than 0.5 million cells
would be necessary to reach the storage capacity [8].

1.1 Motivation

The abovementioned examples demonstrate that the number of cells in lithium-ion battery
storage systems is increasing. Figure 1.1 illustrates this increase with the help of different ap-
plications over time.

In addition, the size of cells has grown. The first commercial Sony cells in the CCD-TR1 8 mm
camcorder from 1991 had a capacity of 1.2 Ah [2]. In 2018, several cell producers offer cells
with a capacity larger than 50 Ah. Today, it is unclear whether it is better to use small or big
cells to build large storage systems [13]. Tesla, for example, employs small cylindrical cells in
18650 or 21700 formats [14]. Most other automotive original equipment manufacturers (OEMs)
use pouch or prismatic cells with capacities exceeding 20 Ah. Regardless, the number of cells
in battery systems has grown much more than the capacity of single cells. This is why the
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connection of battery cells is essential for providing power for applications such as cars and
grid storage systems.
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Figure 1.1: =~ Number of cells in different applications on a logarithmic scale (data from [1,

8-12])

To fulfil the needs of energy and power, battery cells can be connected in series, in parallel, or
in a combination of series and parallel connections. It is common to use an acronym for series
and parallel connections. For example, 5s3p describes a battery system with five cells con-
nected in series and three cells connected in parallel. This system consists of 5 - 3 = 15 cells.
A purely series connection of five cells is denoted by 5s and a purely parallel connection of
three cells is denoted by 3p. Series connections increase the voltage of a system. The total volt-
age Uy of s cells connected in series can be calculated by the sum of all cell voltages U;. When
the cell capacities are similar C; = C, = --- = (g, the total capacity C;,; remains unchanged and
is similar to the cell capacities C;, C; ... C;. All cells have similar currents of the total current
I+o¢ and the cell currents I, I, ... I:

Utor = Xi=1 Ui (11)
Ioe =L =1, = =1 (1.2)
Cror =C1 =Cy = =Cs (1.3)

A higher system voltage leads to a higher power at a constant current. A series connection of
battery cells keeps the current low but increases the voltage.

By contrast, a parallel connection of battery cells is used to increase the total capacity Cyy¢ in
case of similar cell parameters. The following equations apply to parallel connections:

Utor =Uy = Uy = =Up (1.4)
Iiot = X1, I; (1.5)
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Cror = 2o, C;  (at symmetric usage) (1.6)

Power electronics are limited at certain voltage limits [15]. A higher voltage means higher costs
of the power electronics and a larger effort on isolation [16]. This is a particularly strong limi-
tation in automotive and consumer products. In automotive applications, higher voltages also
increase the need for electrical isolation in the electric machines. This reduces the efficiency of
such machines because the space for the isolation material reduces the slot fill factor in the
motor [17]. Because of this limitation, parallel connections are often combined with series con-
nections.

The 2017 BMW i3 model uses no parallel connections at all. Its battery system consists of 96
cells connected in series, each with a capacity of 94 Ah [18]. Nissan’s Leaf features two parallel
cells [19]. In the automotive field, Tesla uses the largest number of cells connected in parallel;
its Model S uses up to 86 parallel cells. In the field of stationary storage, many manufacturers
build systems with a large number of small cells connected in parallel.

A parallel connection of battery cells is related to a current divider. The impedance in the
branches influences the current distribution. During the design phase of a battery system, the
current distribution in a parallel connection can be estimated homogenously as a first approx-
imation, because normally the cells are of the same type and age. In this ideal case, all cells
charge and discharge with similar currents. To reach such a homogeneous current distribu-
tion, not only must the impedances of all parallel-connected cells be the same but also all im-
pedances of the electrical wiring and junctions. This is not the case in real-world battery sys-
tems. Rumpf et al. analysed the cell-to-cell variation of brand-new lithium-ion battery cells
and measured coefficients of variation of approximately 0.3 % in capacity and 1.3 % in imped-
ance [20]. Furthermore, it is obvious that different cable lengths with similar wire cross-sec-
tions that connect cells have different resistances.

In the field of batteries, degradation associated with worsening cell parameters is a critical
problem [21]. This means that the ageing of batteries will also influence current distribution.
Baumhofer et al. showed that the spread of cell parameters becomes larger with the service
life of batteries [22]. This allows the assumption that inhomogeneity in terms of current distri-
bution will worsen during the lifetime of a battery. However, the impedance parameters of
battery cells do not only depend on ageing but also on temperature and the state of charge
(S0C) [23].

Furthermore, comparing a parallel connection of batteries with a current divider is not entirely
convenient. A battery includes a voltage source, which also depends on other parameters such
as SoC and temperature [23]. Its voltage is also influenced by the history of usage. Researchers
such as Dreyer et al. have analysed the hysteresis behaviour of lithium-ion battery cells [24].

According to this number of influencing factors, a homogenous current distribution in paral-
lel-connected battery cells is unlikely. In relevant literature, studies have shown asymmetric
current distributions, such as Brand et al. [25] and Bruen et al. [19]. A systematic investigation
of the drivers of current distribution is still missing. Because charge throughput, current
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height, and temperature can increase ageing [26] or lead to unsafe situations [27], the harmful
impact of asymmetric current distribution and its countermeasures are also critical.

1.2 Research questions and limitations

The aim of this thesis is to analyse current distribution, including its drivers and impacts. The
following research questions (RQs)) are answered:

+ RQ 1: What are the influencing factors of current distribution in parallel-connected
lithium-ion battery cells?

+ RQ 2: What are the impacts of asymmetric current distribution and how do they lead
to unsafe situations or accelerated ageing?

+ RQ 3: Which countermeasures can prevent these effects?

The measurements and simulations for this thesis were performed on commercial cylindrical
lithium-ion battery cells in the 18650 and 26650 formats. The cells differed in their cathode
material: two cells had lithium nickel cobalt manganese oxide (NMC, LiNiCoMnO,), two had
lithium nickel cobalt aluminium oxide (NCA, LiNiCoAlO;), and one had lithium iron phos-
phate (LFP, LiFeO,) cathode materials. Two were designed as high power (HP), one as high
energy (HE), and two as an intermediate type. This work focused on the influencing factors
coming from the cell and not on those coming from the system design. The results can help to
build better battery systems consisting of cells connected in parallel. The cells were only used
within their specifications from the datasheets.

1.3 Structure of this thesis

This work addresses effects that have not yet been analysed. It shows the effects of parameter
differences on linear and time-dependent impedances. The parameter variations were based
on real-world effects. Parameter differences came from cell to cell variations of new cells ana-
lysed by Rumpf et al. [20]. Furthermore, other influences on the impedance such as the state
of health (SoH), SoC, and temperature were investigated. Furthermore, the effects of open-
circuit voltage (OCV) nonlinearities are not well known today. Simulations with defined
changes in the OCV slope based on a hyperbolic Tangent function were performed and are
discussed in this work. Because the OCV slope affects the current distribution, a simulation
with a nonlinear OCV was performed. Another focus were the effects of hysteresis and entropy
on current distribution. A variation of HP and HE cell dimensioning with a certain parameter
difference was analysed. The rate of equalisation depends on the cell parameters of impedance
and capacity [25]. This means that HP and HE cells are influenced differently by parameter
variations [28].

The study conducted for this thesis analysed and compared the influencing factors of current
distribution in parallel battery cells theoretically and through measurements. Figure 1.2 pre-
sents the structure of this thesis. Chapter 1 provides an introduction and clarifies the motiva-
tion behind the analyses. Chapter 2 presents the fundamentals, starting with the basics of lith-
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ium-ion cells before continuing to discuss the modelling of batteries and the parameters nec-
essary for the simulations. Furthermore, the chapter presents a discussion of literature that has
focused on the calculation or measurement of current distribution in parallel-connected bat-
teries, particularly those in battery cells. In the last part of the chapter, the analytical calculation
approach is detailed.

1. Introduction

7. Conclusion and outlook

Figure 1.2:  Structure of this thesis

Chapters 3 and 4 are concerned with the methods used to analyse an asymmetric current dis-
tribution. Chapter 3 focuses on modelling, including the structure of the model. Furthermore,
the chapter presents and discusses the methods used to generate the model parameters. At the
end of Chapter 3, the results of the simulations are verified with measured data. Chapter 4
explains the required measurement technique that acquires the cell current without influenc-
ing the current distribution. Furthermore, it describes an ageing experiment that analysed the
risk of lithium plating in parallel connections.

In Chapter 5, these instruments are used to perform a detailed analysis of the drivers of asym-
metric current distribution. An overview of the possible influence gives access to variation
options. Subsequently, overvoltage, entropy, hysteresis, and SoC are discussed separately.

Chapter 6 focuses on the impact of asymmetric current distribution, which can harm batteries
or lead to unsafe situations. Therefore, measured data that represent the typical operation of
battery systems are analysed. A temperature difference of 15 °C gives the necessary asym-
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metry. Moreover, discrepancies between different electrode chemistries are analysed. The re-
sults of the ageing experiment confirm the risk of accelerated ageing in parallel connections.
Finally, countermeasures are given to prevent plating and other risks through system design
or operation strategy. Chapter 7 concludes with all the results and presents an outlook on the
application relevance and further research requirements.



2 Fundamentals of the current distribution

This chapter gives an overview of the state of the art in lithium-ion battery cells as well as their
modelling. These are the basics for the analysis of current distribution. Furthermore, ageing
influences and is influenced by current asymmetry. Therefore, ageing fundamentals are ex-
plained in this chapter. The statements focus on the knowledge on current distribution in the
relevant literature.

2.1 Structure of lithium-ion battery cells

Battery systems are used to supply electrical power to electric devices, vehicles, or the national
grid. The supplied power can also be negative, and energy can be stored. The devices con-
nected to batteries are electrical sources, sinks, or in most cases both. Figure 2.1 illustrates the
processes in a lithium-ion cell schematically. It consists of two electrodes—an anode and a
cathode. The purpose of the separator is to divide the electrodes. All parts of the cell except
the current collectors are soaked with electrolytes. The separator is permeable and wetted with
electrolyte. The electrolyte allows the flow of lithium ions. Because the electrodes are con-
nected to electrically conductive current collectors made of copper and aluminium, an at-
tached sink can discharge, or an attached source can charge a battery cell.
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Figure 2.1:  Schematic representation of a lithium-ion battery cell [29]

At the anode, oxidation occurs in the case of discharge. The use of porous carbon materials as
the negative electrode (anode) is common [3]. These materials are cheap and have a low po-
tential of approximately 0.1 V versus Li/Li+ of Liy 5Cg [3]. Carbon can store and retrieve lithium
atoms with an effect on its geometric size below 7 % [30].
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Alternatively, using a lithium metal anode is possible. This would provide a higher specific
capacity of 3.86 Ah/g compared with graphite (0.372 Ah/g) and lower potential of 0 V versus
Li/Li+ [3]. Because lithium metal anodes show a short lifetime and forms dendrites, which can
break through the separator and short the cell, lithium metal anodes are rarely used in lithium-
ion cells [31].

At the graphite anode, the following electrochemical reaction occurs:

Ce+xLit + xe'=Li,Cq 1)
At the metal oxide cathode, the following chemical reaction occurs (where M stands for metal):

LiyO,-xLit-xe =Li; MO, 22)
The simplified overall electrochemical reaction results in

LiC4+MO, = C4+LiMO, 2.3)

The cathode usually consists of lithiated metal oxide. During discharge, the positive electrode
(cathode) is reduced. Common cathode materials are lithium cobalt oxide (LCO, LiCo0,), lith-
ium nickel oxide (LNO, LiNiO,), lithium manganese oxide (LMO, LiMnO,), lithium nickel co-
balt manganese oxide (NMC, LiNiCoMnO;), lithium nickel cobalt aluminium oxide (NCA,
LiNiCoAlO;), and lithium iron phosphate (LFP, LiFeO,). Figure 2.2 details the certain ad-
vantages and disadvantages in energy density, power density, safety, stability, and cost per
ampere-hour. NMC or NCA cathodes are used in BEV or PHEV applications because of their
stability and energy density. LFP systems are often used in stationary storage systems because
they are cheap, and the energy density requirements are low. LCO cells are costly because of
the high percentage of cobalt, whereas LMO systems are not stable for long-term use. [32]

e energy power o fode DU costs
material density density safety stability per Ah
LCO
LiCo0,
NCA
LilNig ggCog 5415050
NMC
LiNig 3Mp 33C 05 2,0,
LMO
LiMn,0O,
LFP
LiFePO,
very good .... very bad
Figure 2.2:  Comparison of cathode materials regarding energy density, power density,
safety stability, and costs per ampere-hour (according to Wohlfahrt-Mehrens
[32])

The separator, electrolyte, and the two current collectors do not participate in the electrochem-
ical reactions in regular operation. The current collectors are thin metal foils. The negative



2 Fundamentals of the current distribution

electrode is usually on copper foil because copper is stable at the potential range of the anode,
whereas the positive electrode is on aluminium foil because it is stable in the potential window
of the cathode. [33, 34].

The separator isolates the cathode and anode from each other. For safety reasons, the separator
must be able to do this in every situation in the operating conditions of the battery. Further-
more, the separator must be permeable to lithium ions and do not impair the ionic flow. [3, 33,
35, 36]

The electrolyte in a lithium-ion battery is usually an organic fluid that allows ionic conduction.
Polymer or ceramic solid-state electrolytes are under development [3, 33]. Today, hardly any
applications use lithium-ion batteries with a solid electrolyte.

2.2 Characteristics and modelling of lithium-ion battery cells
2.2.1 Open-circuit voltage and capacity

The influence of OCV on the behaviour of lithium-ion battery cells is high because it defines
the major part of the cell voltage. For example, in a 1 Ah NMC | graphite cell at a nominal
voltage of 3.7 V with an internal impedance of 0.05 €, the OCV takes 99 % of the voltage at a
discharge of 1 A. The terminal voltage of the battery cell Urg,, is the sum of the U, and over-
voltage Uyy:

Urerm = Uoc + Uoy 24
Uoy = Uy + Uy + Uskin + Ucrgprc + Upifrusion 2.5)

The overvoltage consists of an ohmic part Ug, an inductive part U, a voltage drop caused by
the skin effect Ugy;,,, a voltage drop caused by charge transfer (CT) resistance and electric dou-
ble layer capacitance (EDLC) U¢r gpyc, and the diffusion overvoltage Up;ffysion- [37]

Figure 2.3 depicts the OCV of cathode and anode materials plotted against their stoichiometry
x. The data are from the COMSOL Multiphysics software package [38]. The half-cell OCV of
LFP is rather flat compared with the slopes of other OCVs. Through combining two half-cells,
the full cell OCV is the voltage difference between the cathode and the anode:

Uoc,runcen = Uoc,cathode = Uoc,anode 2.6)

Therefore, the stoichiometry and the balancing of the two electrodes define the OCV of the full
cell [3]. In a battery, high stoichiometry values at the cathode mean low values at the anode.
When a battery is discharged, the OCV of the anode rises and that of the cathode drops [3].
The steep slope of the anode forms the lower SoC limit of the full cell. At high SoCs, the charg-
ing process is limited by the cathode and electrolyte. The electrolyte is not stable at upper
voltage levels: Uy > 4.3 V [39-41].

The capacity of a battery cell C is necessary to calculate the SoC(t) of the battery. Equation (2.7)
shows the integration of the cell current i over time t. This charge is divided by the capacity C
and added to the SoC att = 0, SoC,. In this work, all positive currents are charge currents and
all negative currents are discharge currents.
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1
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Figure 2.3:  Half-cell OCV profiles (a) cathode materials, and (b) anode material graphite
[38]

The cell capacity C can be measured by a complete charge (from SoC = 0 to SoC = 1) or dis-
charge (from SoC = 1 to SoC = 0) of the cell. Therefore, respecting the voltage limits of the cell
is necessary. Because overvoltage exists in the internal resistance, a phase of constant current
(CQC) is followed by a phase of constant voltage (CV) until the current reaches a certain value.
Further parameters can be varied. The norm IEC 62660-1, for example, provides different tem-
peratures and currents to measure the cell capacity [42].

2.2.2 Internal impedance

Batteries are not ideal voltage sources. A battery behaves like a real-world voltage source with
internal resistance. This resistance is not solely ohmic; it consists of inductive, ohmic, and ca-
pacitive parts [43, 44]. It is an appropriate solution for describing the impedance of lithium-
ion battery cells using equivalent electrical circuits (EECs) [23]. Explanations are provided in
this subsection and Figure 2.4. Therefore, using an EEC to simulate cell behaviour is suggested.
Because high dynamic effects with time constants T < 10™* s are not the focus of this work,
external inductances and the skin effect are not modelled.

EEC modelling is a common method of calculating the behaviour of batteries. These models
must represent the factors that influence the cell voltage. In most cases, the aim is to calculate
the voltage at the battery tabs depending on the cell current. Therefore, the models consist of

10
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cell impedance and OCV. The EEC parameters depend on numerous influencing factors; for
instance, Nikolian et al. presented a temperature, SoC, and cell chemistry-dependent model
[23].

The second part, which creates the cell voltage, is the sum of the overvoltages (compare Equa-
tions (2.4) and (2.5)). The effects of different overvoltages and their appearance at different
dynamics are explained as follows.

Internal processes occur in the charge and discharge processes of all lithium-ion cells. The up-
per chart in Figure 2.4 shows these processes and their time constants. The time scale is loga-
rithmic and starts at microseconds and ends at weeks. The internal ohmic resistance has no
time constant. It appears instantaneously after a charge or discharge event. The ohmic re-
sistance appears because of the electrical characteristics of the copper and aluminium current
collectors and whose geometry, the electrical impedance in the electrodes, electrical contact

impedance, and resistance in the liquid phase is where ionic conductivity occurs [45].

Electrical effects cause low time constants. Inductive behaviour results from a pure electro-
physical effect caused by the geometry of the current path of a battery cell. Current-carrying
conductors are surrounded by a magnetic field. In a lithium-ion battery, the electrons move
from one terminal via the current collectors to the first electrode. Between the electrodes, an
ionic flow exists through the electrolyte and separator. From the second electrode to the ter-
minal, it is an electron current again; this path is given by the geometry of the cell. The change
in current flow di/dt results in an overvoltage u;. Equation (2.8) shows this correlation to-
gether with the inductivity L. An inductor can model the behaviour of the battery cell. [37]

u, =L-— (2.8)

According to the skin effect, the current density of a conductor carrying a high, frequently
alternating current is not homogeneous. This behaviour can be observed in lithium-ion cells
and was demonstrated by Martin Brand [37]. A resistor-inductor (RL) circuit can represent the
skin effect in batteries [37]. Series inductance and the skin effect are no longer relevant in the
range of milliseconds; therefore, they were not a focus of this work.

At medium time constants, the solid electrolyte interface (SEI) impacts the current flow. The
SEI is a passivating layer, which is formed in the first cycles of battery life on the anode [64].
Lithium ions can pass this layer [33, 64, 65]. Lithium ions diffusing through the SEI passivation
layer cause overvoltage. In the Nyquist plot of an electrochemical impedance spectroscopy
(EIS) measurement, the SEI creates a half-circle, which means that it behaves like a resistor-
capacitor (RC) circuit.

Similar to the SEI, CT resistance and the EDLC form a half-circle in the Nyquist plot of an EIS
measurement, which appears between the electrode and electrolyte. In the literature, three
explanations are provided to understand the double-layer phenomena: the Helmholtz model
[66] published in 1853, the Gouy and Chapman model [67] from 1910, and the model of Stern
[68] from 1924. The three models differ in the formation of overvoltage and the variation in

11
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voltage drop from the electrode and electrolyte. The time-dependent behaviour can be mod-
elled using an RC circuit. Some lithium-ion cells produce a Nyquist graph that looks like a
compressed half-circle with a larger radius in the real than in the imaginary direction. To im-
prove the simulation in such cases, elements other than an RC circuit are used. Buller described
how to use a Z-Arch element (ZARC) to model the charge transfer and EDLC, as well as
demonstrated how to approach the ZARC element using a row of five RC elements. [44]
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Figure 2.4:  Dynamic processes and time constants for a simulation model (according to
Jossen [46]) and the dynamics of real-world load profiles [47-63]

Usually, the time constant of the EDLC parallel the CT resistance (EDLC/CT) is higher than
that of the SEI. The time constant of the two phenomena overlap at most lithium-ion batteries,
and thus it is not possible to see the half cycles of the EDLC/CT and SEI separately.

12
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Ditfusion processes appear at different locations in the cell. Solid-phase diffusion occurs in the
electrodes and liquid phase diffusion occurs in the electrolyte. These phenomena can be de-
scribed using Fick’s law of diffusion [69, 70] from 1855, which describes the diffusion process
in liquids; diffusion in solids was not considered in the work of Fick. Today, it is also used in
solids as well as gases [71]. Equations (2.9) and (2.10) show Fick’s first and second law, where
] represents the diffusion flux, D is the diffusion coefficient, ¢ is the concentration, x is the
position, and t is the time.

dc

j--p- % 29)
dc d0%c

The time constants of diffusion processes are in the range of seconds to hours. Furthermore,
the time constants in the cathodes’ solid phase on the electrodes are more than a factor of 10°
higher than they are in the liquid phase [72]. In the Nyquist plot, the effects of semi-infinite
diffusion appear as a 45° slope. Therefore, a Warburg element (WB) is appropriate for model-
ling this behaviour. Buller showed how a series connection of RC elements can approach the
WB element [44].

In 2002, Linden quantified the self-discharge rate of lithium-ion batteries in his “Handbook of
Batteries” from 2 to 10 %/month [3]. The self-discharge rate is dependent on temperature. Fur-
thermore, the rule of thumb states that a temperature increase of 10 °C causes the self-dis-
charge rate to double [33]. More recent publications have shown clearly lower rates. Schmidt
et al. calculated the self-discharge resistance in a 2 Ah blended LCO and NCA cell to be 40 k()
at 70 % of the SoC. This means that the self-discharge current was 105 pA. No self-discharge
could be observed at SoC values between 10 and 65 % [73]. Self-discharge is not the focus of
the present work and is not discussed further as its impact on capacity is in the range of
1 %/month [74].

In real-world applications, the dynamics of load profiles are orders of magnitude apart (see
Figure 2.4). For example, the charge profile of a PV storage battery on a sunny day has time
constants in the range of hours; clouds causing shade over PV panels leads to changes within
seconds; and switching a consumer load changes the load profile in milliseconds. [28]

Battery EEC modelling starts with simple structures. In the easiest case, battery storage is rep-
resented by its capacity, but this model does not represent the internal resistances. The OCV
corresponds to the charge and discharge characteristics of a capacitance, which is a linear
curve depending on the SoC of the capacitor [75, 76]. Real lithium-ion battery cells do not have
a linear OCV. Therefore a nonlinear look-up table usually simulates the OCV [75, 76].

Although a battery is not an ideal form of storage, it is real storage, and thus internal resistance
is necessary to simulate the voltage under load. Figure 2.5 shows the impedance of a battery
cell out of an EIS measurement. In the easiest case, an ohmic resistor represents the overvoltage
of the internal resistance. To model more precisely, the time range of modelling is crucial. As

13
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discussed in Section 2.2, the different impedance effects range over decades of time constants.
Table 2.1 presents impedance elements for the modelling of a battery’s internal impedance and

its equations.
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Figure 2.5:  Nyquist plot and a representation of the physical effects in a battery cell [46].
Rp represents the ohmic resistance, Ry is the resistance of the charge transfer,
f is the frequency, and f ; is the cut-off frequency.

To obtain better results in the time range of milliseconds to seconds, the SEI, EDLC/CT, and
CT must be simulated (compare Figure 2.4). These parts of the impedance generate a half circle
in the Nyquist impedance plot, whereas an RC element creates an exact half-circle. Some bat-
teries exhibit curves that have a radius in the real direction larger than that in the imaginary
direction. A ZARC element can model this characteristic; its shape in the Nyquist plot is a
downward-shifted circle, and it consists of a parallel connection of a resistor and constant
phase element (CPE).

A WB element, one or more RC elements in a series connection, can simulate the slow effects
such as diffusion. Buller demonstrated how to convert a WB element in a row of RC circuits
connected in series [44]. To improve this approximation, the number of RC elements can be

increased.

The calculation of ageing effects and self-discharge would only be necessary for simulations

of several days, which is not in the scope of the present work.

In addition, approaches exist that use EEC modelling to simulate local potentials within bat-
tery cells [80-82]. Because this work focuses on the current distribution between battery cells,
inner cell potential distribution is not in its scope. However, the influences of the system com-
ponents must be modelled [83-85]. Battery cells are connected through wires or bus bars of
different sizes depending on the current they are required to carry. These elements exhibit
mainly ohmic and inductive behaviour [25]. Brand et al. studied the connection of battery cells
and wires or bus bars [83-85]. They found ohmic resistances of different junction techniques

in the range of several hundred microhms.
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2 Fundamentals of the current distribution

Table 2.1: Impedance elements of an EEC

Electri
ecre Formula Equation  Explanation
symbol
Inductance .
- . (2.11) L: inductance
Zi=j L
RL circuit . 2.12) Lg,.: inductance of the RL circuit
Zp(w) = —RRL+J‘ZLLRL Ry, : resistance of the RL circuit
4 F Ohmic resistance (2.13) R: resistance
Zz =R
Capacitance
— 7 p_ 1 (2.14) C: capacitance
c=c
RC circuit . 2.15) Ry resistance of the RC circuit
Zpc(w) = T+wRReC ::CCRC ' Cpc: capacitance of the RC circuit
A: generalized capacitance of the
CPE element
CPE element
2.1 : i
—— Zerp (@) = A- (jw)-5cve [44] (2.16) &cpp: CPE parame.ter that defmes.,
- the downward shift of the half-cir-
cle

Ry 4pc: resistance of the ZARC ele-

ment

Ty4rc: time constant of the ZARC el-

ement

&zarc: ZARC parameter that defines
Tzarc 144, 77, 78] 17) the downward shift of the half-cir-

cle

Note: The ZARC element can be ap-

proximated by a row of five RC cir-

ZARC element

Zz4RC (w) = Rz4ne

1+(ijZARC)

cuits connected in series [44].

Ry p: resistance of the WB element
WB element Cyp: capacitance of the WB element
(reflecting boundary conditions) Note: The WB element can be ap-
vV Zup (@) = ’ Rwe . oth( m) (2.18) proximated by a row of RC circuits
jwCws connected in series. More RC cir-

(44, 79] cuits improve the approximation.
[44]

The impedance of a connection R;onnection cOnsists of the sum of the junction resistances
Rjunction and the impedance of the wire or bus bar R ,;re. Ry ire is calculated using the material-
dependent parameter of electrical conductivity p and the geometry of the connection, which
consists of the length | and cross-sectional area A:

Rconnection = Z Rjunction + Rwire (2.19)
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2 Fundamentals of the current distribution

l
Ryire = ﬁ (2.20)
Because the high-frequency area is not in the scope of this work, the cell connection can be
simulated using an ohmic resistance.

2.2.3 Ageing of lithium-ion cells

In addition to self-discharge, which is a reversible capacity fade, nonreversible capacity fade
occurs in lithium-ion batteries. Nonreversible capacity fade is one of two ageing phenomena,
the other being the growth of internal resistance.

Capacity loss defines the SoH,; by calculating the ratio between the actual capacity C,.; and
nominal capacity C,, (compare Equation (2.21)). The ratio between the actual resistance R,
and nominal resistance R,, results in the ageing of the impedance SoH; (compare Equation
(2.22)).

Cact

SoHun = (2.21)
Ract

SoH; = — (2.22)

n

In the automotive field, it is common to define the end of life of batteries at SoH,;, < 0.8 or
SoHz > 2 [3, 33, 86]. Many reasons exist for degradation. In Figure 2.6, Birkl et al. showed the
causal connections from an event or cause until its effect.

Cause Degradation Degradation mode Effect
mechanism

Time SEI growth

High temperature

Loss of lithium inventory

High V/S0Ca

/ .
Low temperature \ Lithium plating/dendrite 1% ' /
' formation ' "
' Loss of electric contact ‘\ Power fade
' . . '\ Loss of active cathode
A A Electrode particle cracking r material
Mechanical stress } /

Capacity fade

Stoichiometry

Transition metal dissolution

Corrosion of current
collectors

Low V. /SoC, .

Figure 2.6:  Cause and effect of degradation mechanisms and associated degradation modes
(according to Birkl et al. [26])

Capacity fade is driven by the loss of lithium inventory (LLI), active material at the negative
electrode (anode) (LAMNne), or active material at the positive electrode (cathode) (LAMzeE).
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Power fade, which means an increase in the internal impedance of a cell, is driven by the loss
of active material on one of the electrodes. [26]

Battery cells age with time. The SEI layer grows through side reactions, which are supported
by high temperatures, high SoCs, and current load. Furthermore, SEI decomposition and elec-
trolyte decomposition lead to LLIL. These reactions are caused by high temperatures. [87]

LAMN~e and LAMre reduce the capacity and power of cells. The amount and the balancing of
cathode and anode material define the OCV of a cell. Losses at one of the electrodes lead to a
shift or a compression versus the other electrode. Therefore, the nonlinearities of half-cell
OCVs can be used to detect LAMxt and LAMre. To observe this, the OCV is differentiated and
the position of the peaks is observed. This method is called differential voltage analyses (DVA)
and was described by Bloom et al. [88] in 2005. Additionally, Smith et al. [89-91], Dahn et al.
[92], Keil et al. [21, 93, 94], and Lewerenz et al. [95] used the method to characterize ageing

phenomena.

Low temperatures reduce chemical reactions. This means that side reactions are lowered,
which is positive for ageing. On the other hand, low temperatures engender the risk of lithium
plating at the anode when the cells are charged. The degradation mechanism of lithium plating
implies the deposition of metallic lithium on the surface of the anode. The deposed lithium is
lost for further cycling. This effect appears when the lithium atoms cannot intercalate into the
lattice structure of the active material, which occurs when the anode potential drops below
0 V. [96-100]

The potential of a graphite anode is low when the SoCs of a battery cell are high (see Figure
2.3). A high charge current leads to high overvoltage because of internal resistances that grow
with lower temperatures. Overall, lithium plating is driven by low temperatures, high cur-
rents, and high SoCs. Further comprehensive ageing studies on lithium-ion cells were con-
ducted by Ecker et al. [101-104] and Keil et al. [21, 63, 93, 94, 105].

2.24 Entropy and hysteresis

The OCV depends on the SoC. Its potential comes from the potential difference of the cathode
and anode, as explained in Subsection 2.2.1. However, the OCV is not only dependent on the
SoC —two other factors also influence it. Entropy leads to the OCV being temperature depend-
ent [106, 107]. The simulations in the present work did not allow changes in the temperature
during a test. No thermal model has been included up to now; however, the model is prepared
to subjoin a temperature calculation with temperature-dependent impedance and OCV pa-
rameters. For this work, all sets of parameters were determined at certain temperatures and
did not change with the temperature during the simulations.

The second influence on OCV is hysteresis. Dreyer et al. [24, 108] gave a thermodynamic ex-
planation of the phenomena of OCV dependence on the SoC history of lithium-ion batteries.
They stated that a single particle model cannot predict hysteresis. Thus, it is necessary to ob-
serve a multi-particle model. The authors assumed that a scenario in which the particles in a
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cell were charged one after each other instead of all particles in parallel would generate the
effect of hysteresis and could explain its voltage impact. [24, 108]

Figure 2.7 shows the measured voltage hysteresis of an LFP | graphite cell over the SoC. The
upper and lower limit differ up to 35.4 mV at 40 % of SoC.

3.35 T T T T T T T T T

voltage hysteresis in V

3‘2 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

SoC

Figure 2.7:  Measured upper and lower limit of the voltage hysteresis of an LFP | graphite
cell over the SoC

Zhu et al. [109] and Baronti et al. [110] described measurements of the voltage difference, and
they demonstrated a way to model hysteresis using the discrete Preisach model. This method
counts the sum of activated hysterons in a triangle. The relationship between activated and
nonactivated hysterons is a measure of hysteresis. In Figure 2.8, activated hysterons in the
triangle are shown by grey stars and nonactivated ones by blue stars. The model of this work
uses the cell’s SoC as the input for the discrete Preisach model. When the SoC is rising, the
dashed red line in Figure 2.8 will move up and activate the hysterons. This is the case in steps
1 and 3. The deactivating line is the vertical-chain dotted red line. In steps 2 and 4, this line
moves from right to left and deactivates the hysterons. Activated hysterons hold a value of
y[d(t)] = 1 and deactivated ones hold a value of y[d(t)] = —1:

1 dt) > a (2.23)
yld@®)] = -1 ai) <p
remain unchanged, f<dlt)<a

where y is the value of the hysteron, d(t) is the SoC difference since the last change of SoC
direction, and a, § are the threshold of the hysteresis.

The Preisach model suggests equation (2.24), where u corrensponds to the Preisach density,
which is a type of weighting of the hysterons, and y(t) is the output of the model at time t. In
the case of battery hysteresis, this is how the OCV is shifted.
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y(@® = I, n(e Ayld(®)] dadp (2.24)

In Figure 2.8, the range of @ and f are from 0 to 1. This would mean that it takes 100 % of the
SoC to go from the maximum hysteresis value to the minimal value and vice versa. In reality,
this occurs much faster. The measured and fitted range of the parameters a and £ lie between
0.08 and 0.20. Details on the parametrisation are described in Subsection 3.3.4 and the specific
cell and temperature values are summarised in Table 3.4.
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Figure 2.8:  Discrete Preisach modelling according to Zhu et al. and Baronti et al. [109, 110].
The red solid line shows the state after step 4.

A MATLAB implementation of the discrete Preisach model was provided by the GitHub user
jhart12 [111]. The model can calculate the hysteresis at a configurable number of hysterons.
Furthermore, the delta of the SoC required to get from maximal to minimal OCV values can
be adapted. The result of the discrete Preisach calculation is a voltage that is added to the OCV.
Not all of the calculations in the present work use the hysteresis calculation; the use of this
submodel is indicated in the descriptions on the simulations.

2.2.5 Parameter variation

The capacity is dependent on temperature, measuring methods and conditions, and the SoHy,.
Rumpf et al. [20], Brand et al. [25], Schuster et al. [112, 113], and Baumhofer et al. [22] revealed
the variation in the capacity of commercial lithium-ion battery cells. This variation differs from
a standard deviation divided by the mean capacity in new Sony LFP cells of Rumpf et al. [20]
of 0.3 % to a spread in cell capacity of 56 % of strong aged cells at SoH,, = 0.43 [22].

2.3 Determination of the current distribution of battery cells

Research has been conducted into the effects of cell parameter variations on current distribu-

tion in parallel-connected cells. Furthermore, numerous analyses of asymmetric current dis-
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tribution have been performed [19, 25, 28, 45, 114-192]. Figure 2.9 structures this body of re-
search into different groups: current distribution in a single cell and in that in parallel-con-

nected cells. Each group has measurement and simulation studies.

Figure 2.9:
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Current distribution in batteries. This hierarchical diagram structures the rele-
vant studies. It distinguishes between cell and system level, measurement or
simulation, as well as the focus of the investigation. The corresponding refer-
ences are listed in Table 2.2-Table 2.8.
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Some of the goals at the cell and system level are similar to the analysis of ageing, whereas
others are specific in one part such as the tab design at the cell level or the combination of HP
and HE cells at the system level. Moreover, some focus on how to make the SoC measurable
or visible [114-124]. This represents an implicit measuring technique for asymmetric current
distribution in battery cells.

2.3.1 Analyses in different cell types

Analyses on current distribution were made with lead-acid batteries before the invention of
lithium-ion batteries. Euler et al. and Meissner et al. calculated the current density distribution
in the porous electrodes of lead-acid batteries [114, 125, 126]. Their focus was to improve the
geometry of the electrodes and the tab design. They did not look at the parallel connection of
cells; they analysed the current density within the electrode. Euler and Nonnenmacher showed
that the modelling of the inner cell distribution is close to the modelling of a parallel connec-
tion of cells [125]. Therefore, these two topics are closely related to each other.

Kim et al. analysed lithium-ion pouch cells with an NCA cathode [127]. Three different adap-
tions of the cell design were studied. From a nominal design, the tabs were narrowed, the cell
was made wider and thinner, and the tabs were oriented on both sides of the cell instead of
one side (counter tab design). The authors found that the counter tab design leads to the most
homogeneous current distribution. A longer cell exhibited the worst results regarding these
criteria [127]. This result was confirmed by later publications using LFP and NMC cells [128,
185, 186].

A very different idea in the field of parallel-connected battery cells came from Schmid et al.
They proposed using nickel-based cells connected in parallel to lithium-ion cells to prevent
overcharging, an idea based on the ability of nickel-based cells to bear moderate overcharging
without damage [138]. This method is called electrochemical balancing. Table 2.2 provides an
overview of the publications of current distribution in batteries with different cell chemistries.
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Table 2.2: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part I: Cell chemistry)

Cell chemistry

Lead-acid [114, 125, 126, 132, 133, 136, 158, 187]

ickel— 1 hydri
Nickel-metal hydride (132,133, 138]

(NiMH)

Nickel-zinc (NiZn) [138]

EDLC [131, 132, 134-137, 187, 192]

Vanadium oxide [147]

LEP [116, 117, 119-121, 124, 128-130, 140, 142, 144, 145, 148, 152, 154, 166, 169, 173,
176-178, 181, 185, 188]

LCO [115, 118, 137, 143, 151, 157, 159, 161, 165, 170, 174, 177, 178, 191]

LMO [134, 138]

NCA [28, 127, 135, 139, 143, 146, 149, 155, 164, 171, 180, 182, 189]

NMC [25, 28, 45, 121-123, 145, 153, 172, 183, 184, 186, 190]

NMC-LMO blend [150, 168, 179]

Lithivmi .
Lithium-ion (no more specific 5 141 137 141 158, 160, 162, 163, 167, 192]
indication)

Lithium-sulphur (Li-S) [156]

2.3.2 Analyses at the cell and system level

Between 2002 and 2014, several scientists attempted to improve the power and energy perfor-
mance of battery systems by combining a high energy system with a high power storage sys-
tem through connecting them in parallel [131-137, 187]. The idea behind this was that high
power storage requires short-time power peaks and protect the high energy storage system
from overload.

Several studies have focused on similar cells and concentrated on the variation of battery cells
coming from the production or ageing process. For example, An et al. analysed cell sorting
before the parallel connection. They proposed using an ohmic resistance in series with the
OCV as the internal resistance, and for the sorting, it was necessary to consider ageing [139].

Studies that work at the cell level, for example, have attempted to find the optimal tab design
[114, 125-130, 185, 186, 190]. These researchers have used lead-acid batteries as well as lithium-
ion cells with different cathode materials. Meissner et al. found that reducing the grid imped-
ance of a lead-acid battery’s electrode grid —and therefore the voltage drop on the grid struc-
ture —caused higher discharge voltage, less heat evolution, higher capacity, and a more ho-
mogeneous current distribution over the electrode [126]. A more uniform active material uti-
lisation would improve the cycle life of lead-acid batteries [126]. Table 2.3 categorises the pub-
lications on the number of parallel-connected cells; that is, one, two, or more cells in parallel.
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Table 2.3: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part II: Scope)

Scope

Inner cell (1p) [114-122, 124-130, 147-156, 185, 186, 190]

Inter cell (2p) [25, 28, 123, 138-140, 142-144, 155, 189]

Inter cell (>2p) [19, 45, 131-137, 141, 145, 146, 155, 157-174, 176-184, 187-189, 191, 192]

2.3.3 Modelling approaches

Brand et al. showed that differences in the impedance of cells lead to short-term effects,
whereas differences in cell capacity lead to long-term effects. The rule of thumb is that the
current at the beginning of a current step can be calculated according to the current divider
equation in an impedance difference scenario, whereas currents divide proportionately to bat-
tery cell capacities (in long-term behaviour) in a capacity-difference scenario. These results
come from a very simple EEC model consisting of a linear OCV and ohmic resistance per cell.
[25]

Other approaches have used physicochemical models (PCMs). Only Gogoana et al. used an
ageing model to calculate the degradation of parallel-connected batteries [140]. Table 2.4 di-
vides the publications by the used model type.

Table 2.4: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part I1I: Model)

Model

EEC [25, 28, 45, 114, 124-126, 130, 133-137, 139, 143, 148, 150, 155, 157, 159-164, 167—
170, 173, 174, 176-179, 181-184, 187, 188, 191, 192]

PCM [122,127, 128, 142, 144, 147-149, 151-154, 161, 165, 171, 185, 190]

Ageing model (PCM) [140]

No model [115, 118, 119, 123, 129, 131, 132, 138, 145, 146, 156, 172, 180, 189]

The OCV is a critical battery parameter because it generally defines the major part of the volt-
age of a battery. No study has concentrated specifically on OCV. Yang et al., Pastor-Fernandez
et al., and Shi et al. [142, 145, 146, 188] discovered effects related to the OCV but performed no
detailed analyses. Klein et al. measured different SoCs but provided no simulations of the OCV
nonlinearity [145]. In models, the OCV is implemented differently; sometimes it is linearised
over the total SoC range, some studies have used nonlinear functions, and others have used
look-up tables (see Table 2.5).
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Table 2.5: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part IV: OCV)

ocv

Linear function [25, 114, 125, 126, 133, 134, 176, 187]

Nonlinear function [127,128, 137, 144, 148, 149, 151-154, 161, 162, 164, 165, 168, 185]

Look-up table [19, 25, 28, 45, 122, 124, 130, 135, 139, 141, 142, 147, 150, 155, 157, 159, 160, 163,
167, 177-179, 181-183, 186, 190-192]

Not specified [136, 169-171, 173, 174, 184, 188]

Dynamic effects appear in a broad range of frequencies as shown in Figure 2.4 and a paper of
Jossen [46]. Hence, the dynamic of the load profile will influence the overvoltage, and therefore
the current distribution. Table 2.6 provides the load profiles that are used to analyse current
distribution. It classifies CC, pulse load, load profiles of applications, and sine load.

Some studies have demonstrated the interaction of parameter changes through ageing and
current distribution [140-142, 188]. Osswald et al. performed EIS measurements [119] and an-
alysed the inner cell current distribution. Most studies have used CC to analyse the asymmet-
ric current distribution. Only Bruen et al. used an electric vehicle (EV) load profile with a time
step of At = 15s[19, 141].

Table 2.6: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part V: Dynamic of the load profile)

Dynamic of the load profile

[19, 45, 115-118, 120-122, 125-128, 130, 132, 136, 138-157, 159, 160, 162, 164-167,

Constant current 169-171, 173, 174, 176, 177, 180, 181, 185, 186, 188-190]

[25, 28, 45, 114, 124, 129, 131, 132, 134, 135, 137, 145, 153, 155, 160, 162, 165, 168,

Pulse load 172,177, 179, 183, 187]

Load profile of an application [19, 133, 135, 136, 141, 163, 165, 178, 182, 191]
EIS / sine load [28, 119, 123, 165]

2.3.4 Parameter variations and results

Some studies have focused on the variation of cell parameters such as temperature, ageing,
cell-to-cell variations, or the mechanical design of cell tabs and electrodes. Others have ana-
lysed the system configuration in terms of the number of parallel-connected cells or the topol-
ogy, or they have used a combination of HP and HE cells. The operation parameters in terms
of current height and dynamic are further categorised in Table 2.7.
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Table 2.7: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part VI: Parameter variation)

Parameter variation

Temperature [118, 119, 122, 124, 129, 142, 143, 145, 148, 152, 153, 155-157, 165, 172, 185]
Ageing [19, 45, 130, 139, 141, 142, 146, 156, 166, 169-172, 179, 180, 182, 188]
Cell-to-cell variation [25, 123, 139, 140, 144, 155, 157, 163, 167, 168, 181, 189, 191]

Tab and electrode design [114, 125-130, 185, 186, 190]

Number of parallel cells [162, 164, 165, 167, 173]

Topology [137, 138, 144, 159, 161, 164, 168, 169, 173, 177, 178, 183, 184, 189, 192]

HP HE combination [119, 131-137, 187]

Current [28, 118, 122, 127, 128, 144, 145, 153, 154, 159, 165, 169, 170, 176, 185, 186, 190]
Dynamic [28, 119, 123, 129, 137, 174, 187]

Most of the studies on hybrid storage systems have not had promising results, or the ad-
vantages were limited to a small number of applications. Holland et al. found that in the eval-
uation of hybrid systems on a mass basis, there is no benefit because the battery/capacitor
hybrid yielded only one-third of the available specific energy and power compared with the
battery alone [131]. Shin et al. concluded that a large double-layer capacitor (DLC) drastically
degraded the overall available energy density [137]. Cericola et al. reached an ambivalent re-
sult; their hybrid system was extremely sensitive to the load, and the available performance
significantly increased under a pulsed load [135]. Since 2015 to the present day (2019), there
have been no more publications on this topic. Table 2.8 summarises the publications on current
distribution sorted by the focus on their results.

Table 2.8: Review of publications on current distribution in lithium-ion cells and in par-
allel connections of lithium-ion cells (Part VII: Result)

Result

HP HE combination [119, 131-137, 187]

Asymmetric current [19, 25, 28, 45, 114, 116, 117, 119, 122-131, 133-148, 150-174, 176-190, 192]
Asymmetric ageing [118, 130, 139, 140, 142, 146, 151, 153, 156, 168-172, 178, 180, 182, 183, 188-190]
Temperature dependence [118, 119, 124, 128, 129, 142, 145, 147, 148, 152, 153, 156, 162, 165]

[19, 25, 28, 45, 115, 118, 120, 121, 124, 128-130, 141, 144-146, 153-155, 160, 163,

SoC differences 169, 173, 177, 181, 189, 190]

Almost all of the studies in Table 2.8 detected a current asymmetry. Some of them were direct
and others indirect in terms of the manner of SoC differences. In terms of ageing, the asym-
metric current is supposed to cause asymmetric ageing. Impedance differences, which are a
driver of asymmetry [25], may occur on account of the unequal ageing of cells. Wohlfahrt-
Mehrens et al. [193], Vetter et al. [87], and Barré et al. [194] described the mechanism that leads
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to power fade (impedance growth) and capacity fade (capacity loss). Cells within a battery
system often do not have similar temperatures, which causes impedance differences.

Furthermore, diffusion, and especially solid-state diffusion, depends on the SoC [195]. The
dependency is strong, and impedance is high mainly at low SoCs. Unfinished relaxation pro-
cesses also influence the impedance behaviour [195], and hence the current distribution in par-
allel connections. The surface and design of electrodes also influence the complex impedance
of the double layer, charge throughput, and diffusion [44]. The reasons for this are passivating
layers such as the solid electrolyte interface or the porosity of the anode and cathode. Capacity
fade is often expedited by the loss of lithium, loss of active material, loss of mechanical stabil-
ity, and loss of electrolyte [87]. All of these ageing effects are dependent on parameters such
as the SoC, temperature, and current rate, which are not distributed equally over the cellsin a
battery pack. This means that the inequality of cell parameters can change right up to the end
of a cell’s service life.

Furthermore, temperature influences the current distribution because of the temperature de-
pendence of the impedance of battery cells. Table 2.8 presents a list of publications that analyse
this effect. Because current causes losses that heat the cells, an asymmetric current distribution
causes asymmetric heating, and therefore some type of back coupling.

In addition, no studies have discussed the reasons for asymmetric current distribution in de-
tail, including internal cell effects such as hysteresis and entropy. Therefore, the present work
focuses on this objective.
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3 Modelling of the current distribution

A model allows for the systematic analysis of the influencing factors of current distribution.
Furthermore, it allows for the examination of a single effect without mutual interaction with
other processes in a cell. In simulations, it is possible to switch effects on or off.

The battery cell models used in this work consisted of an OCV and impedance in a series con-
nection. Depending on the aim of the simulation, different variations of this basic model were
utilised. The identifier of the model types was as follows:

0CV<characteristic>(< dependenCieS >) + Z<characteristic>(< dependenCies >)

Table 3.1 summarises the acronyms and meanings of the model types’ characteristic and im-
pedance parameters. The different methods of determining the OCV are explained in Subsec-
tion 3.3.3; Subsection 3.3.4 shows how hysteresis was measured; and Subsection 3.3.5 focuses
on the temperature dependence of the OCV (entropy).

Table 3.1: Characteristics and dependencies of the EEC model types used in this work

ocv Impedance
Acronym Meaning Acronym Meaning
Characteristics  lin Linearised OCV R Ohmic resistance
Nonlinear and stepwise
mea_step measured OCV nRC n RC elements
Nonlinear and continuous
mea_nC measured OCV with a CC
current of n C
Combination of a linear OCV
tanh . .
with a hyperbolic tangent
Dependencies ~ SoC SoC dependence SoC SoC dependence
T Temperature dependence T Temperature dependence
(entropy)
hyst Dependence on the history of

usage (hysteresis)

For example, a model named “OCV,y,¢q 1c(SoC, T, hyst) + Zz” uses a nonlinear OCV measured
with a c-rate of 1 C continuous current, which depends on the SoC, temperature, and history
of usage (hysteresis). The internal resistance of that model consists of an ohmic resistance with-

out any dependencies.
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3 Modelling of the current distribution

3.1 Analytical calculation of the current distribution

Calculating the current distribution in parallel-connected battery cells is more intricate than
the simulation of a single cell. Figure 3.1 shows the differences between two black box views.
The parallel-connected cells are mathematically linked by Kirchhoff’s circuit laws.

voltage [—> voltage f——>
—— current —| SYSTEM CURRENT
SoC [— CELLSOC [—>
——{ ambient temperature ——| ambient temperature
cell temperature f=———" CELL TEMPERATURE [—
CELL CURRENT [——>

Figure 3.1: ~ Modelling of a single battery cell (left, according to Buller [44]) compared with
that of a parallel connection of battery cells (right)

A simple analytical calculation illustrates the method of calculating the current distribution.
Figure 3.2 defines the basic setting. Two battery cells are connected in parallel, and then a load
current i, is applied to the system. The EEC of each cell consists of one OCV and one ohmic
resistance, and the OCV is a linear function of the SoC. There is no temperature dependence
and the resistance of the junctions is neglected. The Kirchhoff’s circuit point rule states that

the sum of currents flowing into a node is equal to the sum of currents flowing out of that
node:
i (8) = lror (8) — ix(2) 31)

Furthermore, the Kirchhoff’s mesh rule states that the directed sum of potential differences
(voltages) around any closed loop is zero:

UL(0) = U,(O (3.2)
itOt
+ ‘ iy 3 UmaX,Z
nt

|
Umin,Z L
Urs2| |Rs2 3
> i
= %3
! 5
S
Uy 15+
Uocpz ocv
il
0.5¢
- O e
0 05 1
SoC

Figure 3.2:  EEC of the simple model for analytical calculations. Each cell consists of a lin-
ear OCV and a series ohmic resistance (model type: OCV ;;;,(SoC) + Zg)
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3 Modelling of the current distribution

The voltages of the two cells U; and U, consist of the OCV voltages Uy 1 and Uyc, plus the
overvoltage at the ohmic resistances R ; and R ,, which depend on the cell currents i; and i,.
This is the model type OCV};,, (SoC) + Zi. The OCV voltages and the cell currents are a function
of the time t:

Uy (®) = Upca(8) + Rsy - i1 (1) (3.3)

Up(8) = Upc,2(6) + Ry - 12(8) (3.4
The cells” SoC comes from integrating the cell current and the relationship of this value with
the cell capacities C; and C;:

SoCi (1) = ¢+ [im in(D)dt (3.5)

S0Co(8) = - [y ip (D)t (3.6)

The OCV voltage characteristic of the cells is a linear function of the SoC: f(x) = ax + b. In
this example, the slope a = Uy — Upin and the coefficient b = Up,;,. Accordingly, the OCV
voltage is calculated using the following equations:

Uoca () = (Upax1 — Unmin1) * S0C1() + Upin 1 (linearised OCV) (3.7)
Uoc2(8) = (Unaxz — Uninz) * S0C5(t) + Unina (linearised OCV) (3.8)

Equations (3.5) and (3.6) can be inserted into equations (3.7) and (3.8). Together with equations
(3.3) and (3.4), the cell voltages result in the following terms:

Umax,1 = Unmin tend : .

Uy (£) = =izt [end iy (6)de + Upin,y + R+ 12(2) (39
Umax, _Umin, tend P

Up(t) = —mmte—mn. [Fen iy (£)dt + Upinz + Rz i2(0) (310)

Because Kirchhoff’s mesh rule states that the voltages must be equal, equations (3.9) can (3.10)
be equalised:

tend (3.11)
| a@de+ Uy + Rox -

to

Umax,l - Umin,l .
G
U U tend
2 in,2 . .
= mxc—zmm f I (£)dt + Upin 2 + Rz - 15(0)

to

Hence, the cell voltages vanish. The total current of the system i, is usually known. Using
Kirchhoff’s circuit point rule in equation (3.1), i, can be replaced. The deviation with respect
to time eliminates the integration on both sides:
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3 Modelling of the current distribution

u _u. tend (3.12)
—max’lc LLLY J- i (O)dt + Upin1 + R 1 - 11(8)
1 e
tend
Umax,Z - Umin,Z .

- C— J- (itot(t) - i1 (t))dt + Umin,z + Rs,z
2

: (itot(t) =i (t))

Umax,1;1 Unin1 b0 + Ry - 1400 (313)
= o2 D (1 (0) = 6,(0) + Ry o) = Ry 130
To simplify the equation, the following substitutions were made:
m, = dmaxiZUmind g g, = Jmaxz “Uminz (3.14)

1 C2

By inserting m; and m, into equation (3.13) and sorting the terms, a differential equation is

generated:
my i (6) + (Rs,l + Rs,z) (U (8) =My i (8) + My 14 (6) — Rsp - o (E) = 0 (3.15)
i) = Rsp " Ueot(8) + My ipor () — my - i3 (8) —my - 4 (0) (3.16)
! Rs,l + RS,Z

., Rs ., , + .

1(8) = Rsl"';sz “Uror(6) + ﬁ “lor(t) — ;:;Rmszz iy (1) (3.17)
., , Rs ., ,

(100 e () = 2 o (6) + e o (0) (3.18)

This is an ordinary differential equation of the first order with the following form:
x'(t) + g(t) - x(t) = h(t) with x(t,) =v (visthevalueatt = t,) (3.19)
The uniqueness quantification is defined in equation (3.20):

t S
x(6) = e IOy 4 1 p(s)elin P g ) (3.20)

Istep defines a unit step function of i,.. With this, the response and the current distribution

between the two cells can be calculated:

V = g - 22— and (3.21)
t, =ty =0and 322)
g(s) =%=Aand (3.23)
R(E) = i eoe(8) + 5 e (8) (324)

With these relationships, the equation can be transformed to calculate the current i, (t) as fol-

lows:
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3 Modelling of the current distribution

3.25
. _ —ftt Ads . Rs2 ( )
L(E) =e &7 Sisep  p—
5,1 S,2
g R
. m; . fs Ado
+ _s2 Y4+ ———- t . alty d
f <R5,1 + R, Ueot (£) Ry1 + Ry, Lot ( )) e S
ty
3.26)
Rs2 m, (
i(t) =e At di, o —— 4 f ey - €470 s
! step Rs,l + RS,Z Rs,l + RS,Z step
0
) At . Rs2 m, . a1 . . (3.27)
ih(t)=e A-(t—to) . {lstep . R+ R, + R+ R “lstep " € Aty Z (eAt —eh to)
With the start condition (equation (3.22)) of t, = 0 simplifies the equation (3.27):
. —at ) R m, . 1 . 3.28,
a(B) = et {l“e” Rt Ry TR AR, e a7 1)} o
The term % can be eliminated by equation (3.23):
. _at ). Rs, m , . 3.29
li(t) =e At {lstep ' R L _T_ZR , m +2m2 ' lstep ’ (eA t_ 1)} ( )
S, S,
R m m 3.30)
. £) = —At , ; . S,2 + —At+At | ; . 2 At i 2 ( .
11( ) € lstep Rs,l + RS,Z € lstep m, + m, € lstep m, + m,
R m m (3.31)
. £) = —At , ; . S,2 _ 2 . . 2
11( ) € lstep (Rs,l + Rs,2 ml + m2 + lstep ml + m2

The cell current i, (t) is only dependent on the OCV, the resistance parameter of the two cells,
and the current supplied to the system. The current of the second cell i, (t) is the total current

itor (t) minus the current of cell one, which concerns equation (3.1).

The first term of equation (3.31) is an exponential function. The time constant t of an exponen-

~t/T Hence, the time constant T = A~ and can be expressed

tial function is defined as y(t) = e
with the internal resistances of the two cells and parameters of the OCV using the following

equation:

1 1 Rs1+Rs2 Rs1+Rs2
S V. S — o eatRe (3.32)
A mq +m2 max, min,1 , ¥max, min,2
Rs1+Rs2 C1 N C2

The time constant is independent of the applied current step isep.

The following example calculates the time constant 7,, in case of a difference in the internal
resistance AR and capacity AC between two cells connected in parallel. Therefore, the following
values were assumed: Ry, = 0.02Q, Rs, = Ry, - 1.0183 = 0.020366 Q, C; = 2.5 Ah, and C, =
C; - 1.0072 = 2.518 Ah. These differences refer to the standard deviation of R and C measured
in a lot of 172 new lithium-ion battery cells by Brand et al. [25]. The limits of the OCV were
kept similar: Upin1 = Uninz = 3.2V and Upax1 = Upax2 = 4.2 V.

_ Rs1+Rsz _ 0.020+0.020366 0 _ 0.040366 Q 2.33
P — my+my T 4.2V-3.2V 42V-32V T 0.7971 V/A]’l ( )
2.5 Ah 2.518 Ah
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3 Modelling of the current distribution

T, = 0.05064 h = 182.3 s

The simulation in Figure 3.3 shows the current distribution of this example. The applied total
current is a discharge step at t = t, = 0s of ig4, = —1A.

-0.491

-0.492F I, —

-0.494}

-0.496

-0.498F

-0.5F

current in A

-0.502F

-0.504p

-0.506F

-0.508F

0 500 1000 1500
time in s

Figure 3.3:  Current distribution calculation results of a 2p connection of cells with differ-
ent capacities (2.5 and 2.518 Ah) and internal resistances (0.02 and 0.020366 £2)

Producers of commercial lithium-ion battery cells usually provide the cell parameters, internal
resistance, and capacity in datasheets. In Table 3.2, the standard deviation of R and C taken
from [25] is applied to several types of commercial batteries. The parameters of cell 1, Rg ;, and
C; come from the datasheet and the parameter of cell two were calculated using the variations
of [25].

The cell capacities and impedances have a large influence on the behaviour of current distri-
bution in cells connected in parallel. This is why cells with a variable ratio between capacity
and impedance have been analysed. Different cell dimensions can be compared with the re-
sistance coefficient A [208, 209]:

A=0Cy Ry (3.34)
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3 Modelling of the current distribution

Table 3.2: Datasheet parameters of several lithium-ion battery cells with NCA, NMC,
and LFP cathode material and different cell dimensioning (HP, intermediate,
and HE). The data in this table come from the cells’ datasheets [196-207] () and
the researcher’s own measurements ().

Cell type Dimen- Electrode chem- OCV Internal resistance Capacity
sioning istry (cathode | (Umin | Umax)  (Rs1 | Rg2) (C11Cy)
anode)

E-One Moli En-

ergy HE NMC | graphite 3.2V [42V  80mQ|81.5mQ™ 1.95Ah|1.96 Ah¢
THR18650A
LG Chem

1 m d
ICR18650LB2 HP NMC | graphite 3.2V [42V 11mQ|11.2mQ 1.5Ah| 151 Ah
Al23 HP LFP | graphite 318V [334V 8mQ|81mQd 2.3 Ah|2.32 Ahd
ANR26650M1 grep ' ' ' ' '
Al23 HP LFP | hit 318V [3.34V 18mQ[183mQ™ 1.1 Ah|1.11 Ahd
APR18650M1A graphite 2 ' mEairesm ' '
Sony interme- . P g
US26650F T diate LFP | graphite 318V |3.34V 18mQ]18.3 mQ 3.0 Ah|3.02 Ah
Panasonic interme-

i m d
NCR18650PF diate NCA | graphite 3.2V |42V 21mQ|21.4 mQ 2.85 Ah | 2.87 Ah

Panasonic

3 m d
NCRI18650B HE NCA | graphite 3.2V |42V 55mQ | 56.0 mQ 3.4 Ah|3.42 Ah
Samsung .

2V |42 . mo2, . d

NCR18650-25R HP NMC | graphite 3.2V | \% 13 mQ|13.2 mQ 2.5Ah|2.52 Ah
O'cel HE LFP | graphite  3.18V[3.34V 50mQ|509mQ¢ 3.3 Ah|3.32 Ah¢
IFR26650EC graphite ' ' ' ' '
GreatPower HE LFP | graphite  3.18V[334V 25mQ|[255mQ¢ 33 Ah[332Ahn™
26650/3400mAh graphite ' ' ' ' '

OptimumNano interme- ypp oo opise 318V(334V 15mQ[153mQ¢ 3.0 Ah|3.02 Ah¢

OPT26650F diate
LG Chem

i d d
INR18650M]1 HE NMC | graphite 3.2V [42V 40 mQ|40.7 mQ 3.5Ah|3.53 Ah

Cell dimensioning is rather unspecific. The resistance coefficient can quantify this parameter.
HP cells offer a lower impedance and a low capacity, which lead to a low resistance coefficient.
In the case of HE cells, the impedance and capacity are high, and therefore the resistance coef-
ficient is also high. In Figure 3.4, the resistance coefficient is plotted against the time constant
7p. The resistance coefficient is calculated with Rg; and C;. The flat OCV characteristic of LFP
cells leads to higher time constants. Furthermore, a parallel connection of HE cells take longer
to reach a steady-state than HP cells. This makes it necessary to observe the current distribu-
tion at different time scales, and differentiating between HP and HE cells makes sense. A fur-
ther analysis using the analytical model on hybrid battery systems is provided in the Appen-
dix.
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0,2
Panasonic - NCR18650B @
S E-One Moli Energy - O'cell - [FR26650EC
Z 0.15 [HR18650A @
g LG Chem - @
g INR18650MJ1
2
< 0.l
S ) Great Power - -
° Panasonic - 26650/3400mAh HP (NCA, NMC)
e NCRI 8650PFA HP (LFP)
_‘% 0,05 Samsung - Sony - US26650FT A intermediate (NCA, NMC)
2 NCR18650-25R OptimumNano - OPT26650F | _ intermediate (LFP)
2 @ HE (NCA, NMC)
LG Cher - A123 - APRI8650M1A HE (LFP)
ICR18650HB A123 - ANR26650M 1
0
0 500 1000 1500 2000 2500 3000 3500 4000
time constant in s
Figure 3.4:  Time constants T, considering the variation of different commercial lithium-

ion cylindrical cells in 18650 and 26650 formats. The diagram differentiates be-
tween cathode materials with steep (NCA and NMC) and flat (LFP) OCV char-
acteristic as well as HP, intermediate, and HE cells

3.2 State-space model

Current distribution can be simulated with an EEC. Self-produced sections of [28] are partially
contained in this chapter without any further reference.

In the present work, the inductive behaviour of battery cells is not the focus, and inductance
L and RL elements are not considered in the model. The EEC only uses the OCV, one ohmic
resistance, and RC elements. ZARC or Warburg elements are represented by RC elements
(compare Figure 3.5) using Buller’s transformation [44].

omlol
N ———

—_ —_——

« J \ J

— M Y Y

Figure 3.5:  EEC model consisting of the OCV, one ohmic resistance and RC elements. RC
elements represent a ZARC and a Warburg element

A state-space model is a common way to implement time-dependent processes. A matrix-
based realisation utilises the strength of MATLAB [210], thereby providing an efficient com-
putation time for the model.

The electrical voltage U, of a lithium-ion cell n is composed of the sum of Uy 5, resistive Ugg 5,
and dynamic voltage drops Uy, , (3.35). Figure 3.6 shows the structure of the EEC model for N

parallel-connected cells. The dynamic voltage drop for a cell can comprise the sum of K single
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3 Modelling of the current distribution

voltages of each RC-member k. Each dynamic voltage drop Up x , can be described in terms of
the parameters R,y , and Cp ;. », as well as the current i,, of celln via a common differential
equation of the first order (3.36). If N cells are connected in parallel, a total current i;,, results
from the sum of all phase currents i,, (3.37).

U, = UOC,n + URs,n + Up,n with Up,n = Zﬁ:l Up,k,n (3.35)
dUp,k,n(f) - _ Up,k,n(t) + in (3"36)
dt Rp,k,n'cp,k,n Cp,k,n
Yh=1in = lror (3.37)
Uy
>
U U U
p1,1 p.2,1 p.K,1
e
Uoca Urs1 — —
; > > L I L I k —__ —
;»e_:_ Rpii || Rpza §K_ Rpk1
Rs1 | | | | | |
I I Cp,l,l Cp21 I I Cp,Kl
U,
>
U U U
1,2 p.2,2 p.K,2
—
Uoc, Ugs2  m—  m—
mr > > | L P
' =) ="
| C C C !
1,2 2,2 K2
) UN 14 14 14 0
n| > | n
| Up,1,1v Up,z,N Up,K,N |
' UOC,N URS,N | | '
I —_—> > L L k —_ +—
&,.6_:_ Rpan | Rpon §K_ Roxn |
Rsn | | | | | |
| |Cp'1,N | |Cp‘2_N | ICp,K,N
Figure 3.6: Model structure with N parallel cells, each with an OCV, a series ohmic re-

sistance Rg, and K RC elements

The aim is to transfer the system equations (3.35) to (3.37) to the matrix-based state-space of
the control standard forms (3.38) and (3.39), which are based on the system matrix 4, input
matrix B, output vector ¢, and feedforward vector d. Furthermore, an OCV vector y,¢y in
combination with the corresponding unit vector Ty is implemented in the output equation
(3.39). The state vector x contains every dynamic voltage U,y of the total cell count N, in
which each cell n has a total of K dynamic single voltages. In addition, the size of each matrix
can be adjusted dynamically depending on the circuit to be simulated. The input u of the sys-
tem is represented by all phase currents i,,. Therefore, this type of algorithm provides the user
with more flexibility by changing the number of parallel-connected cells or the count of RC
elements to represent the dynamic voltage drop without losing calculation time. As shown in
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Subsection 2.2.2 (Table 2.1), it also allows the representation of ZARC and WB elements by
multiple RC elements while maintaining good performance and valid results.

1XK-N T (3.38)
x(t) = Ax(t) + Bu(t), x=|Up11 = Upka Up12 = Upkw

y(©) = Tocy * Yocv + cx(6) + du(t) (3.39)

Because MATLAB is designed to calculate matrices, a variable state-space offers the ideal pre-
requisites for an efficient and general description of a parallel circuit and the analysis of cur-
rent distributions, which are presented in the following sections. The investigations of Bruen
et al. [19] and Shi et al. [188] were based on system equations in current distribution simula-
tions. Using their modelling approaches, an algorithm is presented in which the OCV is line-
arised or the state-space model reduced to a linear equation system. To achieve enhanced cell
behaviour and consequently an accurate current distribution of parallel-connected cells, nei-
ther the OCV nor the state-space model are linearised. To enable the analysis of the impact of
different OCV curves, the nonlinear OCV is not part of the state vector, which contains all
voltages of the electrical circuits.

Instead, the OCV is considered separately in combination with a unit vector Ty . Because only
one parallel string is required for the output scale y(t) = U (3.40), only the first position of the
unit, output ¢, and pass vector d is occupied (3.43) by transforming the linear differential equa-
tion (3.36) into the control standard forms (3.38). Whereas the pass vector d has the length N
to combine every phase current of vector u, the output vector ¢ deals with the state vector x.
It combines all K dynamic voltage drops of the cell in the first phase, and thus every following
dynamic voltage is multiplied by zero. Therefore, the output vector c¢ has the dimension 1 X
(K +N).

The input matrix B and system matrix A are composed of the system parameters C, j (3.44),
which are the time constant 7, ,, (3.45) of cell n, and RC-member k, respectively. The time con-
stant 7, , can be calculated by multiplying the corresponding RC-parameters Ry, ;. , and Cp i ,
(3.41). For a comprehensible description, the input matrix B offers the subcomponent B, in its
diagonal, which in equation (3.38) combines all capacities of cell n with the corresponding
phase current i,,. The system matrix A has the time constant of each cell in its diagonal and
contains every corresponding dynamic voltage drop of the circuit.

y=U (3.40)
Tekn = Cpkn” Rp,k,n (3.41)
u=1[iy = iy]" and yocy =I[Uoc1 - Uocn]" (3.42)
1XN 1xK 1XN XN (3.43)

Tocy =[10 - 0], c= [1 . 10 - 0] andd = [Rs,l 0 - 0]

B.1 () L 14T (3,44)
B = H . H ) BTL = I:Cplln e Cp[('n:l

0 - By
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K-NXK'N (3;'45)
- 0 ]
T11
: ) TL )
A — K1
0 —_L
T1,2
: 1
0 ~ T

The aim of further transformations is to transfer the nonlinear ratio yocy of the state-space
representation (3.39) together with the total current I;,, into a new input u’, and simultane-
ously convert the vector of all phase currents i, into a new output y' of the differential (3.38)
and output equation (3.39). This is done by linking the matrix form of both Kirchhoff’s laws
(3.36) and (3.37), in which the dynamic voltage drops U, are still regarded as state x. This
results in a matrix-based calculation rule for phase currents (3.46). The new input u’ offers
handling nonlinear OCV curves very easily without computationally intensive linearisation
methods that have been used in the literature thus far, except for [28].

i (3.46)
u=[il=Rcoeff-(Ex+Fu’), u’=[lt°t]
iy

Yocv
The resistance coefficient R;ocrf (3.47) is composed of the ohmic internal resistance R, of
every parallel-connected cell nin the parallel circuit, whereas the resistor matrices F (3.48) and
E (3.49) both couple the state vector x and newly generated input u’ into the vector-based
phase current calculation. The two resistor matrices are results of the linking of Kirchhoff's
laws (3.36) and (3.37) under the aforementioned assumption.

-1
347
Rcoeff = (Zgzl Hjiv=1 Rs,n ) , Fn,x = HNi=1 Rs,n ( )
ik i#n,i#x
I Iiv=1Rs,n _Z¥=1F1,x F1,2 Fl,x ] (3'48)
i#n x#n
Fy, Fax
F =
iRy Fyi Fup o =X Fua
i#n X#n
[— Izv=1 Fl,z F1,2 Fl,z 1 (3-49)
ZFEN
Fy, Fa.
E =
N
NxK NxK z#n
N —p—r
NxK
NXN-K
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Using this calculation rule in the initial and differential equations (3.38) and (3.39) produces a
state-space model that requires no knowledge of current distributions (3.50)—(3.58). The cur-
rents of each string can be determined according to the matrix-based calculation rule by solv-
ing the differential equation and a consequent calculation of state x (3.46). This new algorithm
enables easy modifications depending on the interconnection thanks to short computing times.
The number of dynamic voltage drops can be varied for each cell to improve the voltage be-
haviour and number of parallel cells, with no appreciable loss of calculation performance.
Even with several cells in series, each phrase can be easily simulated. This is particularly true
for large battery systems, such as the Tesla Model S, where up to 86 cells are used in parallel.
This newly developed calculation method achieves good validation results, as shown in Sec-
tion 3.4, and represents an efficient and flexible method for dimensioning the system as well
as for on-board computing. In summery the equations are:

X = Ax + B[Rpess - (Ex + Fu')] (3.50)
y’ = TOCV * yOCV +cx + d[Rcoeff(Ex + Fu’)] (;?-51)
>Xx = A’X + B’u’ and y = TOCV ' yOCV + C’x + d’u, (.?.52)
with A=A + BERCOe‘ff and B' = BFRCOBff (5’,53)
w=[l] (3.54)
Yocv
x=[Ups1 = Upka Uprz  Upkn] (3.55)
c'=c+ dERcoeff and d' = dFRcoeff (5’.56)

3.3 Model parameterisation

In this work, the battery cell parameters of different cells were determined. Table 3.3 shows
the basic information of the cells. All cells were parametrised in terms of capacity, OCV, and
internal resistance measurements. For further measurements of current distribution, parame-
ter sets of two temperatures were necessary. Therefore, the measurements took place in tem-
perature chambers at 10 and 25 °C. Capacity, pulse impedance, OCV, hysteresis, and valida-
tion measurements were performed with a BaSyTec Cell Test System (CTS). Additional EIS
measurements were performed with a Bio-Logic VMP3 potentiostat. These parametrisations
are precise, extensive, and time-consuming. Therefore, only two to seven cells were treated
this way. All cell types have a short name shown in Table 3.3, which is used for further iden-
tification in this work.
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Table 3.3: Basic parameters of the lithium-ion battery cells used in this work [198-200,
202, 204]
Producer LG ChemLtd, L 2nasonic Samsung SDI - Sony LG Chem Ltd.
Corporation Co., Ltd. Corporation
Type ICR18650 HB2  NCR18650 PF  INR18650-25R ~ US26650 FT INR18650 MJ1
Short name LG_HB2 Pan_PF Sam_25R Sony_FT LG_M]J1
Capacity C, =15Ah C, =27 Ah C, =25Ah C, =3.0 Ah C, =3.5Ah
Current limits 4A130A 144A110A  4AI120A 3A120A 35A110A
(charge | discharge)
Voltage limits 42V 120V 42V125V  42VI25V  36VI20V  42VI25V
(charge | discharge)
Dimensioning HP intermediate HP intermediate HE
Year of market 2011 2012 2014 2013 2016
launch
|

Electrode chemistry NMC | NCA | NCA | LFP | NMC,

. . . . graphite and
(cathode | anode) graphite graphite graphite graphite

silicon [190]

3.3.1 Capacity determination

The capacity determination was similar to the norm ICE 62660-1 [42]. First, it was necessary to

equalize the cell temperature in the temperature chamber. Then, the measurement procedure

followed the steps in Figure 3.7:

Figure 3.7:

Step 1
Charge CC:1C Limit: Upper voltage limit
'
Step 2
Charge CV: Upper voltage Limit: absolute current
limit below 0.01 C
Step 3
Discharge CC:1C Limit: Lower voltage limit
'
Step 4
Discharge CV: Upper Limit: absolute current
voltage limit below 0.01 C

Flow chart of the capacity determination measurements

The cell capacity calculation followed equations (3.57) to (3.59). The capacity is the current

integral of the discharge in Steps 3 and 4.

CerC - fsta‘rt Step 3

Cmcv = fstart Step 4

end Step 3

ide (3.57)

end Step 4

idt (3.58)
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arithmetic mean of all valid values without outliers. The boxplot of Figure 3.8 shows the meas-
type were analysed. The cell numbering starts with MHH or EEBatt. The left axis indicates the
Ah values and the right axis indicates the normalised capacities. A normalised capacity of one

To eliminate random errors, measurement steps 1 to 4 were repeated three times. C,, is the
ured CCCV cell capacities at two different temperatures T: 10 and 25 °C. Three cells of each

is the mean value of all measurements of this cell type.
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3 Modelling of the current distribution

The deviation between the three measurements was below 1 %. In all cells, the capacity of the
25 °C measurement was higher than the 10 °C measurement. The differences rank from the
lowest in the LG_M]J1 cell (0.5 %) to the highest in the Pan_PF cell (2.6 %).

3.3.2 Internal impedance parameter determination

Impedance parameters of lithium-ion cells depend on several influencing factors such as tem-
perature, SoC, current direction, and current rate [23]. Furthermore, the parameters of one cell
type vary because of variations in the production process, and the cells change their parame-
ters while ageing. A more detailed explanation was provided in Subsection 2.2.2.

For current distribution analysis, a precise cell voltage calculation is required in all situations.
The equalisation processes of current distribution take time in the range of minutes or hours,
as shown in Figure 3.3 in Section 3.1. Therefore, long-term voltage calculations must be en-
sured. The current dependence of the parameters is small in the operational area of cells [211].
Hence, the influence of current was not considered. The model parameters were averaged be-
tween the impedance at charge and discharge pulses.

Predicting parameter changes during ageing is difficult; it depends on the ageing mechanisms.
Detailed explanations can be found in Subsection 0 and in Birkl et al. [26]. In this work, the
impedance parameters of the simulations did not change while the cells were in use because
of ageing. Instead, specific parameter sets were extrapolated from new cell parameters and
literature dates, such as from Ecker et al. [102].

The impedance parameters were estimated with pulse measurements. The model consisted of
the OCV, ohmic resistance Rs, and a row of RC elements connected in series. An analytic cal-
culation gives the initial value of the ohmic resistance Rg by the division of the voltage step
AUstep using the absolute value of the current pulse |Ipys| between the last measured data
point before and the first after the current pulse. The Basytec CTS instrument uses a sample
rate of 1 MS:

R. = SUstep (3.60)

s |Ipulse|

Therefore, the voltage difference between the last sample point when current flows and the
first sample point after the current pulse was calculated. With that, the ohmic law allows a
resistance to be calculated, which can be assumed as the ohmic resistance of the cell. This
method provides good results at a simulation step size in the range of seconds. Section 3.4
provides a validation with the dynamic load profile of Campestrini et al. [212] which includes
a variation of the dynamic.

Figure 3.9 illustrates the procedure of these tests. A pulse of ASoC = 5 % with a current rate of
1 C excites the cell, which occurs at every 5 % of the SoC in the discharge direction, as illus-
trated in Figure 3.9, as well as in the charge direction. When the pulse hits the lower voltage
limit minus 0.1 V or the upper voltage limit plus 0.1 V, the current is reduced. All measure-
ments were conducted in temperature chambers once at 10 and once at 25 °C.
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Step 1
Charge CC:1C Limit: Upper voltage limit
'
Step 2
Charge CV: Upper voltage Limit: absolute current
limit below 0.1 C
Step 3
Discharge CC: 1 C Limit: G SRR
iterations

1 . Step 4
Voltage limit . L
no | Relaxation Limit: 2 h

yes
| Step 5: End |

Figure 3.9:  Test plan of the measurements for impedance calculation. The flow chart shows
the process of using negative pulses from 100 to 0 % of the SoC. The test with
positive pulses discharges the cell at steps 1 and 2. In step 3, the cell is charged
in 5 % steps

Figure 3.10 (a) illustrates the data that go into the fitting process to fit the impedance parame-
ters. The data consist of the overvoltage values in the time as well as the current pulse and
overvoltage values in the same length of the relaxation phase. The overvoltage is fitted with
an EEC consisting of one OCV, one ohmic resistance, and several RC elements. It is assumed
that the voltage at the end of 2 hours of relaxation is the OCV. From that point, the overvoltage
can be calculated as the difference between this voltage and the measured cell voltage.

The model in Section 3.2 can handle a variable number of RC elements K per cell. In addition,
the fitting can calculate the parameters of a variable number of RC elements. For the choice of
starting parameter of the fitting process, the time constants of the RC elements are spread
equally from zero to the length of the measured data. It is possible to do so on a linear 7y ;;,, or
logarithmic scale 7y ,;,4, which is the user’s choice. The smallest time constant 7; corre-
spondends to twice the step size of the simulation. The initial parameter of R, comes from
equation (3.63), where the overvoltage at time 7, is multiplied by the absolute value of the
high of the current pulse I;,se-

Tk,linzrl+(k—1)-% and k € [1..K] (3.61)
_1)Jog10TK~l0g10T1
Titog = 1080 ™ i and k € [1.. K] (3.62)
Ry = Yoviry (3.63)
|Ipulse|
Ce=1% (3.64)

The fitting process uses the MATLAB function “fmincon” from the Optimization Toolbox. This
nonlinear programming solver finds the minimum of a problem specified by
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3 Modelling of the current distribution

c(x) <0 (3.65)
ceq(x) =0
min f(x) such that A-x<b
* lAeq X = beq
Ib<x<ub
where b and beq are vectors, A and Aeq are matrices, c(x) and ceq(x) are functions that return
vectors, and f(x) is a function that returns a scalar. Furthermore, f (x), c(x), and ceq(x) can be

nonlinear functions, and x, [b, and ub can be passed as vectors or matrices. [213]

The fitting results show that five RC elements are a good compromise between accuracy and
calculation efforts. Because the OVC at the fitting is measured at 0.05 C CC current and the
fittings take place at different SoCs and temperatures, this model is of the type
0CViea 0.05¢(S0C) + Zr spc(SoC, T). Figure 3.10 shows the simulated and measured overvolt-
ages of the pulses and the absolute simulation error at different SoCs. The fitting includes the
pulse and the subsequent relaxation phase of the same length as the pulse.
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Figure 3.10:  Simulated and measured overvoltages (a) and the absolute simulation error (b)
at different SoCs. The simulation used an EEC with five RC elements in the
Sony_FT cell at 25 °C (model type: OCV 1,04 0.05¢(S0C) + Zg 5pc(S0C,T))

Because the pulse measurements were performed at two temperatures (10 and 25 °C) and in
positive and negative pulse directions, the fitting resulted in four parameter sets per cell. The
results at different pulse directions were averaged as the differences were small. Figure 3.11
illustrates all parameters of one Sony_FT cell depending on the SoC and temperature. Cold
cells at 10 °C exhibit larger overvoltages than cells at 25 °C. Especially at low temperatures,
the real part of the impedance at a low SoC is higher than for other SoCs. The capacities Cp do
not show a trend with the SoC. The basic behaviour of the other cells used in this work is
similar to that in Figure 3.10 and Figure 3.11. These results are in accordance with other pub-
lications, such as Waag et al. [211].
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Figure 3.11:  Impedance parameter of one Sony_FT cell depending on the SoC and tempera-
ture, (a) resistance, (b) capacitance, and (c) time constant (impedance parame-
ters Rs, Ry 1.5, Cp1..5 and Ty 1 5 from dark blue to grey)

3.3.3 Open-circuit voltage determination

As shown in Section 3.1 the slope of the OCV has a significant influence on the current distri-
bution. Therefore, the method used for OCV determination is crucial. Two methods are com-
mon:

+ Constant current discharge and charge at low current
+ Stepwise relaxation at different SoCs

The first method uses a small current to discharge and charge the cell between 100 and 0 % of
the SoC. The OCV is the average between the discharge and charge voltage. The process is
simple and provides a high resolution in terms of SoC supporting points. Because of this res-
olution, it is possible to calculate the differential voltage and incremental capacity spectra. Fig-
ure 3.12 shows the OCV curves of five lithium-ion battery cells used in this work. The c-rate
of these measurements was 0.05 C and the temperature was 25 °C.

The second option for determining the OCV is to perform the measurements in a stepwise
manner. Figure 3.13 shows the SoC steps in the diagram (a). Each step includes a CC current
to go to the next SoC and a relaxation phase of 3 hours to relax to the OCV. Figure 3.13 (b)
shows the cell voltage and current of one step. This procedure is a part of the hysteresis meas-
urements described by Zhu et al. [109]. The OCV voltage Uy is shown in Figure 3.13 (b) with
a red cross. These values are affected by the voltage hysteresis. To eliminate this effect, the
mean value between the maximal OCV values Up¢ mqx and minimal values Upc in Over the
SoC is calculated:
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min U, max U,
soc=0 %€ soc=0 € (3.66)
min _Upc max Upc
Uocmin = [ $0¢=005 and Upg,may = | S0€=0.05
Jun, Uoc S0t Uoc
UocmintUoc,
Uy = 20CmintI0Cmax (3.67)
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Figure 3.12:  OCV curves of the five battery cells at 25 °C: (a) OCV over SoC, (b) differential
voltage spectrum OCV over dSoC/dOCV, and (c) incremental capacity spec-
trum dOCV /dSoC over the SoC

Figure 3.14 compares OCVs determined in four different ways. The solid lines in the diagrams
(a) to (e) were calculated CC measurements at the c-rates of 1 C, C/10, and C/100. The dashed
line comes from the stepwise measurement. The ambient temperature for all of these tests was
25 °C. In the second row of diagrames, (f) to (j) indicate the different slopes of the measurements
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3 Modelling of the current distribution

with CC. A high current leads to filtering of the OCV slope, and the peaks in the DVA shrink.
Results of current distribution in battery cells in the literature allow the assumption that this
is caused by an asymmetric current and SoC distribution in the cell [127, 130, 154]. The OCV
coming from stepwise measurements has too few sampling points to calculate the DVA. Sub-
section 5.4.2 goes into detail about the variation of the slope of the OCV on the current distri-
bution between parallel-connected cells.
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Figure 3.13:  Procedure of the stepwise OCV calculation from hysteresis measurement de-
scribed by Zhu et al. in [109]

At a c-rate of 1 C and an SoC close to 1, a horizontal line can be seen in the diagrams (g), (h),
and (j). Because the maximum cell voltage is limited, it is not possible to obtain the OCV until
an SoC of 1 using a current of 1 C because of high overvoltages. Hence, an extrapolation of the
OCYV at high SoC is necessary, which leads to a horizontal line in the DVA. The last row of
diagrams, (k) to (0), shows the voltage difference between the OCV measurement at a c-rate
of C/100 and all other OCVs.
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Figure 3.14:  OCV curves of the five battery cells. Diagrams (a) to (e) show the OCV over the

SoC. Each consists of four different measurements. The solid lines are from CC
measurements with c-rates of 1 C, C/10, and C/100, whereas the dashed lines
are from stepwise measurements. In the second row of diagrams, (f) to (j) show
the DVA of the OCVs in the first row. The stepwise measurement has too few
sampling points to calculate the DVA. In the last row of diagrams (k) to (o),
the difference of the OCV measured with the lowest current and all other OCVs
is illustrated.

3.3.4 Hysteresis

To accurately model the cell voltage, a hysteresis calculation is also necessary. Several papers

have shown an SoC-dependent effect of some 10 mV in lithium-ion cells [110, 214, 215] with

different cathode materials. Zhu et al. described a procedure for measuring hysteresis, which

has already been discussed in the previous subsection.
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3 Modelling of the current distribution

The measurement consists of a stepwise approach of SoCs in a step size of 5 %. At every change
of the SoC’s direction, the number of steps is reduced by one step (compare Figure 3.13 (a)).
Furthermore, there are three minor loops performing the same procedure as in SoC ranges
from 10 to 50, 30 to 70, and 50 to 90 %. Each approach of the SoCs is performed with a current
of 0.5 C and followed by a relaxation phase of 3 hours. At the end of the relaxation phase, the
OCV including hysteresis is reached. These points are marked with a red cross at an exemplary
step in Figure 3.13 (b).

These data allow the hysteresis limits of each SoC to be calculated. Figure 3.15 (a) shows the
absolute difference between the minimal and maximal OCV curve of all cells and the temper-
atures 10 and 25 °C. Notably, a voltage difference of only <5 mV exists between the two tem-
peratures in most cases. The range of hysteresis of different cell chemistries is in the same
magnitude. With the maximum and minimum OCV values, it is possible to determine the
mean OCV, which is a stepwise calculated OCV. A detailed description of this can be found
in Subsection 3.3.3. Figure 3.15 (b) shows the difference between the stepwise calculated OCV
and an OCV measured with a CC current of C/20.

In this work, a simplified hysteresis calculation was used. The sum of all hysteron states
ylu(t)] divided by the number of hysterons N gives a normalized factor. The data in Figure
3.15 (a) shows the maximum absolute hysteresis. The output of the model is unitless and mul-
tiplied with the SoC-dependent maximum of absolute hysteresis data divided by two, w(SoC):

() =22 3 y[u@)] (3.68)

N

The limits of a and 8 are necessary for the Preisach calculation; see Figure 2.8 on page 19. The
assumption applies that @,y = Pax- With the measurements of Figure 3.13, a maximum, min-
imum, and mean OCV can be calculated. When the SoC progression changes its direction, the
hysteresis changes from increasing to decreasing or vice versa. The difference between the
turning point and crossing of the OCV, including the hysteresis and the mean OCV without
hysteresis, corresponds to @y, /(1 + V2) because of the quadratic relation coming from the
Preisach model. The SoC difference between the maximum and minimum curve can be deter-
mined only when one of these curves is reached at the turning point. From the paper of Baronti
etal.,, arange of @ and f of approximately 10-20 % can be expected [110]. Hence, only turning
points were used for this type of calculation with a history of SoC changes larger than 20 %.
Table 3.4 summarises all @ and f parameter at 10 and 25 °C. The values were averaged from
all calculations at the usable turning points.
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Figure 3.15:  Voltage range of the hysteresis of all cells. Diagram (a) shows the absolute
voltage difference between charge and discharge. Diagram (b) shows the differ-
ence between the OCV measured with C/20 CC and the mean OCV out of the
hysteresis measurements.

Table 3.4: Range of a and B from the maximum to minimum hysteresis and vice versa

Cell LG_HB2 Pan_PF Sam_25R Sony_FT LG_MJ1
@max and Prax at 10°C 0.1 0.13 0.18 0.10 0.16
@max and Prax at25°C  0.16 0.17 0.20 0.08 0.20
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3.3.5 Entropy

The change of entropy of lithium-ion battery cells AS results in the thermodynamic potential.
This can be calculated from the change of reaction enthalpy AH, which is the chemical energy
stored in a chemical compound minus the free reaction enthalpy AG, which is the maximum
energy that can be transformed into electrical energy divided by the temperature T

AS = AH-AG (3.59)

T

The equilibrium potential at standard conditions (one molar concentration) Uy s is followed
by dividing the free reaction enthalpy by the number of exchanged electrons z and the Faraday
constant F:

Upe s = — 26 (3.70)

z'F
The Nernst equation (3.71) allows for calculating the equilibrium potential at temperature T.

In this calculation, Red and Ox stand for the chemical activity of the reduced and oxidised
forms of the reactants:

UOC = Uoc_s‘l':i'ln[Red] (5’.71)

F [0x]

From (3.70) and (3.71) we get the relation between the temperature coefficient (entropic coef-
ficient) of the OCV and the reaction enthalpy:

dvoc _ _ A (3.72)

dT z'F

Figure 3.16 shows the entropic coefficients of NMC, NCA [216], and LFP | graphite [144, 217,
218] full cells. This means that parallel-connected battery cells with different temperatures
have different OCVs at similar SoCs.
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Figure 3.16:  Entropic coefficients (a) of NCA and NMC | graphite full cells and (b) of cath-
ode, anode, and full cell LFP | graphite cells. The data in diagram (a) are from
Eddahech et al. [216] and those in diagram (b) are from Li et al. [217], Guo et al.
[218], and Rumpf et al. [144].

3.4 Model validation

The model validation consisted of two steps. First, the cell voltage simulation of a single cell
had to be valid. In the second step, the simulation of the current distribution at different dy-
namic load profiles was checked. Self-produced sections of [28] are partially contained in this
chapter without any further reference.

3.4.1 Cell voltage simulation

Campestrini et al. described a validation profile used to validate the cell voltage calculation of
the EEC model [212]. It includes positive and negative pulses with varying lengths at 10, 50,
and 90 % of the SoC. Figure 3.17 presents the results of the validation of the cell’s overvoltage
exemplarily of a Sony_FT cell at 10 % of SoC with the model type OCV,;eq 0.05c(S0C) +
Zrsrc(SoC, T). The root mean square (RMS) error egys is calculated with the following equa-
tions using all simulated and measured data points nb. The validation at 50 and 90 % of SoC
both result in an RMS error of ez = 0.0033 V.

, , 3.73
€rMs = \/n_lb'ng“sim —iml? ( )
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Figure 3.17:  Validation of the overvoltage simulation of a Sony_FT cell at 25 °C and the
SoC of 10 %. This simulation does not include hysteresis effects. The load pro-
file comes from Campestrini et al. [212] and includes various dynamics. The
error in (b) is the absolute voltage difference between measurement and simu-
lation.

The hysteresis model is validated in Figure 3.18. The diagram presents measured and simu-
lated hysteresis data of a Sony_FT cell at 25 °C. Because of the flat OCV of the LFP cathode
material, the hysteresis is more relevant than in cells with steeper OCVs. The Preisach model,
described in Subsection 2.2.4, provides the results of the simulation. In Section 3.3, the para-
metrisation is explained. In the diagram, the “x” markers stand for the voltage after a relaxa-
tion phase of 3 hours. Simulations and measurements showed good correlation, especially at
SoCs larger than 10 %.
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Figure 3.18:  Validation of the hysteresis simulation. The diagram shows the measured and
simulated hysteresis of the Sony_FT cell at 25 °C

3.4.2 Current distribution calculation

An EEC model with different parameter sets was used to show different influences. To vali-
date the EEC, an HP cell from LG (LG_HB2) and an HE cell from Panasonic (Pan_PF) were
connected in parallel. This constellation can represent an impedance difference on the one
hand and a capacity difference on the other. Further parameter studies were conducted using
a virtual cell with a capacity of 1.00 Ah. Whereas the ohmic resistance and RC circuit models
of the real cells displayed a good correlation, the virtual cell model consisted of one ohmic
resistance, one ZARC element, and one WB element. This model is flexible and could be de-
scribed with only a few parameters. These nonlinear elements were approximated with five
RC circuits for the ZARC and 15 for the WB element, as suggested by Moss et al. [79] with the
ionic impedance parameters Ry, and Cy, and the time constant 7y;:

ky =2 =R, (3.74)
Cw
= w _ \/@ (3.75)
2 Cw Cw
Cwpn = szl% (3.76)
Rypn = 2 (377)

(2n-1)2-m2

An analytical transformation of the ZARC into RC circuits is not known. Buller presented an
empirical approach to modelling a ZARC element using five RC circuits, which was used in
the present work [44]. All equations that can be used to calculate the impedance of different

elements are presented in Table 2.1.

Therefore, varying a few parameters can influence the current behaviour in a certain frequency
range. To obtain valid results, a measured OCV characteristic was used in the EEC of the real
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3 Modelling of the current distribution

cells. In the case of the virtual cell, a linear OCV was assumed. This helped to separate influ-
ences on the parameter variations. Table 3.5 provides an overview of the models and parame-
ters used for the validation of the current distribution and dynamic analysis.

Table 3.5: Parameters of the HP, HE, and virtual cells. The HP and HE cells validated the
model, and the virtual cell was systematically varied to investigate the effects
of dynamic load profiles in chapters 5.1 and 5.4

HP cell for validation HE cell for validation Virtual cell for further
parameter studies

Type LG ICR18650HB2 Panasonic NCR18650PF virtual

Model OVCiea_0.05c(S0C) + Zg 3rc(S0C) OV Crea_0.05c(S0C) + Zp 3pc(S0C) OV Cyin(SoC) + Zg 20rc
Capacity Cn =152 Ah Cyn =290 Ah C, = 1.00 Ah

OCV measured measured virtual

Measurements and simulations of the combination of one HE and one HP cell were performed
to validate the model. A CC discharge with a depth of discharge (DoD) of more than 80 %
represents long-term effects; see Figure 3.19 (a). Sine half-waves with a varying cycle duration
(T = 0.001...1000 s) were used to test the validity of the dynamic behaviour of the model; see
Figure 3.19 (a).

A BaSyTec GSM and a BioLogic SP-300 (in case of T = 0.001 s or T = 0.1 s) instrument were
used to provide up to -10 A at 25 °C during the short sine half-waves of up to 10 s starting at
100 % SoC. The test setup further consisted of a clamping construction that allowed 18650 or
26650 battery cells to be connected to soldering tags in parallel. In the test bench, a shunt of
1 mQ created a voltage drop in each battery string. This voltage drop was measured at 25 °C
with a self-developed measurement board, which provided a resolution of 24 bit, or a Pico-
Scope 5243B (in case of T = 0.001 s or T = 0.1 s), which provided a resolution of 15 bit. A more
detailed description follows in Chapter 4.

To compare the current distribution without taking the warming of cells into account, the cur-
rent had to be lowered by a factor of approximately 10 for long cycle durations (T = 1000 s)
and for the CC discharge measurement.

In the first ca. 9 % of DoD in Figure 3.19 (a), the HP cell delivers the larger part of the current.
This is because of its lower ohmic resistance. Because the capacity of the HP cell was less than
the HE cell, the OCV of the HP cell decreased faster than that of the HE cell. Thus, the SoCs
diverge, and hence the OCVs do too. Later, the difference in OCV overcompensated for the
difference of overpotential at the inner resistance. Up to 35 % of DoD, the results of Brand et
al. [25] regarding short- and long-term behaviour were confirmed. Simulations with a linear-
ised OCV would show a constant difference until the cut-off voltage. The simulations that are
shown in Figure 3.19 (a) used nonlinear OCVs. Measurements and simulations showed the
effect of these nonlinearities.
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Figure 3.19:  Validation of the simulation of current distribution with a CC and different
dynamic load profiles (dark blue: HE cell current; light blue: HP cell current;
continuous line: measured results; dashed line: simulation results; grey: half
current of the applied load profile). The model type is OCV 04 9.05¢(S0C) +
Zg3rc(S00).

In Figure 3.19 (b), a sine half-wave with a width of T = 1 ms is used as a load profile. In this
short time, the impedance effects are dominant. At the sine half-wave with a width of T =
1000 s, the curves intersect at approximately 630 s. At this point in time, long-term effects such
as OCV differences gain influence. The measurements and simulations using a sine half-wave
with a width of T = 100 ms and T = 10 s were difficult to interpret. The effects of SEI, double
layer, charge transfer, diffusion and mass transport overlapped (compare Figure 2.4). The
maximum simulation errors were below 0.5 A at the sine half-waves with 10 A, below 0.1 A at
the sine wave with 1 A, and below 0.2 A in the CC test.

Unlike the analytical calculation in Section 3.1 and its results in Figure 3.3, the CC measure-
ments in Figure 3.19 (a) do not reach a constant relationship between cells. As the analyses in
the Subsections 5.4.2 and 6.1.5 show later, the nonlinearity of the OCV is responsible for this
effect.
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3 Modelling of the current distribution

Therefore, the difference between the simulated current iy, and measured current i,, was
used. To calculate the relative error, the maximum total current of the load profile itp¢ max
formed the reference.

Table 3.6 shows the RMS and relative error at CC and the four different values of T. The RMS
error egys and relative error e,,; were used to quantify the error of the measurement, and e,
was calculated using the following equation:

erel = —RMS_. 100 % (3.78)

ltot,max

With relative error e,.,; up to 5 % at CC and up to 2.9 % at the sine half-wave load profile, Table
3.6 shows good accordance between measurements and simulations.

Table 3.6: RMS and relative error between simulated and experimental data
cc T=1ms T =100ms T=10s T =1000s
€RMS,HP 0.11 A 0.19 A 023 A 0.20 A 024 A
€RMS,HE 0.11 A 0.17 A 029 A 023 A 023 A
€rel,HP 5% 1.9 % 23 % 2.0 % 24 %
€relHE 5% 1.7 % 2.9 % 2.3 % 2.3 %
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4 Measurement of current distribution and
ageing

Measurements bring reference to the real world. It is crucial that the measuring tools do not
influence the measurement results, and the measured current distribution should reproduce
the situations in battery systems. An ageing experiment is used to study the harmful effect of
asymmetric current distribution.

4.1 Measurements at the cell level

To measure the current distribution at two different tempered parallel-connected lithium-ion
cells, a test bench was constructed. Figure 4.1 illustrates the measuring setup. Preventing the
influence of measuring tools on the current distribution was crucial. Section 3.1 showed that
the current distribution depends on resistances in the cells. The shunts in Figure 4.1 are con-
nected in series with the cell resistance, and therefore they also influence the current distribu-

tion.
"""" H e DAQ | .
' r 24 bit i '
Shunt 1 |::| -------- ! Immmmmmmmm |::| Shunt 2
_______ i PC cooler PC cooler i______,
for validation l
— — | Peltier element | [ Peltier element l—'—g
! I Basytec
| | GSM
5 5 _ PI PI 5 _ 5 _
Q= Q= Q= Q=
&4 - &% 52 o 52
@) = O @) = ]
(] Q
Q @)
PT100 PT100
Power line

@ -------- Control/measuring line @

— - — - Thermal connection

Figure 4.1: ~ Measuring setup of the 2p connection of cells. This setup can temper each cell
individually and acquire the single-cell current without having a significant
influence on the current distribution
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4 Measurement of current distribution and ageing

Selecting the optimal current sensing technology is a complex task, and some type of compro-
mise is necessary. Hall- or fluxgate sensors are common tools for measuring the current of a
conductor [219]. These sensors measure the magnetic field around a conductor and calculate
the current. This measuring principle would not lead to any growth in resistance. Because of
the effects of hysteresis and drift, the accuracy of the hall- and fluxgate sensors are not suffi-
cient for simultaneously measuring the cell current and current differences in a range of less
than 1 % of the cell current (compare Figure 3.3 on page 32) [220].

Therefore, a shunt-based measuring technique is more suitable; however, the shunts must
have low resistance. The setup used a precision shunt type PBV-R001-F1-0.5 (Isabellenhiitte
Heusler GmbH & Co. KG, Dillenburg, Germany) with a resistance value of 1.0 mQ on each
cell to measure the cell current. To show the influence of the current distribution, the fictitious
example from Section 3.1 is used. The results without measuring shunts are presented in Fig-
ure 3.3. The impedances of both cells are increased by the shunt resistance of 1 mQ. The graphs
in Figure 4.2 (a) illustrate the current distribution with and without shunts; almost no differ-
ence is visible. Figure 4.2 (a) shows the current difference caused by the shunt.
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Figure 4.2:  Influence of a 1 m£2 shunt on the current distribution shown in the example
from Section 3.1. The graphs in diagram (a) correspond to the total currents.
Diagram (b) shows the current difference caused by shunts.

Furthermore, the resistance of the shunt depends on the temperature. Shunts with high re-
sistance values generate more heat, which warms the shunt. The selected shunt generates
10 mW of head at the maximum current of 10 A. By mounting the shunt on the bracket, this
head can be conducted, and the temperature remains constant.

In addition, the joining technique must not influence the current distribution. Resistance meas-
urements performed with a precision resistance meter (Hioki BT3562) yielded an additional
resistance of the joining technique of 0.3 mQ and a difference in the strings of 9 uQ. This was
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4 Measurement of current distribution and ageing

below the measurement uncertainty of the Hioki BT3562 resistance meter of + 15 uQ2 and
equates to 0.013 % of the mean measured cell impedance of the Sony_FT cells at 1 kHz of
17.427 mQ [20]. An analogue-to-digital converter (ADC) was used to measure the voltage drop
at the shunt with a resolution of 24 bit. After the calibration with a Keysight 34470A multime-
ter and a Burster 1240-0.2 precision shunt, the cell current measurement reached a reliability
of + 0.1 mA at a controlled temperature of 25 °C. At temperatures between 20 and 60 °C, the
PBV shunt changed resistance at 30 ppm/K. [20]

To analyse the effects of temperature differences, the cells had to be tempered continuously
with a good thermal connection. To achieve this, copper shells were placed around the cells.
The connection between the cells and the copper shells was improved using heat conductive
foil. A proportional-integral (PI) controller set the temperature, the reference of which was a
PT100 sensor placed in a drill hole of the copper shells, which measured the surface tempera-
ture of the cells. Two Peltier elements combined with common computer cooler units gener-
ated the heat flow. The PI controller controlled the Peltier element and the fan of the computer
cooler. Figure 4.3 presents a labelled photograph of the test bench. The total load of the 2p
connection was provided by a BaSyTec GSM battery tester, which reached up to + 10 A with a
resolution of 16 bit and current measurement uncertainty of 0.05 %.

Cell current

'[;_—'* DAQ

Peltier
element

Load
current

Figure 4.3:  Photograph of the test setup including the temperature controller and cell cur-
rent data acquisition (DAQ) system. The DAQ is not placed on the cooler in
measuring position to prevent temperature influence.

To validate the cell current measurement, the BaSyTec GSM tester powered the 2p connection
in a second manner. Figure 4.1 illustrates the validation switch at the right side of the schematic
diagram. In this option, both shunts measure the current of cell 1 but with the opposite sign.
This allows the charge throughput of the two sensors in operation to be calculated. The load
profile consisted of CCCV full cycles and smaller cycles of 20 % DoD. With this setup, a charge
throughput of approximately 50 Ah was generated over approximately 30 h. In this test, an
RMS error 1.8 mA and a difference in charge throughput of 0.13 % were determined. Because
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4 Measurement of current distribution and ageing

the current applied to the two cells was in the range of amperes and the charge throughput
was in the range of several ampere-hours, the test accuracy of the test setup was sufficient.

To analyse the influences of the OCV, impedance, hysteresis, and entropy, cells with different
characteristics were chosen. Two Sony_FT cells with a similar SoH were used for the measure-
ments. The anode material is graphite and the cathode consists of LFP. This means the OCV
was steep at high and low SoCs and exhibited a flat area between 10 and 95 % of the SoC.
Further measurements were performed with the other cells in this thesis—LG_HB2, Pan_PF,
Sam_25R, and LG_M]J1—each in a 2p connection with similar SoHs. An analysis of the cell
parameters can be found in Section 3.3. The OCV of these cells was steeper at medium SoCs
because of the cathode material NMC or NCA. The slope between 10 and 100 % of SoC was
approximately 8 mV/%. At SoCs below 10 %, the OCV was also more steep.

To define the worst-case situation, thermoelectric simulations on a module of 648 cylindrical
18650 cells were performed in a preliminary investigation which is not explained in detail here.
The results showed a temperature spread of up to 15 °C. Hence, this difference builds the basis
for the worst-case analysis of the asymmetric current and ageing experiments in the present
study. One of the cells was maintained at 10 °C and the other at 25 °C.

The load profile consists of five phases, representing the charging, standby, and utilisation of
a storage system. The procedure represents different phases of the usage of a lithium battery.
It consists of charge and discharge current in CV and CC characteristics. An example is pro-
vided in Figure 4.4.
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Figure 4.4:  Measurement procedure including the CV phase, CC phase, relaxation, cycling,
and relaxation of two cells connected in parallel; one cell is at 10 and the second
cell is at 25 °C.

4.2 Measurements in larger storage systems

As shown in Section 1.1, battery storage systems for automotive or stationary systems often
consist of hundreds of cells connected in series and parallel. However, whether it is possible
to scale up measured results at the cell level for larger storage systems remains to be answered.
In the research project DriveBattery2015, a demonstrator was built that consisted of one HP
and one HE string. Each string consisted of 96 cells in a series connection. For the HP string,
the LG_HB2 cell entered into operation in a 5p connection, whereas the Pan_PF cells were used
for the HE string in a 10p connection. Hence, the storage system consisted of 96+ 5 + 96+ 10 =
1440 cells. The system measures the currents of the two cell strings with two 300 A shunts
(PMBE-300A; Sensor-Technik Wiedemann GmbH, Kaufbeuren, Germany) with 1 % accuracy.
[175]

The numbers of parallel connection can be scaled by a factor of 1/5. This means that one HP
cell is connected in parallel to two HE cells. Figure 4.5 shows the measurement at the cell level
on the left side. The cell tempering is not installed because no tempering occurs at the pack
level. The battery system is constructed inside a switch cabinet (Figure 4.5 right side).
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Figure 4.5:  Comparison between the current distribution at the cell and pack levels. On the
left, two Pan_PF cells are connected in parallel to one LG_HB2 cell on the cell
test bench without tempering. The right side shows a storage system consisting
of 96s5p LG_HB2 in parallel to 96s10p Pan_PF cells

With this setup, a comparison of the current distribution between cell and system was possi-
ble. To observe the effects in a dynamic load profile, the two systems were loaded by an EV
drive cycle recorded in Stuttgart. Figure 4.6 demonstrates good agreement between the meas-
urements at the cell and system levels. The results in Figure 4.6 allowed all further measure-
ments at the cell level. Furthermore, the good agreement between the two measurements al-
lowed the findings to be scaled up from the cell to system level.
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Figure 4.6:  Measured current distribution at the cell and system level. The diagram shows
an extract of an EV drive cycle containing a braking, stopping, and accelerating
phase. The current at the system level is scaled by a factor of 1/5.
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43 Ageing

Because ageing depends on charge throughput [21, 26, 101], the asymmetric current distribu-
tion is supposed to have an influence on ageing. An ageing experiment was performed to an-
alyse the influences, for which CCCV cycling of two cells connected in parallel with different
temperatures was supposed.

The effect of ageing should be shown in a worst-case scenario for the example of a 2p connec-
tion of cells. Cells with LFP cathode material have exhibited the most sensitive behaviour in
terms of current distribution. Section 3.1 confirmed this assumption using a simple calculation.
Therefore, the Sony_FT cells were used for the ageing experiment, and the basic parameters of
this cell type are listed in Table 3.3.

Accelerated ageing should not be generated by using cells outside of their specifications. All
of the cells in Table 3.3 have a smaller current limit in the charge than in the discharge direc-
tion. This was because of the ageing mechanism of lithium plating, which is the most harmful
ageing effect when charging cells at temperatures below 25 °C [96]. For many applications,
charging the battery at temperatures below 25 °C is common. Therefore, the ageing experi-
ment addressed this operation, and lithium plating was the most sensitive ageing effect. At
the 2p level, this means a limit of 6 A in the charge direction for the connection of the cells.

An asymmetric current distribution should cause asymmetric ageing of cells. Different scenar-
ios can cause an uneven load distribution. To find the most harmful temperatures at a temper-
ature difference of 15 °C, three cases were tested, beginning at 0-15 °C and ending at 10-25 °C
with an increase of + 5 °C at each step. These measurements were performed with the test
bench described in Section 4.1. When the tempering system reaches the target temperature,
the cells were discharged to 0 % of SoC. Figure 4.7 shows the current distribution at the fol-
lowing charge phase.

The worst plating tendency is supposed to be at the lowest temperatures. Nevertheless, at the
temperature combination of 0 and 15 °C, the current of the cold cell (cell 1) remained below
3 A. At the temperature combination of 10 and 25 °C, cell 1 reached a maximum current of
more than 3.6 A at an SoC of the 2p system of 91 %. This is a critical state because the maximum
charge current of 3.0 A is exceeded and the plating risk is high because of a high SoC, low
temperature, and high current, as described in [96, 100, 221].
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Figure 4.7:  Current distribution measurement with Sony_FT cells at various temperature
differences using a CCCV current and a current of 1 C

After this definition of the critical load profile, the ageing experiment uses the cells in a 1p
connection. The study used 12 cells in total. Each cell was cycled in its own channel of a
BaSyTec CTS. The cells were split into four groups. The first two groups were the reference
cells. The load profile of these cells was a simple CCCV charge and discharge profile with a
CC phase of 1 C and a CV phase that ended at a total current below 0.1 C. Group 1 operated
at 10 and group 2 at 25 °C, as ensured by a temperature chamber. Group 3 was cold cells in a
2p connection, and their charge current was the load profile shown Figure 4.7 (red solid line)
at a temperature of 10 °C. Group 4 represents the warm cells in a 2p connection, and therefore,
they were charged with the current of the red dashed line in Figure 4.7 at a temperature of
25 °C. Because lithium plating did not occur in the discharge phase, groups 3 and 4 were dis-
charged as the reference cells. Table 4.1 summarises the four groups in the test.

Table 4.1: Four groups from the ageing experiment and their operation conditions
Group 1 Group 2 Group 3 Group 4
Matter Reference cold Reference warm Cold Warm
Number of cells 3 3 3 3
Temperature 10 °C 25°C 10 °C 25°C
Load profile 10 ° Load profile 25 °
Charge CcCCvat1C CcCCvat1C oad profile 10°C,  Load profile 25°C,
see Figure 4.7 see Figure 4.7
Discharge CCCVat1C CCCVat1C CCCvat1C CCCVat1C

The SoH,p, and SoH; were measured consistently every 50 cycles in a check-up procedure with
the ageing of the cells. This is necessary once to track the ageing as well as to control the charge
current. The check-up began with a capacity determination in a CCCV discharge at 1 C until
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the current dropped below 0.1 C. When the cell degraded and lost capacity, the phase with an
almost constant current from 20 to 80 % of SoC was shortened by the value of the capacity loss.
In a further check-up process, pulses at 10, 50, and 90 % of the SoC were applied to the cells.
In each stage, one positive and one negative 60 s 1 C pulse were followed by 1 hour of relaxa-
tion. Figure 4.8 shows the test procedure, which was repeated until the end of the study. For a
proper comparison between cold- and warm-cycled cells, capacity and impedance determina-
tions of all cells were made at 25 °C.
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Figure 4.8:  Test procedure of the ageing experiment. The routine began with a capacity de-

termination followed by six pulses at three SoCs. Subsequently, 50 iterations
of cycling began. The cycling current differed depending on the group of the cell.
This figure shows the cycling current of the cells of reference groups 1 and 2.
Next, the procedure began again with the capacity determination.
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5 Drivers of asymmetric current distribution

For a systematic evaluation of the drivers of asymmetric current distribution, this chapter pro-
vides a detailed analysis of the occurring factors. The simple analytical calculation from Sec-
tion 3.1 gave a first impression but neglected important influencing factors. Self-produced sec-
tions of [28] are partially contained in this chapter without any further reference.

Figure 5.1 brings the dependencies into a hierarchical structure. The asymmetry in current Al
is at the top of the chart. A voltage difference coming from the cells AU, or from the system
is necessary to create Al. System effects such as impedance differences caused by different
cable lengths or differences in the conductivity of junctions were analysed by Rumpf et al.
[144] and are not a focus of the present work.

a Cmm

|
ASoH, Icm AT
“n variation

Figure5.1:  Relation between the effects that lead to asymmetric current distribution in
parallel connections of batteries. To accentuate the back couplings of the cur-
rent distribution, the Al-fields, which represent asymmetric current distribu-
tion, are marked in red, whereas grey is used to represent the factors controlled
by the test bench, the total load current I and the temperature difference AT.

From EEC modelling, it is obvious that the cell voltage consists of the OCV Uy, and cell over-
voltage Uyy. In Figure 5.1, there are two more influencing factors of AU the entropy
Uentropy and hysteresis Uy s¢eresis- They can be handled as part of the OCV, but for separating
the drivers of asymmetric current distribution it is clearer to list them separately.
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In the hierarchical level below, the reasons for AUgc, AUpysteresiss AUentropy, and AUy are col-
lected. The OCV voltage depends on the SoC having a nonlinear relationship. The height of
the charge current—and therefore the asymmetry in current distribution Al together with the
actual capacity C,, —define the cells” OCV. At this point, the first back-coupling of the current
distribution occurs on the effects of asymmetric current distribution. For emphasis, all Al in
Figure 5.1 have a red background colour. Furthermore, the results of Figure 4.6 allowed all
further measurements to be conducted at the cell level. Furthermore, the good agreement of
the two measurements allowed the findings from the measurements to be scaled up from the
cell to system level.

Back-couplings occur on the path of capacity difference AC,,. The ageing of the capacity de-
pends on the charge throughput of the cells, and therefore also on the current distribution.
Parameter variations from the production process o¢,, can influence the capacity as well as the
temperature. Because the test bench described in Section 4.1 can control the temperature and
system current I, these values are marked in grey colour in Figure 5.1. Through the operation
of battery cells, losses warm the cells, which means another back-coupling occurs in the cur-
rent distribution.

Hysteresis effects on battery voltage mean that there is a difference in OCV between reaching
a certain SoC from a higher SoC than from a lower SoC. Dreyer et al. explained this effect in
LFP batteries through different stable arrangements between lithium-rich and -poor particles
[24]. This means that the hysteresis voltage depends on the total current I together with the
cell currents coming from Al. Hysteresis effects are strong in LFP cells and less relevant in cells
with a steeper OCV curve.

In addition, entropy has an effect on cell voltage because of the temperature; therefore, the
current and current difference influence the height of AU,y tr0py. The voltage difference is low
compared with hysteresis and overvoltage effects. Schmidt et al. found an SoC-dependent en-
tropy from -0.50 to 0.08 mV/K in NCA/LCO cells and from —0.45 to 0.15 mV/K in LFP cells
[106].

The effect of differences in the overvoltage of cells AU,y is caused by numerous factors. It is
obvious that current influences the overvoltage, and therefore the current distribution does
too. Another factor is the impedance Z, which depends on the temperature, SoC, and ageing.
All these factors have a back-coupling with the current distribution. Furthermore, parameter
variations g from the production can lead to impedance differences AZ.

The manifold interconnections and back couplings make it clear that the total separation of
single effects is not possible in real-world measurements. The following work analyses the
effects of current distribution in individual sections on overvoltage, hysteresis entropy, and
SoC. Table 5.1 gives an overview of the simulative analyses that are described in detail in the
following sections. To ensure the maximum degree of freedom, Subsections 5.1.1, 5.4.1, and
5.4.2 used virtual cell parameters instead of real ones. In all the other simulations described in
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Chapter 5, measured parameters from real cells were utilised. Some effects required the addi-
tional asymmetry of another parameter. For the simulations on the SoC dependence of imped-
ance and hysteresis effects, a temperature difference of 15 °C was used to provide such asym-
metry. Without this additional parameter difference, no asymmetric current distribution

would appear.

Table 5.1: Overview of the simulative analyses of the drivers of the asymmetric current
distribution

Variation -
Effect Chapter Model type Conditions

parameter

R, Rzarc:$) i
Overvoltage, N 511 s Rzarc,§ 0CVn(SOC) + Zr 20re Virtual oCell parameter,
Parameter variation Ryg, Cwp AT =0°C

Real cell parameter,

Overvoltage, SoH 5.1.2 SoH OCV;;n(SoC) + Zg sre

Overvoltage, SoC 5.1.3

SoC dependence
of Z

0CViin(SoC) + ZR'5RC(SOC, T)
and 0CV;;,(S0C) + Zg 5pc (T)

AT =0°C

Real cell parameter,
AT = 15°C

Overvoltage, Real cell parameter
5.14 T t 0CV;;,,(SoC) + Z, ’
Temperature ermperatire tin(S0€) + Zrsre AT =5..15°C
ocy, SoC) +
Hysteresis 5.2 Hysteresis Z ’5;'29(‘17:3'056( oC) i;alchlsl g:z:arameter,
Real cell parameter,
Entropy 5.3 Entropy O0CViea 0.05¢(S0C,T) + Zrsge AT = 5..15 °C (without
effect on Z)
SOC., ?arameter . 541 c, OCVin(S0C) + Zp sore Virtual ocell parameter,
variation, capacity AT =0°C
SoC Virtual cell parameter,
SoC, OCV 54.2 nonlinearity O0CVeann(S0C) + Zazorc AT =0°C

5.1 Overvoltage

First, the observations relate to the connection of two battery cells in parallel. The effects
demonstrated by Brand et al. [25] occur when a linear OCV and no SoC dependencies of the
impedance parameters are assumed. In the present work, the time-dependent impedance was
also analysed at different frequencies of the total current. The EEC contained the OCV, an
ohmic resistance, a ZARC, and a Warburg element.

5.1.1 Parameter variation

This subsection discusses the simulation results of current distributions caused by impedance
parameter variations originating from the production process. The parameter differences were
chosen to be realistic in terms of real-world applications. Figure 5.2 shows the EIS measure-
ments (a) and four histograms. Histogram (b) illustrates the real part of the ZARC Re{Zzagrc}-
It represents the length in the horizontal direction between the zero crossing of the EIS curve
and the local maxima of the imaginary part at about 24 mQ in diagram (a). Im{Z(f,)} histogram
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5 Drivers of asymmetric current distribution

(c) is the imaginary part of the impedance at the local minimum at approximately 20 m Q in
diagram (a), and f; is the cut-off frequency. Re{Z(10 mHz)} (d) and Im{Z(10 mHz)} (e) are the
real and imaginary parts of the impedance at 10 mHz, respectively. All these parameters were
used to calculate the parameter variations. To separate the influence of the OCV on the asym-
metric current distribution, a linear dependence of the OCV on the SoC was assumed.

-Im{Z} in mQ2
n
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Figure 5.2:  Nyquist plot of Sony_FT cell measurements of group B1 of the dataset of Rumpf
et al. [20] in diagram (a) and histograms of Re{Zzsrc} (b), IM{Z(f )} (c),
Re{Z(10 mHz)} (d), and Im{Z(10 mHz)} (e)

This study focused on the parameters at the beginning of the cells’ life. Rumpf et al. [20], Baum-
hofer et al. [22], and Schuster et al. [112] have analysed the statistical spread of cell parameters.
Rumpf et al. [20] measured the parameter of series produced LFP | graphite cells in the 26650
format. These Sony_FT cells were described in Table 3.3 on page 39. The results of group (B1)
in [20] define the relative parameter differences (y) shown in Table 5.2, which were used in
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5 Drivers of asymmetric current distribution

this analysis of current distribution. The parameter differences chosen for this part are plus/mi-
nus twice the standard deviation o. The parameter difference y of Ry was calculated using
equation (5.1) using the standard deviation ¢ and mean value p of Rg:

— |—2'O'R_AC_1000HZ(Bl)|+|2-0'R_AC_1000HZ(81)| — 4-0.310 mQ =7.6% (51)
HR_AC_1000Hz(B1) 17.4 mQ

]/RS

Rzarc and C, are calculated by equal measurements using the parameters g ac min (B1),
OR_AC_min (B1) Kc_DCH_ccev (B1) and oc_peH_ccev (81)- The Warburg parameters Ry p and Cyp can
be evaluated from the raw data provided in [20]. The standard deviation and the mean value
of the real and imaginary part of the impedance of the lowest measured frequency are used.
Rumpf et al. [20] chose a minimum frequency of 10 mHz. The relative parameter differences
YRy and y¢,, are calculated using the variance of the real Re{Z(10 mHz)} and imaginary
Im{g (10 mHz)} part of the impedance at 10 mHz:

Ve = 4ORe(z(10 mH2)} (B1) _ 40333m0 _ 12% (5:2)
HRe{z(10 mH2)} (B1) 10.9 mQ

Yews = HIim{zao mz) 51y — 40144m 4% (5.3)
Hrm{z(10 mHz)} (B1) 14.0 mQ

The parameter ¢ of the ZARC element depends on the imaginary part of the semi-circle of the
Nyquist plot. A statistical calculation for the imaginary part of the highest point of the semi-
circle in the Nyquist plot produced (7 (s.y51) = 0-042 mQ and (71351 = 1.70 mQ. The

highest point of the semi-circle appeared at the cut-off frequency f, [46].

Im{g(fc)}max =2 Om{z(f)}(B1) + Uim {zo)BD = 1.79 mQ = §pay = 0.56 (5:4)
I{Z(f)} . =2 Opmizerian) — Mim{zg)en = 162 mQ = &y ~ 0.46 (5.5)
ye =2 i = 20 % (>-6)

Apart from the parameters analysed by Rumpf et al. [20], the impedance parameters of the
ZARC and Warburg elements were used to calculate the current distribution. Analysis of the
raw data showed that these parameters were also normally distributed and did not exhibit any

correlations.

Table 5.2 shows the initial value of the EEC that corresponded to the parameter set of cell 1
and the variation that results in the parameter set of cell 2. The initial values of this virtual cell
(see Table 3.5 on page 54) are derived from measurements of several 18650 and 26650 cell
types. The variation values come from the analyses of the data of Rumpf et al. [20] on Sony
26650 LPF cells.

A linear OCV was assumed in the simulation experiments to rule out any effects of the OCV’s
nonlinearities on the current distribution. All simulations started at 100 % SoC. Because the
OCV was linear and the impedance parameters were assumed to not be dependent on the SoC,
the current distribution was not influenced by the change of the OCV slope and varying im-
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5 Drivers of asymmetric current distribution

pedance parameters when the SoC changed. Variations in OCV linearity are discussed in Sub-
section 5.4.2. Ageing effects, temperature, and joining technology can lead to further parame-
ter variations between the cells.

Table 5.2: Parameter differences for the sensitivity analysis
RS RZARC f RWB CWB Cn ocv
0 docv
Initial value 0.02 Q 0.023 Q 0.4 0.100 & 3000 F 1.00 Ah I5oC = 052V
o
Variation value (y) +7.6 % +10 % -20 % +12 % +4 % -1% no variation

The simulations described next used two load shapes to compare situations with different dy-
namics in terms of current distribution. A sine half-wave represented current rising slopes of
differing steepness. A pulse load indicated the current distribution in a constant current case.
Both load profiles had different lengths and were followed by a phase of no current flow ex-
cept for compensating current between the cells. The time for the current flow T varied be-
tweenT = 1 ms and T = 1000 s with logarithmic steps.

A focus here was to show the influence of the dynamics of the load profile on the current
distribution of two cells connected in parallel when certain parameters are varied. A pulse
load is a commonly used case and comprises infinite frequencies, as is known from Fourier
transformation. A sine load only has one certain frequency. Furthermore, real-world load pro-
files are often more similar to the current rise of a sine half-wave. In the following simulations,
a discharge pulse and sine half-wave are applied to a parallel connection of two cells.

The cells are virtual cells with a linear OCV and a capacity of 1.00 Ah; moreover, the imped-
ance of the EEC consists of one ohmic resistance, one ZARC, and one Warburg element (Table
3.5 and Table 5.2). Because the impedance of a ZARC element is equal to an RC element at § =
1, the chosen model displayed a flexible structure. The simulation transformed the ZARC and
the Warburg elements into a string of RC elements with similar impedance.

Figure 5.3 and Figure 5.4 show the simulation results. The model was run 16 times with a sine
and 16 times with a pulse load at a constant difference in the ohmic resistance Rs to observe
current differences in 16 steps. The time for the current flow T was 1 ms during the first and
1000 s during the 16th run, with a maximum total discharge current of -2 A. T}, is the time of

the current flow of the m run. T}, grows logarithmically as seen in the following equation:

log10 0.001+h'10g10 1000—log10 0.001 (57)

T, = 10 max(h) s and h€]0..15]

Diagrams (a) and (d) show the cell current; (b) and (e) the current difference Ai between cell 1
and cell 2; and (c) and (f) the SoC difference ASOC between the two cells connected in parallel
over the time that has been normalised by T. The total current is a sine half-wave in (a)—(c) and
a square pulse in (d)—(f).

Ai(T) and ASoC(T) were calculated as follows:
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5 Drivers of asymmetric current distribution

Ai(T) = iy (T) — i,(T) 5.8
ASoC(T) = SoC,(T) — SoC,(T) = (5.9)
S0Cy, + 12°%f03'T i1(t) dt — SoCy, + 12°%f03'T i,(t)dt

Index 1 refers to cell 1, whereas 2 refers to cell 2. SoCy; and SoCy , are the SoCs at T = 0.
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Figure 5.3:  Simulation of the current distribution of a 2p connection with an impedance

difference of ARg = 7.6 %. It shows a sine half-wave load profile. The colour
change from blue to grey stands for a pulse duration of T from 1 ms to 1000 s.
Both cells have a capacity of 1 Ah. (model type: OCV;,,(SoC) + Zg 20rc)

If a difference existed in ohmic resistance, a variation of the current distribution would be
observed in the sine and pulse loads. The assumed difference in resistance of AR = 7.6 % leads
to a maximum current difference of Aign, = 0.063 A and Aipyse = 0.076 A and a maximum
SoC difference of AS0Cin = 0.128 % and AS0Cyy s = 0.187 %. The differences in current and
SoC in the pulse load are higher than the differences in the sine load.

As explained in the validation tests in Subsection 3.3.5, the current difference leads to a differ-
ence in SoC. A detailed description of the characteristics of SoC, OCV, and cell currents was
provided by Brand et al. [25]. In case of an ideal square pulse, the slope of the current rise is
infinite. This means that no ASoC exists and the current difference is only dependent on the
inner resistances of the cells. In the case of the sine half-wave load, there is a period T /2 until
the maximum current is reached. During this period, a ASoC is formed and this counteracts

73



5 Drivers of asymmetric current distribution

the asymmetric current distribution caused by the impedance difference. That is why the max-
imum current difference with sine half-wave load is lower than with square pulses as well as
decreases with increasing values of T.
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Figure 5.4:  Simulation of the current distribution of a 2p connection with an impedance

difference of ARg = 7.6 %. It shows a pulse load profile. The colour change from
blue to grey stands for a pulse duration of T from 1 ms to 1000 s. Both cells
have a capacity of 1 Ah. (model type: OCV ;,,(SoC) + Zg 20rc)

When T is high, the mean current difference is small. The short-term current difference in the
AR scenario could also be observed qualitatively in the first 9 % of DoD in the CC validation
measurements; see Figure 3.19 (a). When T increases, the influence of the short-term effects
decreases. This is in accordance with the results of Brand et al. [25]. In the case of the pulse
load, a higher maximum ASoC can be observed. This is caused by the higher charge through-
put of the pulse load at similar peak currents.

Furthermore, the difference in current between the two load profiles was compared with the
parameter differences described in Table 5.2. The curves shown in Figure 5.5 are the result of
simulations with sine and pulse profiles. The diagrams (a) and (f) in Figure 5.5 are analogous
to the diagrams (b) in Figure 5.3 and Figure 5.4.

In case of resistance differences, ARs and ARz,rc or ZARC coefficients A¢, short pulses pre-
dominantly led to current asymmetry. Varying the Warburg coefficients ARy, and ACyp only
affected the current distribution at high values of T. Of the chosen parameters, the difference
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in Cyp had the least impact on the current distribution. All impedance variations led to a
change in the sign of Ai.

I—Ai,T=lms Ai, T=1000s I

Aiin mA
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Figure 5.5:  Differences in current Ai between cell 1 and cell 2 simulated with the parameter
differences described in Table 5.2. Both cells have a capacity of 1 Ah. (left col-
umn: sine input; right column: pulse input; model type: OCV ;,(S0C) + Zg 20rc)
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The current differences in the diagram (g) seem to change the sign of their slope as a function
of T. A closer look indicates that it takes approximately T = 0.25 s to reach a minimum current
difference. All simulations using a pulse length less than this time period showed a rising ab-
solute current difference until the end of the pulse. At pulse durations longer than T = 0.25 s,
the current difference reached this minimum and the absolute current difference decreased
afterwards. The minimum value of Ai ® —50 mA appears because of the complex (and there-
fore time-dependent) character of the ZARC element. At the beginning of the current pulse,
the voltage drop at the ZARC element was zero. This means that the relationship of the ohmic
resistances Rs defines the current difference. Because the values of both Rg are equal, no cur-
rent difference existed at the beginning. Then, the current difference rose because of different
Rzarc- The period of decreasing current difference, determined in the ARg scenario, was only
reached when the pulse length was longer than 0.25s. Furthermore, the variation of Ry p
showed a minimum value of Ai at approximately —43 mA. This value was only reached when
T =1000s.

There is no external current flow after T = 1. The voltage difference between cells 1 and 2 at
this time created a gap in SoCs, which was associated with a voltage gap; see Figure 5.3 (c) and
Figure 5.4 (c). In most cases, the relaxation lasted longer than 2 - T. Variations in the Warburg
parameter in particular resulted in a long-term equalisation current between cells 1 and 2. Af-
ter 2000 s of relaxation, the current between the cells Ai was larger than 9 mA (compare dia-
gram (d) and (i) in Figure 5.5). This influenced the further operation of the cells. Furthermore,
the load on the connection of cells started with a difference in SoC. This could increase the
effects of asymmetric current distribution.

To analyse the effects of the parameter differences at various T, Figure 5.6 shows the maximum
current discrepancy Aiy,,, and normalised charge discrepancy AQ at T = 0.001...1000s at a
logarithmic scale and sine/pulse load. To prevent spikes, Figure 5.6 consists of ten times more
simulation runs than the previous diagrams. T consists of values given by equation (5.7) with
h € [0..159]. The calculations were as follows:

Ai = max i —1i
M T€0.001..1000 sl cett2 = Lceutl (5.10)
t=3-T t=3-T
AQ = max ( i dt — i dt) 511
Q T€0.001.1000 s ft:(] | cellZI ftzo | cellll ( )

The absolute values of the differences in current and charge throughput with a pulse load are
always higher than with a sine load. Figure 5.6 shows a strong dependence on the time of
current flow, and therefore on the dynamics of the load profile.

The AQ graphs at parameter differences ARg and ARz g in (f) and (g) show maximum values
atT = 0.5 s. The reason can be found in the Nyquist plot of cell impedance. The local maximum
of the imaginary part of the cell impedance between the ZARC and Warburg impedance is
close to 2 Hz. In this area, the impedance change dZ/d(log(f)) is small. The normalisation of
the charge throughput with T leads to the maximum AQ.
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5 Drivers of asymmetric current distribution

The SoCs of the two cells moved apart slowly and this process was not finished at T; see Figure
5.3 and Figure 5.4. The impact correlated with the time of the current flow T in terms of maxi-
mum current discrepancy Aiy,., as well as normalised charge throughput.
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Figure 5.6:

time of current flow (7)) in s

Analysis of the maximum current difference Ai,,, and normalised charge

throughput difference AQ at T = 0.001...1000 s. Both cells have a capacity of
1 Ah. (model type: OCV ;,(S0C) + Zg 20rc)
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In terms of the maximum current difference, the values at pulse load were higher than the
values of sine load in any case. Hence, a pulse load represents the worst-case scenario in terms

of maximum asymmetric current distribution.

Figure 5.3 and Figure 5.4 show an aggregation of lines at medium values of T in both Ai dia-
grams (b). This cannot be explained without taking into account time-dependent parts of the
inner resistance modelled as ZARC and Warburg elements. The diagrams on the left side show
the maximum current difference and those on the right show the difference in charge through-
put AQ,. The x-axis of all diagrams is the time of current flow T in a logarithmic scale. In dia-
grams (f) and (g) of Figure 5.6, a small difference in charge throughput AQ,, at these T can be
observed. The time constant of the Warburg element 1y, = Ry, - Gy, = 0.1 Q- 3000 F=300s
seems to influence the charge throughput behaviour in case of Rg and Rzg difference. Dia-
grams (i) and (j) in Figure 5.6 show a minimum at T = 300 s. The limits of a minimum Ai at
the differences in Rz4zc and Ry, p at pulse load are also visible in diagrams (b) and (d) in Figure
5.6. In terms of sine load, diagram (b) shows that the maximum Ai is only reached at a certain
time when current flow T ~ 0.7 s. In diagram (c), a spike appears in the pulse graph at about
T = 10 s. This is caused by numerical instabilities of the simulation.

5.1.2 State of health-dependent impedance parameters

Not only parameter variations from the production process lead to impedance differences in
battery systems but also ageing yields to rising cell impedance. Three constellations of cells
with different impedance caused by ageing are feasible. First, battery cells do not age similarly
even when the same load profile is applied at similar boundary conditions [22]. In reality, cells
age differently because of dissimilar loads, temperatures, SoCs, and self-heating. This is the
second option. Lastly, in the third possibility, it can be imagined that a part of a battery system
must be replaced by new cells. This would represent broadly uneven aged battery cells in a
battery system.

In real battery systems, it is not possible to separate ageing effects that concern the impedance
from those that concern the capacity; neither is it possible to inhibit self-heating effects that
influence the impedance because losses always appear in reality. Simulations help to observe
the effect of impedance ageing in a separate manner. To ensure the present study employed a
realistic case, impedance growth while ageing was used according to the analyses of Ecker et
al. [102]. In their study, an increase of impedance of approximately 40 % was observed while
the capacity decreased by up to 20 %. The authors also observed the impedance increase at
different time constants. They calculated the impedance at 2, 10, and 17 s after a pulse load.
The impedance growth after about 360 days at 30 % of SoC measured 2 s after the pulse was
about 140 %, 10 s after the pulse about 142 %, and 17 s after the pulse about 146 %. Hence, the
simulations of current distribution in this work assumed a similar growth of Rs, Ry, 1, Rp 2, Rp 3,
R, 4, and Ry, 5. The ohmic resistances of cell 2 were increased in three steps from 0 to 60 %. In
this experiment, no SoC dependence of the impedance parameters was included. The simula-
tion used an average value of all R and C in an SoC range from 50 to 100 % because the cells in
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the simulations are in this area. The capacities of the EEC represent the geometry of the elec-

trodes inside the cells [46]. It was assumed that this does not change with ageing, and there-

tore, Cp 1, Cp2, Cp 3, Cpa, and Cp s remained unchanged. With this, the impedance parameters

did not vary with the SoC. The values remained constant and the dependence of the imped-

ance on the SoC was switched off.

At the beginning of this chapter, it was mentioned that the OCV and SoC dependence of the

impedance parameters influence the current distribution; these effects are analysed separately

in Subsections 5.1.3 and 5.4.2, respectively. Therefore, these influencing factors were excluded

in the simulations presented in Figure 5.7. Two different linearised OCVs were used.
Uocnmenca(S0C) = 0.9V -SoC + 3.3V represents the OCV curve of all NMC and NCA cells.
For the Sony_FT cell, which has an LFP cathode, the OCV equates to Uy¢ 1rp(SoC) = 0.15V -
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Current distribution of two batteries connected in parallel with a pulse load of

1 C from 100 to 50 % SoC. The ohmic resistance of cell 2 was increased in three
steps from 0 to 60 %. The left diagrams show simulation results of the LG_HB2
and the right ones come from the Sony FT cell at 25°C (model type:

OCV;,(S0C) + Zg 5re)-

The flat OCV curve of the Sony_FT cell led to the slow convergence of the two cell currents.

Diagrams (a) and (b) show converging cell currents i; and i, until 1800 s. At the beginning of
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the simulation, there was no SoC, and therefore no OCV difference between the cells. Because
unequal impedance causes an unequal current when the capacity is similar, the OCV of cell 1
decreases faster than that of cell 2. This difference is unequal because of unequal slopes of the
OCV curves. The OCV difference counteracts the current difference. Hence, cells with flat OCV
curves reach higher SoC differences in this experiment. This can be seen in Figure 5.7 in dia-
grams (e) and (f).

After the current pulse, the OCV difference led to an equalisation current that balances the
SoC. Because of the flat OCV characteristic, this process took a long time and was not finished
after another 30 min. In reality, the hysteresis phenomenon is responsible for not reaching the
equilibrium of the full cell at all. In the simulations presented in Figure 5.7, the hysteresis is
neglected. Section 5.2 analyses the effects of hysteresis in detail.

Another approach to the adaption of impedance parameters is to increases all R values and
decrease the C values in a manner that the time constants 7 remain unchanged. This does not
change the basic findings, it just smooths the results in the current difference in the first 100 s
after the current changes. Other cells with NMC or NCA cathode materials exhibit similar
behaviours to LG_HB2 cells.

5.1.3 State of charge-dependent impedance parameters

Numerous publications show that impedance parameters of lithium-ion battery cells depend
on the SoC [23, 37, 222]. In this work, the modelling parameters were determined at various
SoCs. Figure 3.11 in Subsection 3.3.2 shows the parameters of the Sony_FT cell. The impact of
the SoC is stronger at lower temperatures, which can be seen in Figure 5.8.
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Figure 5.8:  SoC-dependent impedance parameters of the Sony_FT cell at two temperatures.
The curves show the sum of the ohmic resistances of the EEC (Rg + R, 1 + Ry, 5 +
R, 3 + Rp4 + Ry 5). The separate impedance values are shown in Figure 3.11.
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The diagram shows parameters of the Sony_FT cell, where the lines correspond to the sum of
all resistances of the EEC R;,; at 10 and 25 °C.

Rtot = RS + Rp,l + Rplz + RP,3 + RPA— + Rp's (512)

Next, a simulation experiment was conducted to compare three different sets of impedance
parameters. First, all parameters depended on the SoC. Supporting points existed every 5 %
of the SoC and between the values were interpolated. The results of this simulation are plotted
in grey in Figure 5.9. Diagrams (a), (c), and (e) refer to LG_HB2 cells and diagrams (b), (d), and
(f) refer to Sony_FT cells. To obtain the parameter difference, cell 1 used the parameters meas-
ured at 10 and cell 2 used the parameter measured at 25 °C. All experiments used a linearised
OCV so as to not influence the effect of SoC-dependent impedance parameters. The load pro-
file was similar to that is Subsection 5.1.2. A -1 C pulse discharged the parallel connection of
two cells from 100 to 50 % of the SoC.
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Figure5.9:  Current distribution of two batteries connected in parallel with a pulse load of
1 C from 100 to 50 % SoC. This figure analyses the influence of SoC-dependent
impedance parameters. It uses the model type OCV ;,,(SoC) + Zg spc(SoC,T) for
SoC dependent parameters and model type OCV;,,(S0C) + Zg spc(T) for the
other simulations. Diagrams (a), (c), and (e) are based on LG_HB2, whereas
diagrams (b), (d), and (f) are based on Sony_FT parameters; “no SoC dependence
(1)” uses averaged parameters in the range of 50 to 100 % of SoC, whereas “no
SoC dependence (2)” uses averaged parameters in the range of 0 to 100 % of SoC.
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5 Drivers of asymmetric current distribution

The second type of simulation used averaged parameters that did not depend on the SoC. In
this step, the whole SoC range from 0 to 100 % was not averaged, but the relevant area between
100 and 50 % of the SoC was. This meant that the parameters had a constant value from 0 to
100 % of the SoC, which correlated to the mean values between 100 and 50 % of the SoC. The
results of this simulation are plotted in dark grey and marked with “no SoC dependence (1)”.
The last type of simulation is named “no SoC dependence (2)”. The parameters were also SoC-
independent, but in this case, the parameters were averaged over the whole SoC range from 0
to 100 %. Figure 5.9 presents the results of the third method in dark blue.

The current distributions in diagrams (a) and (b) exhibit fundamentally similar behaviour. At
the beginning of the current pulse, the current of cell 1 (10 °C) is considerably lower than that
of cell 2 (25 °C). This difference shrinks until the end of the pulse independently of the SoC, as
opposed to the dependency of the cell parameters. This is the result of the decreasing OCV.

Diagrams (c) and (d) illustrate the current difference, where the influence of SoC-dependent
impedance parameters is obvious. The curse of the grey curve, which refers to the simulation
results with SoC dependency, has a more dynamic course than the two other curves with SoC-
independent parameters. In the case of the LG_HB2 cell, the two alternately averaged param-
eter sets appear quite similar, which is not the case for the Sony_FT results. Here, the current
difference is calculated using averaged parameters in a SoC range from 0 to 100 %. The current
difference during the current pulse is up to 0.15 C higher than when the parameters are aver-
aged in the range of 50 to 100 % of SoC. This is because of the rapidly increasing impedance at
low SoCs; see Figure 5.8. The values below 20 % of SoC are only included in “no SoC depend-
ence (2)” and not in “no SoC dependence (1)”. The result is the current difference as well as
the higher ASoC plotted in diagram (f).

Hence, an SoC dependence in the modelling of current distribution in parallel-connected bat-
teries makes sense. To ensure supporting points, a closed mesh is only necessary when short-
time current distribution must be analysed. In particular, the strong increase of impedance at
low SoCs as well as at high SoC in some cells influences the calculation of current distribution.

5.1.4 Temperature-dependent impedance parameters

Temperature is one of the most important parameters in the field of batteries. It influences
long-term processes such as ageing [93] and self-discharge [223], as well as the present internal
impedance of battery cells. This chapter subsection on the impedance variation caused by tem-
perature and its effect on current distribution.

The total ohmic impedance of a battery cell R;,; equals the sum of Rg and all R, following
equation (5.12). This can be calculated for all cell types, temperatures, and SoC supporting
points. With this, the normalised impedance growth R,; can be calculated:

_ Reoeao0c (5.13)

Rrel - R
tot,25°C
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5 Drivers of asymmetric current distribution

Figure 5.10 illustrates the results of this calculation. The impedance growth is not homogene-
ous for various SoC and cell types. The Sony_FT cells show quite a stable shift of + 50 % overall
SoCs.

1

1.5F ) /

normalised impedance

0.5F Pan_PF

Figure 5.10: ~ Normalised growth of total ohmic resistances of the EEC (Rs+ R, 1 + Ry, +
R,3 + Rp4 + Ry 5) at temperatures decreasing from 25 to 10 °C. The diagram
shows the change of the fitted parameter from the pulse measurements de-
scribed in Subsection 3.3.2.

The curves of Figure 5.10 are not smooth. Therefore, Table 5.3 uses mean values over all SoCs
to give an overview of the impedance change with the temperature. It shows the averaged
impedance values for the overall SoC at 10 and 25 °C. The results do not correlate to the cells’
basic data in Table 3.3. In the end, an increase in resistance of 1.5 to 4.3 % by a decrease of 1 °C
was determined. Referring to the impedance growth with ageing of 40 % [102], this means a
temperature decrease of 27 °C in the LG_M]J1 or of 9 °C in the LG_HB2 cell is equivalent in
resistance growth.

Table 5.3: Average of the total resistance at 10 and 25 °C, overall SoCs, and normalised
growth at temperatures decreasing from 25 to 10 °C

Cell LG_HB2 Pan_PF Sam_25R Sony_FT LG_M]J1
Mean of the total resistance at 10 °C in Q 0.159 0.116 0.178 0.090 0.095
Mean of the total resistance at 25 °C in Q 0.097 0.076 0.133 0.058 0.078
Normalised resistance growth

1.64 1. 1. 1. 1.22
(resistance at 10 °C / resistance at 25 °C) 6 >3 33 %
Normalised resistance variation &y referred 43 35 20 37 15

to temperature increase in %/K (linearised)
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5 Drivers of asymmetric current distribution

Using the results of Table 5.3, a simulation experiment was set up. Three different temperature
variations based on the parameters of 25 °C were simulated. A relative increase in impedance
AZ,¢ in percent resulted from the normalised resistance variation er referring to temperature

increases:
AZyo = AT - &p (5.14)

Boundary conditions such as cell parameters, load profile, OCV linearity, and slope were sim-
ilar to the experiments in Subsections 5.1.2 and 5.1.3. Figure 5.11 presents the simulation re-
sults at an impedance growth of AT of 5, 10, and 15 °C.
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Figure 5.11:  Current distribution of two batteries connected in parallel with a pulse load of
1 C from 100 to 50 % SoC. The figure analyses the influence of the temperature.
The diagrams (a), (c), and (e) are based on LG_HB2; diagrams (b), (d), and (f)
are based on Sony_FT parameters; and the increase with temperature refers to
Table 5.3 (model type: OCV i, (SoC) + Zg sgrc)-

LG_MJ1 cells showed the lowest increase of impedance with decreasing temperatures. Table
5.3 lists a gradient of 1.5 %/K. To compare the temperature effects at different &7, Figure 5.12
analyses the current distribution results of two LG_M]1 cells connected in parallel.

All current distributions in Figure 5.11 and Figure 5.12 exhibit similar behaviour. At the be-
ginning of the pulse, the current distribution is higher than that in the end. The temperature
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5 Drivers of asymmetric current distribution

dependence of the impedance parameters defines the height of the SoC difference at the end
of the pulse. Because the OCV of cells with LFP cathode material is flat, the current difference
decreases more slowly with the current flow of the pulse. Therefore, larger SoC differences are
reached. Regarding Table 5.3, temperature differences of 10 and 25 °C mean an increase in
resistance of 22 to 64 %. Ecker et al. measured an impedance increase of approximately 40 %
while the capacity decreased to 80 % [102], which is a usual definition of the end of life. This
means that the influence on the current distribution of AT = 15 °C with respect to impedance
is in the same range as one cell at the beginning of its life connected with another cell at the
end of its life in parallel referring to the results of Ecker et al. [102]. In case of aged cells, the
influence of the capacity would be added.

0.5r @ —iI,cold — — _iz,warml
ok —— e o
&
£-05 +5°C
)
+10 °C
-1 e ———— E
+15°C
15 N L N L N L N
0 500 1000 1500 2000 2500 3000 3500
time in s
0.5
[}
g
65 0 |
< e
sl®,
o 500 1000 1500 2000 2500 3000 3500
time in s
©
0.2
3
A
< 0.1
e ——
0 : " L N S ——
0 500 1000 1500 2000 2500 3000 3500
time in s

Figure 5.12:  Current distribution of two LG_M]1 batteries connected in parallel with a
pulse load of 1 C from 100 to 50 % SoC. The figure analyses the influence of the
temperature. The increase in temperature refers to Table 5.3 (model type:
0CV i, (S0C) + Zg 5r)-

5.2 Hysteresis

Hysteresis influences the OCV depending on the previous current, and therefore the SoC’s
history. Because voltage differences in parallel-connected batteries drive inhomogeneous cur-
rent distribution, hysteresis contributes to this effect. Furthermore, because the current distri-
bution in parallel-connected cells is not homogeneous, the hysteresis voltage also differs.
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5 Drivers of asymmetric current distribution

In LFP lithium-ion battery cells, hysteresis is particularly relevant because of its flat OCV
curve. Figure 3.15 (a) illustrates how the hysteresis of LFP and other cathode materials are in
the same range. At certain SoCs, the width of LFP hysteresis is more distinctive, whereas at
other SoCs, NMC or NCA cathode materials exhibit higher hysteresis voltages. However, the
effect on current distribution is quite different. Figure 5.13 indicates the upper and lower limits
of hysteresis of an LG_M]1 (NMC | graphite) and a Sony_FT (LFP | graphite) cell at 25 °C. The
data include the cell terminal voltage after 3 hours of relaxation for every 5 % of SoC from the
measurements described in Subsection 3.3.4.

4.2r AUOCNMC¢

LG_MIJ1, 25°C

Sony FT, 25°C

38 ASoC NMC
20 PVe

>
.8
8 3.6
s
S
>
34f
32f
AU, . _ LFP
ocC
3 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 I

SoC

Figure 5.13:  Upper and lower limits of the hysteresis-afflicted OCV of an LG_M]1
(NMC | graphite) and a Sony_FT (LFP | graphite) cell at 25 °C

LG_MJ1 cells are exemplary of all NMC and NCA cells having a steep OCV characteristic. In
fact, the AUy of these cells’ electrode materials is in the same range, but this does not apply to
the difference in SoC. The arrows in a vertical direction indicate exemplary the maximum dif-
ference of OCV values of a certain SoC, whereas the arrows in a horizontal direction indicate
the maximum difference of SoC values of a certain OCV.

For example, an LFP cell that is discharged to 43 % of its SoC starting in a fully charged state
ends up on the upper curve. Another cell that is charged to 76 % of its SoC starting from a fully
discharged state ends up on the lower curve. Both cells will have the same voltage after relax-
ation. This means there is no equalisation force that brings these cells to the same SoC when
they are connected in parallel —both would keep their SoC.

This is clearly illustrated in Figure 5.13. Figure 5.14 presents a calculation of the maximum
ASoC depending on the SoC. The datapoints are mapped to the mean of upper and lower U
of SoC on the x-axis. In summary, LFP cells can be connected in parallel with the same voltage
but an ASoC of more than 30 %. In NMC or NCA cells, this value does not exceed 4 % of the
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SoC. Measurements at 10 °C exhibit a larger ASoC in LFP cells. Other electrode materials do
not show this dependency.

0 \,
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0.1}
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= = = Pan_PF, 10°C
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' — — — Sony FT, 10°C
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Figure 5.14:  Possible SoC differences of two cells of various types connected in parallel at
the upper and lower limits of hysteresis at 10 and 25 °C

The hysteresis effect on current distribution within parallel-connected cells is analysed in Fig-
ure 5.15. Again, a discharge pulse load of 1 C is provided for a parallel connection of two cells,
which lasts for 0.5 h and starts from a fully charged system. All simulations used measured
nonlinear OCV curves. A linearised OCV would not have a flat area at approximately 55 % of
SoC, which leads to an ASoC of more than 30 %, as illustrated in Figure 5.14.

In these simulations, the impedance parameters do not have an SoC dependence. However,
they are temperature-dependent, otherwise there would be no difference in current, and thus
in hysteresis. The upper and lower limits of hysteresis at 25 °C come from the measurements
in Subsection 3.3.4, as shown in Figure 3.15 and validated in Figure 3.18.

In Figure 5.15, the ASoC relaxation ends after 0.5 h of relaxation in an unfinished state. A longer
simulation with similar parameters sets analyses for the proceeding ASoC over 10 h of simula-
tion. The results with and without hysteresis for LG_HB2 and Sony_FT cells are presented in
Figure 5.16. At the beginning, the ASoC rises for 0.5 h while the pulse discharges the cells.
Afterwards, the equalisation is illustrated over 9.5 h. This process is driven by the voltage dif-

ferences in OCV, as well as by overvoltages and hysteresis.
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Figure 5.15:  Current distribution of two batteries connected in parallel with a pulse load of
1 C from 100 to 50 % SoC. This figure analyses the influence of hysteresis. Cell
1is at 10 and cell 2 is at 25 °C. Diagrams (a), (c), and (e) are based on LG_HB2,
whereas diagrams (b), (d), and (f) are based on Sony_FT parameters (model
types:  OCVieq 0.05¢(S0C) + Zpspe(T)  and  OCV g 005¢(S0C, hyst) +

Zgsrc(T))

In this case, cell 1 has a higher SoC because of higher impedance, which is caused by lower
temperature. The current direction of cell 2 changes from discharge to charge. Hence, the hys-
teresis moves from the lower hysteresis curve toward the upper curve while cell 1 discharges
further and remains on the lower hysteresis curve. This is only the case when the hysteresis is
calculated; Figure 5.16 shows the discrepancy. While the solid lines without hysteresis calcu-
lation end up at ASoC = 0, in the chain dotted lines, an ASoC remains after 9.5 h of equalisation.
At the maximum ASoC, the SoC-dependent ASoC values in Figure 5.14 are possible.

The relaxation behaviour is quite similar to a PT1 element. To calculate the time constant, this
study assumed that the final ASoC was reached at the end of the simulation. Hence, the time
constant could be taken when 63.2 % of the total decrease was reached. The mean time con-
stant of the Sony_FT cell resulted in 1.5 h and that of the LG_HB2 cell in 1.3 h. These time
constants had similar values with or without hysteresis calculation.
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Figure 5.16:  Simulated ASoC progression with a 0.5-h current pulse and relaxation phase
afterwards with and without considering hysteresis for LG_HB2 and Sony_FT
cells (model types: OCV 1ea. 0.05¢(S0C) + Zp spc(T) and
OCVneq 0.05¢(S0C, hyst) + Zg spc(T))

5.3 Entropy

Similar to hysteresis, entropy also changes the OCV of cells with the same SoC, and different
temperature and voltage differences affect the current distribution in parallel connections of
batteries. The value of voltage influence is defined by the entropic coefficient shown in Figure
3.16. These data come from the literature [144, 216-218] and depend on the SoC. Figure 3.16
(b) shows the entropic coefficient divided into the cathode, anode, and full cell of the Sony_FT
cell. This voltage difference is driven by the temperature, and therefore, the current distribu-
tion also influences AUgptropy-

First, the maximum impact on ASoC is analysed in Figure 5.17 in a similar manner to Figure
5.14. Diagram (a) shows four curves of four temperature differences AT = [1;5;10; 15] °C. The
results indicate SoC differences of the LG_HB2 cell less than 1 % at AT = 15 °C. Other cells with
NMC or NCA cathode materials provide comparable results. This is because of the steep slope
of the OCV. As shown in the case of hysteresis in Figure 5.13, a small voltage difference leads
to a small SoC difference at a steep OCV. This is not the case at a flat OCV in LFP cells. More-
over, in cases of entropy, the voltage difference has a higher influence on the ASoC in the
Sony_FT cell (compare Figure 5.17 (b)). An ASoC up to 5.5 % is reached at a temperature dif-
ference of 15 °C. This extremum is at the same SoC as that of ASoC in case of hysteresis, which
is because of the flat slope of the OCV in this area. Also notable is that the maximum influence
on ASoC of hysteresis at Sony_FT cells is by a factor 6.5 times larger than the influence of en-
tropy at AT = 15 °C.

89



5 Drivers of asymmetric current distribution

0.01p 0.01p
(a)
of W
-0.01F
-0.02F
&} &}
5 -0.03} & -
< <
-0.04F
-0.05F
0.06F AT=1°C —————— AT=10°C 20.06F AT=1°C —————— AT=10°C
AT=5°C = AT=15°C AT=5°C = AT=15°C
007 L N N N N 007 L N N N N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
SoC SoC

Figure 5.17:  Possible SoC differences of two cells of various cell types connected in parallel
at different temperatures, and therefore at different levels of entropy. Diagram
(a) refers to LG_HB2 and (b) to Sony_FT cells.

To analyse the influence in a parallel connection, simulations were performed using a 1 C dis-
charge pulse that lasted 0.5 h. The OCV was not linearised in these experiments but the im-
pedance parameters were averaged in the range from 100 to 50 % of SoC, and therefore they
were not SoC-dependent. Because the entropic coefficient of NMC and NCA cells started at 20
and ended at 80 % of the SoC (see Figure 3.16 (a)), the LG_HB2 cell was discharged from 80 to
30 % instead of from 100 to 50 %. Figure 5.18 shows the simulation results for the LG_HB2 cells
on the left side and for the Sony_FT cells on the right. Three steps of temperature difference
AT = [-5; —10; —15] °C were calculated. The fourth step did not use entropic data from the
literature but cells” individual OCV curves measured at 25 and 10 °C.
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Figure 5.18:  Current distribution of two batteries connected in parallel with a pulse load of
1 C from 100 to 50 % SoC. This figure analyses the influence of entropy. The
impedance parameters are similar in both cells. Diagrams (a), (c), and (e) are
based on LG_HB2, whereas diagrams (a), (c), and (e) are based on Sony_FT pa-
rameters. Because no data above 80 % of SoC were available on LG_HB2 cells,
the starting SoC was set to that value (model type: OCV 04 9.05c(S0C,T) +

Zpsre)-

Differences in current and SoC were hardly visible, which is because no SoC dependence of
the impedance parameters was simulated. Both cells used the SoC-independent impedance
parameters of a 25 °C warm cell. Simulations without temperature dependent impedance pa-
rameters help to observe the effect of entropy more clearly. This method cannot be used for

hysteresis analysis, because in that case, no current difference would appear.

During the relaxation phase after the current pulse, a change in ASoC was noticeable. To ana-
lyse the further proceedings, simulation cases AT = —15 °C were repeated using a relaxation
phase of 9.5h. The results of this experiment are shown in Figure 5.19. The ASoC of the
LG_HB2 cell at the end of relaxation was below 0.3 % and for the Sony_FT cell about 6 %.
Entropy led to a difference in SoC that was independent of the current history. This behaviour
differs from hysteresis. The impact depends on the slope of the OCV, and therefore on the SoC.
Figure 5.17 indicates critical SoCs.
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Figure 5.19:
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Simulated ASoC progression during the 0.5 h current pulse and relaxation phase
afterwards at AT = —15 °C. The proceeding ASoC is a result of different entropy
and the slopes of the cells’ OCVs (model type: OCV eq 0.05¢(S0C, T) + Zg 5rc)-

5.4 State of charge

It is obvious that not only the impedance but also the capacity of battery cells differs because
of production, ageing, or other influencing factors. Brand et al. showed that capacity differ-
ences affect current distribution in parallel connections [25]. The terminal voltage of ideal par-

allel-connected cells is similar as per their definition. This means that they were discharged

until the cut-off voltage in a similar time; hence, the current must differ at an unequal capacity.

5.4.1 Capacity

In this subsection, the influence of capacity differences AC,, are analysed in a parallel connec-

tion of two cells. The analyses use the same conditions as those in Subsection 5.1.1. Figure 5.20

and Figure 5.21 are similar to Figure 5.5 and Figure 5.6.

Figure 5.20:
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Differences in current 4i between cell 1 and cell 2 simulated with the parameter
differences described in Table 5.2: (a) sine input, (b) pulse input. Cell 1 has a
capacity of 1 Ah and cell 2 a capacity of 0.99 Ah. (model type: 0CV;,,(SoC) +
ZRr20Rc)
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The difference in capacity has less of an impact on the current distribution than the impedance
variations in Figure 5.5. In contrast to changing the sign of Ai in Figure 5.5, at AC,, in Figure
5.20 there are only positive values. In this case, the cell with lower capacity takes a lower cur-
rent, which results in less overpotential. At the end of the load, the SoC of the cell with higher
capacity is higher. In contrast to the ASoC results in Figure 5.3 (c) and Figure 5.4 (c), the ASoC
at AC, gives positive values; therefore, Ai does not change the sign after the load.

Figure 5.21 proves that capacity differences are only relevant to long-term current loads. This
is valid regarding the maximum current difference and charge throughput difference in sine
and pulse loads. The effects of capacity differences at T = 1000 s are less than the simulated
effects of impedance differences in Figure 5.6. The capacity, as well as the impedance simula-
tions, refer to the parameter variations of Rumpf et al. [20], summarised in Table 5.2.
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Figure 5.21:  Analysis of the maximum current difference Ai,q, and normalised charge
throughput difference AQ at T = 0.001...1000 s (model type: OCV;,,(SoC) +
ZRr20rc)

To summarise, in the analysed scenario, the influence of a capacity variation on current differ-
ence and charge discrepancy was low compared with the influence of the impedance. One
major reason for this observation was the unequal parameter differences shown in Figure 5.3
and Figure 5.4. An additional analysis where all parameter differences were set to + 10 % gave
the largest current differences in the ARy scenario, followed by in the AC;, scenario. Especially
at long pulse durations T, the current difference at AC, was high, which fits well with the
results of Brand et al. [25].

As has already been shown, cell capacities and impedances have a large influence on the dy-
namic behaviour of current distribution in cells connected in parallel. This is why cells with a
variable ratio between capacity and impedance were analysed. Different cell dimensions can
be compared with the resistance coefficient A; see equation (3.34) on page 32. [208, 209]

HP cells offer a lower impedance Z and a low capacity C,, which led to a low resistance coef-
ficient A. In the case of HE cells, the impedance Z and capacity C,, are high, and therefore the
resistance coefficient A is high.
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The resistance coefficient of the HP cell LG_HB2is A = 1.5 Ah- 0.010 Q = 0.015 AhQ. A widely
used HE cell is the LG_M]1, the resistance coefficient of which is calculated with A = 3.5 Ah -
0.040 Q = 0.140 AhQ. These values are based on the datasheet parameters for the cells. This
study adapted the ohmic resistance R; and cell capacity C, for the following simulations.
Therefore, the analysis in Figure 5.22 was performed beyond these values at 4=
0.005...0.165 AhQ); A was varied linearly in 16 steps. The ZARC and Warburg model parame-
ters, as well as the variation of the ohmic resistance AR; and cell capacity AC,, remained un-
changed from the initial values in Table 5.2 and a linear OCV. The load profile was scaled for
the size of the cells. The simulations were performed with a c-rate of 1 C relative to the total
capacity of the 2p connection. The current flow of the discharge sine half-wave and the dis-
charge pulse lasted 1000 s.

[ ——— )—0.005 AhQ (HP) A=0.165 AhQ (HE) |

0.004f

0.002f é
0 -

-0.002F

-0.004F

A in c-rate

-0.006
-0.008F

(a) (®)
2001k AR_(sine) AR_(pulse)

-0.012F,

0.004f

0.002F

-0.002F

-0.004

A in c-rate

-0.006

-0.008F
© (d)
20.01F AC, (sine) AC, (pulse)

-0.012F, L L L L L ' L L L L L L .
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
time in s time in s

Figure 5.22:  Resistance coefficient variation (A = 0.005..0.165 AhQ) and its influence on
the current distribution at capacity (AC, = —1%) and impedance (AR =
7.6 %) differences with a sine (left diagrams) and pulse load (right diagrams)
(model type: OCV 1;;,(S0C) + Zg 20rc)
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5 Drivers of asymmetric current distribution

To compare the cell sizes, the current difference Ai in Figure 5.22 is plotted as a c-rate. In the
case of AR, the current difference Ai changes direction at the end of the external current flow
after 1000 s. The SoC difference—and therefore the OCV difference in these two scenarios—
has a different sign. This can also be observed in the simulation results of Brand et al. [25].
When the external current stops, this voltage difference drives the equalisation current with a
different sign.

Furthermore, it is obvious that the influence of the ohmic resistance AR; (as seen in Figure 5.22
diagrams (a) and (b)) is larger than the influence of the cell capacity AC,. HE cells, shown as
light grey lines, display a long-term influence, which occurs because of two influences. The
first observation is the fact that the variation of R; is higher than C,,. Second, AR has an impact
on the short term while at AC;,, Ai grows with the time of the pulse. At the end of the simula-
tion, t = 3000 s, a current difference remains in all four diagrams. Even if it is small, it disap-
pears very slowly, and thus it can be assumed to last for hours. Furthermore, it is remarkable
that the ohmic resistance difference AR has a larger influence on HE cells, whereas the cell
capacity difference AC, has a larger influence on HP cells.

An additional influence of reversible heat can be expected because different cell currents gen-
erate unequal heat and SoC. Both affect the entropy of the cells [208], which causes an interde-
pendency. This is not considered in the simulation results of Figure 5.22. In sum, HP cells are
more likely to be influenced by capacity differences and HE cells by impedance differences.

5.4.2 Open-circuit voltage

The OCV is the major part of a cell’s voltage. Because the asymmetric current distribution is
driven by voltage differences, the OVC is critical. Many simulations to date have used a line-
arised OCV curve (see Table 2.6). Simulations with real OCV curves display a significant im-
pact on the current distribution of the OCV slope. Because a difference in OCV exists between
the cells connected in parallel, a change in the OCV gradient leads to a rise or fall in OCV
differences. For a linear OCV, the two cells form a constant ASoC as long as there is a constant
total current flow. This constellation was described for the AC;,, and ARg scenario by Brand et
al. [25]. A nonlinear OCV disturbs the formation process of a constant ASoC. In reality, OCV
curves are nonlinear on account of graphite steps, for example, and change their shape during
their lifetime [93]. Because the OCV is formed by a difference in voltage between the half-cell
potential of cathode and anode materials, these materials and their balance lead to OCV vari-
ations. The following equation represents a linear OCV containing a single nonlinear area.
Fuller et al. [224] and Doyle et al. [225] also used hyperbolic tangent functions to fit the open
circuit potential. Furthermore, the shape can optionally be varied using the parameters m
(slope of the linear area), b (slope of the nonlinear area), and ¢ (height of the voltage step of
the nonlinear area):

OCV(S0C) = m - o+ £ + - tanh [(S°C‘“) : b] (5.15)

100 % 100 %

SoC =100 % — DoD (5.16)
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5 Drivers of asymmetric current distribution

Table 5.4 summarises the initial and variation values from equation (5.15). The parameters of
the OCV’s nonlinearity change over 16 simulation runs from the minimum to the maximum
value. Both cells of the 2p connection use the same OCV. The cell parameters and the differ-
ences in capacity AC,, and ohmic impedance ARy are taken from Table 5.2.

Table 5.4: Parameter variation in the OCV nonlinearity analysis
t b
" SoC OCV at ’ Slope non ‘
o a ope nonlin-
Slope OCV SoC = 1 SoC step carity Voltage step
Initial value -1V 100 % 42V 90 % -100 -0.02V
Variation 021V No. . No. . No. . 210 ... 50 -0.01 ...
value variation variation variation 0.042V

The load profile is a -2 A square discharge pulse that lasts 1000 s. The simulation starts at
100 % SoC and reaches the maximum OCV slope at 90 % SoC. Figure 5.23 illustrates the cor-
responding effects of parameter variations on the current difference Ai between cells 1 and 2,
whereas the highlighted boxes display the OCV changes, respectively. Diagrams (a) to (f) show
the simulation results of the current difference, comparable to Figure 5.4 (b). In the results in
Figure 5.23, the time of the current flow is constant but the OCV is not linear.

Nonlinearities in the OCV curve have a significant effect on current distribution. The peaks of
current discrepancy at 360 s are in the range of the current difference caused by the impedance
or capacity difference. Higher voltage steps lead to increasing differences in current; see Figure
5.23 (c) and (f). The change in the OCV gradient in the nonlinear area has the largest effect on
the current behaviour; see Figure 5.23 (b) and (e). In Figure 5.23 (a), it becomes clear that the
equalisation current after 1000 s drops faster with steep OCV curves when m = -1V, with a
capacity difference of AC, and a variation of the OCV slope. At this time, no external current
flow is provided. The effects of OCV nonlinearities on current distribution can also be expected
to appear within the cells along the electrodes [122].

In sum, changing the OCV slope has a significant influence on the current difference. The step
height and overall slope of the OCV are less relevant.

The OCV is crucial for modelling the battery voltage because it represents the major part of
the output voltage of the cell. First, the OCV depends on the SoC. Normally the OCV charac-
teristic curve is plotted against the SoC. The voltage of the half-cell potentials of the cathode
and anode can be calculated together with their stoichiometric relationship. Furthermore, it is
possible to measure the anode’s and cathode’s potential separately and combine them with
the cells’ OCV. For example, Sturm et al. did this in their paper on the LG_M]J1 cell [190]. Fur-
thermore, overvoltage, entropy, and hysteresis influence the cell voltage.

Figure 5.23 makes clear that the slope of the OCV has the largest influence on the current dis-
tribution. The measured OCVs are nonlinear but their slope changes depending on the SoC.
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5 Drivers of asymmetric current distribution

Because the OCV of a battery cell is composed of the OCVs of the cathode and anode, nonlin-
earity also comes from the electrode material properties. Figure 3.14 on page 47 depicts the
measured OCVs of the various cells used in this work. The diagrams prove that the slope of
the OCV depends on the current used to determine the curves. Together with the results in
Figure 5.23 (b) and (e), this means that the method of measuring the OCV influences the result
of simulated current distribution. Simulations of current distribution using an OCV measured
with a current of C/100 are strongly affected by the nonlinear parts of the OCV, whereas a
simulation using an OCV measured at a current of 1 C will be hardly influenced.
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Figure 5.23:  Three variations of OCV nonlinearities ((a) and (d): slope of the OCV; (b) and
(e): slope of a nonlinear area; (c) and (f): voltage height of a nonlinear area) and

their effect on current distribution at capacity (AC, = —1 %) and impedance
(AR, = 7.6 %) differences with a pulse load (model type: OCV,4,,(S0C) +
ZR20rc)

Additionally, the current has an influence on the current distribution in real battery systems.
Figure 5.24 and Figure 5.25 analyse this effect through CCCV measurements of two cells of the

97



5 Drivers of asymmetric current distribution

same type. Figure 5.24 shows the results of measured and normalised current differences be-
tween cold cell 1 at 10 and a warm cell 2 at 25 °C under CCCV charge and discharge as well as
a varying current. Diagram (a) shows the results of an LG_HB2 cell with a steep OCV and (b)
the results of the Sony_FT cell with a flat OCV caused by the LFP cathode material.

0 0.2 045,c 0.6 0.8 1 0 0.2 045,c 0.6 0.8 1
0 0

Figure 5.24:  Measured and normalised current differences between a cold cell 1 at 10 and a
warm cell 2 at 25 °C under CCCV charge and discharge and a varying current.
Diagram (a) shows the results of an LG_HB2 cell with a steep OCV and (b) the
results of the Sony_FT cell with a flat OCV caused by the LFP cathode material.

In every charge and discharge cycle, the current is varied. The values depend on the limits in
the cell’s datasheet. At higher currents, the dynamic of the current distribution sinks, and this
influence seems to be nonlinear. For example, there is hardly a distinction between 7.8 and
5.3 A in diagram (a), but 2.8 and 0.3 A differ strongly. In diagram (b), there is an effect that
does not appear in diagram (a). At high SoCs in the charge direction, the cold cell 2 takes
almost all of the current. This super elevation is critical in terms of lithium plating and is ana-
lysed in the ageing experiment discussed in Section 6.2. The SoC is calculated using the inte-
gration of the cell current and difference in ASoC, which equals the SoC of cell 1 minus the SoC
of cell 2:

ASoC=S0C, — S0C; = S0Cy50c — S0C4oc (5.17)

First and most obviously, the SoC difference in Figure 5.25 reaches its highest rate at the high-
est currents. No important discrepancy exists between discharge (negative ASoC values) and
charge (positive ASoC values) cases. In all diagrams in Figure 5.25, the DVA curve of the ap-
propriate cell is plotted. At low currents, a correlation is observable between the peaks in ASoC
and those in the DVA. This is not the case at higher c-rates.
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5 Drivers of asymmetric current distribution

Simultaneously, the changes in the OCV slope depend on the c-rate of its measurement. Nu-
merous studies have analysed the current distribution —and therefore also the SoC distribu-
tion—within battery cells [114-122, 124-130, 147-156, 185, 186, 190]. Forouzan et al. and Lin et
al. showed that current increases lead to increasing current inhomogeneity, and therefore to
SoC inhomogeneity [153, 154]. In OCV measurements, this leads to some type of filtering of
the OCV. The graphite steps are less steep with the results of a reduced peak in the DVA curve
(compare Figure 3.14).
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Figure 5.25:  SoC difference between a warm cell at 25 and a cold cell at 10 °C under CCCV
charge and discharge (ASoC = S0Cy54¢ — S0C1y«). In the charge phase, the SoC
differences are positive. The DVA curves of the cells, averaged between charge
and discharge OCV curves, indicate a correlation with the ASoC results at low
c-rates.

To determine the current’s influence on the OCV, Figure 5.26 examines literature-based data
of LFP | graphite cells. Furthermore, it deals with the anode Uy 5.4 and cathode Uy 05 Open-
circuit potentials depending on the stoichiometry of the negative x and positive electrode y.
The data come from Li et al. [217], Guo et al. [218], and Rumpf et al. [144], and the calculations
follow equations (5.18) and (5.19):

Uocneg (1)=0.6379+0.5416-(-3055309%)

+0.044-tanh (- 20)

x—1.0571)

0.0854
x+0.01 17)

0.0529
x—0.5692)

0.0875

~0.1978-tanh (5.18)

—0.6875tanh (

—0.0175tanh (

UOC,pos(y)=3-4'323

—0.8428-¢(-80.2493-(1-»)1°1%) (5.19)
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_3.2474-10—6.e(20.2645-(1_y)3.8003)
+3.2482-10°° .e(20.2646-(1_y)3.7995)

Diagram (a) in Figure 5.26 shows the deviation with respect to the SoC of the cathode’s and
anode’s open-circuit potential over the SoC. The cathode’s potential increases, and therefore
the DVA curve is positive and the anode decreases, which means that the DVA curve is nega-
tive. The two curves show that the LFP cathode is linear and flat in a wide range of SoC. Non-
linearities of the OCV come from the stage transitions of the graphite anode [226, 227].

To explain the effects on the current distribution of these stages, diagram (b) shows an ideal-
ised stage transition with a height of Ug,,. Again, an example is chosen of charging two cells
connected in parallel with unequal temperatures. The blue marker (@) is at the SoC and OCV
of the colder cell 1 after a certain charge time. Due to the temperature difference—and there-
fore impedance difference —between the cells, the warmer cell 2 marked with a red @ is al-
ready charged more and its SoC is higher. Because the slope of the OCV is flat in this area,
there is hardly any OCV difference and the SoC difference is broad. For the next step in time,
diagram (b) considers two cases: low and high charge currents.

The cell voltage is the sum of the OCV and overvoltage Uy, which is illustrated in the EEC of
Figure 5.26. At low currents, the overvoltage is small because it depends directly on the current
I, as shown in the equation in Figure 5.26 on the right side. In this case, cell 2 moves from the
red mark @) to 2) and its OCV rises moderately. Furthermore, cell 1 moves from blue @ to
@. Hence, the overvoltage decreases, and with that so does the current of cell 2, because the
terminal voltages of the cells must be similar. With this shift in current, the SoC difference
between the two cells decreases. The warmer cell seems to “wait” for the colder one.
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Figure 5.26:  Influence of low and high current on current distribution in parallel-connected
cells in nonlinear parts of the OCV
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5 Drivers of asymmetric current distribution

In the second case, a current i charges the cells, which generates an overvoltage U,y that is
much larger than U, . In this scenario, cell 1 moves from blue @ to ®) and cell 2 moves from
red @ to 3. Cell 2 can overcome the graphite stage transition and reaches a flat area of the
OCV. Moreover, the SoC difference between the cells increases further but slower. This effect
was found by Hust [155] and confirmed in the present work. It also provides an explanation
for a change in voltage relaxation in the SoC of a graphite stage. At this SoC, less SoC relaxation
occurs compared with other SoCs. This makes clear the strong influence on current distribu-

tion at low c-rates and less influence on high c-rates.

In addition, this effect is likely to occur within battery cells along the electrodes. Inhomogene-
ous SoC distributions in the cells have been shown by several studies [114-122, 124-130, 147—
156, 185, 186, 190].

The slope of the OCV characteristic curve of LFP cells is flat between 10 and 95 % SoC com-
pared with other cathode materials such as NMC or NCA; see Table 3.3 and Figure 3.12. This
is important in matters of current distribution between parallel-connected battery cells. At a
flat OCV, a certain voltage difference represents a higher SoC difference than in the case of a

steep OCV characteristic.

5.5 Summary of the influencing factors

Chapter 5 analysed the interrelationships of the drivers of asymmetric current distribution in
parallel-connected lithium-ion battery cells. System technology such as junctions and wiring
were not the focus of this work, but preliminary studies by Rumpf et al. [20] resulted in the
influence of the connection impedance that cannot be neglected. Its impact grows at low cell

impedance and high connection impedance.

The present study examined the effects of an electrochemical cell, which was modelled with
an OCV and series connection of a variable number of RC elements. The cells” impedance Z
played a major role and its value depended on temperature, SoH, SoC, and parameter varia-
tions from the production process. Furthermore, the influence was time-dependent because

the RC elements consist of certain time constants.

To compare these effects, values were chosen regarding a worst-case scenario in technical ap-
plications. Specifically, temperature differences up to 15 °C were assumed. A thermal simula-
tion of a battery module with 420 cells showed a temperature difference between the hottest
and coldest cell. The SoH influence on the impedance lay at < 60 %, as shown by Ecker et al.
[102]. SoC-dependent parameters were measured in five different cells every 5 % of the SoC.
In the simulation of current distribution, the results of three different options of averaging
were compared. These were averaged values over the total SoC, averaged values of the utilised
SoC, and not averaged parameters. The paper of Rumpf et al. [20] provided the basis for the
parameter variation. From those variation results, + 2+ ¢ was derived. In terms of dynamic

load, pulse and sine half-wave loads with lengths of 1 ms to 1000 s provided the electrical
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excitation. EEC simulations allowed certain influencing factors to be cut off. Table 5.5 com-
pares the influencing factors that impact the impedance of cells—temperature and ageing are
clearly important influences.

Measurements made clear that the temperature dependence of a cell’s impedance differs
strongly for various cell types. With this, the influence of the temperature on current distribu-
tion also differs. In terms of ageing, the way that cells age in parallel connection is still under
discussion. Therefore, it is unclear how far the impedance and capacity differences in parallel
connections can go. SoC dependence only occurs at low SoCs where the gradient of the im-
pedance is highly relevant, and the parameter variations of new cells are either quite small or
the effect only appears at high time constants.

Table 5.5: Comparison and weighting of influencing factors that impact the impedance of
cells

Maximum pa-

.. Annotation Rating
rameter variation

Calculated using data from 12 % only at high time constants, and much
Z <12%atR
Z(0) - %o at Rws [20] lower at the Rg

Impedance growth of 40 % at . .

% A ASoH,, of 5t0 10 % batt k 1-

Z(SoHz) - a capacity decrease of 20 % 0Han of 50 10 % in a battery pack is rea

ASoH 4p % istic [112]. This means 10 to 20 % of AZ.

[102]
7(50C) <82 Compare Figure 5.8 from 10 ~ Relevant only at low SoCs where the gradient
- T ASoC% to 5 % of SoC at 10°C of Z is high.
% Compare Table 5.3 LG_HB2  Highly relevant because double-digit tempera-
Z(T) <43 — . . .
- K cell ture differences in a battery pack are possible.

In sum, the most critical results of these analyses are listed as follows:

Parameter variations in new cells were only relevant at millihertz frequencies.
Impedance differences caused by ageing led to asymmetric current distribution.
SoC-dependent parameters influenced the current distribution in the range of minutes.

+ 4+ 4+ 4+

SoC-dependent parameters were most crucial at very low SoCs because the gradients

of the SoC-dependent impedance there were higher than in the middle area of the SoC.

+ The temperature dependence of impedance differed strongly. The normalised re-
sistance variation &7 referring to temperature increases varied from 1.5 to 4.3 %/K be-
tween the used cell types.

+ The influence of temperature on current distribution was most significant in all cells
compared with other factors.

+ The long-term influence increased in all types of impedance influence in flat OCV
curves, such as that of an LFP | graphite cell.

+ A low dynamic load had a larger influence on current distribution than did a higher

dynamic load.
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Figure 5.27 compares the voltage influence of hysteresis and entropy with the overvoltage.
Diagram (a) shows the OCVs of an LG_HB2 and a Sony_FT cell as solid lines. Furthermore,
the charge voltage curves at 1 C and at cell temperatures of 10 and 25 °C are plotted in dashed
lines. Immediately next to the OCV, the maximum and minimum hysteresis lines are plotted
in dotted-chain lines and entropy +7.5 | =7.5 °C in dotted lines.
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Figure 5.27:  Diagram (a): OCV and charge voltage at 10 °C | 25 °C at 1 C, maximum | min-
imum hysteresis voltage and OCV plus entropy of +7.5 | -7.5 °C. Diagram (b):
absolute difference between charge voltages at 10 and 25 °C, maximum and
minimum hysteresis and entropy of 15 °C on a logarithmic scale. The data come
from LG_HB2 and Sony_FT cells.

These lines can hardly be separated from the OCV. Therefore, diagram (b) shows the absolute
difference between the two charging, two hysteresis, and two entropic voltage lines. Plotting
them on a logarithmic scale is necessary, otherwise entropy would just be a horizontal line at
the bottom of the diagram. Diagram (b) makes it clear that in the case of current flow, the effect
of overvoltage is dominant compared with those of hysteresis and entropy. Nevertheless, Fig-
ure 5.16 and Figure 5.19 show SoC differences caused by hysteresis up to 8 % and those caused
by entropy up to 5.5 %. Therefore, these effects cannot be neglected. Hysteresis and entropy
are active without current flow and can lead to significant SoC differences.
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A crucial difference is that overvoltage does only appear in current flow. Hysteresis and en-
tropy also have an effect in the nonoperating state. Figure 5.16 and Figure 5.19 illustrate long-
lasting relaxation processes caused by hysteresis and entropy, respectively, which last as sig-
nificant SoC differences that come to change starting positions for the next charge or discharge
phase.

In an ideal case, differences in cell capacities lead to asymmetric current distributions in the
ratio of capacity asymmetry [25]. In real-world batteries, other effects overlie this. Capacity
differences caused by parameter variations have effects smaller than the impedance-based ef-
fects of SoH, SoC, temperature-dependent impedance, and impedance parameter variations.
Furthermore, the cell dimensioning in terms of HP or HE design of battery cells influences the
inclination on asymmetric current distribution. HP cells are more likely to be influenced by
the effect of capacity difference, whereas HE cells are more likely to be influenced by imped-
ance differences.

To analyse all of the aforementioned effects, it was necessary to use a linearised OCV curve.
The nonlinearity of the OCV leads to a significant impact in the current distribution. Figure
5.23 shows that the change of the slope of OCV in particular affects the asymmetric current
distribution by creating a variable OCV step using a hyperbolic tangent function. The OCV
curves used in this work were averaged voltage curves from CC charge and discharge meas-
urements. DVA analysis showed that the slope and change of the slope depend on the height
of the CC current. The peaks in the DVA characteristic grow with decreasing current. This
study supposed that the current distribution within batteries” electrodes leads to this effect.
Together with the knowledge of the influence of the OCV slope on current distribution, the
measuring current of the OCV can be said to directly influence the simulation result of asym-
metric current distribution.

The simulation using the OCV measured with the lowest current did not generate the most
realistic results. This became clear when the measured current distribution was examined at
various CCCV currents, as shown in Figure 5.24. The EEC model did not reproduce any cur-
rent dependency. Therefore, the simulation results at different currents led to similar normal-
ised current distributions, which did not correspond to the measurements. This represents a
disadvantage for this type of simulation.

In addition, the dependency of current distribution on the current proved an effect found by
Hust [155]; that is, a high current leads to a high overvoltage. When the SoC of one cell in
parallel-connected cells reaches a nonlinear area of the OCV —for instance, a graphite stage —
this step will be overcome because of a high overvoltage. At a lower current, the cell cannot
overcome the step and must “wait” for the other cell(s) in the parallel connection. This effect
is explained in Figure 5.26.

In Figure 5.1, numerous back-couplings of temperature and current are illustrated. Because of
the freedom of simulation, these effects were neglected at the best possible rate in the present
study. For future studies, it would be interesting to analyse these back-couplings step by step.
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With knowledge of the interrelationships that influence the asymmetric current distribution,
this study identified harmful states and assessed countermeasures.

6.1 Identification of critical operations with a real-world procedure

A critical operation can be a safety issue or damage the battery over a long period in terms of
ageing. Ruiz et al. distinguished between mechanical, electrical, environmental, and chemical
safety concerns. [27]

External effects such as an external short circuit are not a specific effect. Overcharge and over-
discharge can theoretically occur in parallel connections. Because of a parallel connection, the
voltages of parallel strings are similar. The string voltage consists of an OCV, the overvoltage
at the internal impedance, and the voltage drop at the junctions. An asymmetric current dis-
tribution, as well as impedance differences, can lead to differences in OCVs, and therefore in
SoCs. However, if the battery management system (BMS) works well, the voltage limits of the
cell will not be exceeded. In all the measurements described in Section 4.1, no negative cell
current appeared in CV phases with a positive total current, and no positive cell current ap-
peared in the CV phases with a negative total current.

Electrical internal short circuits can be caused by plating and dendrite growth. Because plating
is a major ageing factor, this will be analysed together with other ageing phenomena. This is
the same for self-heating through asymmetric current. Other environmental influences are not
within the scope of this work.

In terms of ageing, the influencing states are time, SoC, temperature, charge throughput, cur-
rent, and stoichiometric shifts; see Figure 2.6 in Subsection 0. Therefore, the following analyses
calculate the situation at maximum cell current, maximum SoC difference, power dissipation,
and charge throughput. Furthermore, special relevant settings such as a change in the current
direction, lithium plating, dendrite growth, and the influence of nonlinear OCVs at different
c-rates are analysed.

The following analyses use the measurement results of a 2p connection of cells described in
Section 4.1. One cell is at 10 and the other is at 25 °C. This represents a worst-case scenario, for
example, within a home storage system in a cellar with one side next to the house’s heating
system. The temperature difference leads to an impedance difference, as was explained in Sub-
section 5.1.4. Figure 4.4 on page 61 shows the load profile procedure in the form of the SoC
variation of single cells and the system.
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The cycle shown in Figure 4.4 in Section 4.1 for two Sony_FT cells starts with synchronising
the cells” SoCs at 0 and 100 % of SoC, respectively, with a CV phase. The load profile consists
of five phases. It represents the charging, standby, and utilisation of a storage system. With
that, all typical operational states of a battery can be analysed. The five cell types from Table
3.3 are used in these measurements. Furthermore, the synchronised SoC (0 or 100 %), target
SoC, current direction (charge or discharge) of the starting cycling, and current height are var-
ied. The target SoC is the system’s SoC, which is reached after the CC phase. Figure 6.1 exhibits
exemplary results for the measurements of the Sony_FT cell synchronised at 100 % of the SoC
with target SoCs from 10 to 90 % in 10 % increments. Some measurements do not include a
cycling phase, which is the case when the voltage limits are hurt when cycling. The total pro-
cedure is illustrated and described in Figure 4.4 in Section 4.1.
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Figure 6.1: ~ Exemplary results of two Sony_FT cells at 10 and 25 °C. The data consist of 13
separately measured parts, which are set behind each other in this diagram.

6.1.1 Maximum cell current

Current load has the most versatile effects on degradation mechanisms [26]. It influences SEI
growth, SEI decomposition, graphite exfoliation, structural disordering, loss of electrical con-
tact, and electrode particle cracking [26]. Other authors have explained the effect of charge
current on lithium plating [96-100]. The test procedure in Figure 4.4 in Section 4.1 analysed
the different phases of a lithium battery’s usage. It consists of charge and discharge current in
CV and CC characteristics. Furthermore, relaxation phases, as well as cycling, are included.
Figure 6.2 illustrates an exemplary current distribution result of these measurements on a
Sam_25R cell. Diagram (a) includes the total time, and diagrams (b) and (c) detail the CC dis-
charge and first part of the cycling phase, respectively. Two similar cells were connected in
parallel; one was kept at 10 and the other at 25 °C. The test setup described in Section 4.1
measures the cell currents.
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Figure 6.2:  The c-rates of a cold and warm Sam_25R cell connected in parallel. Diagram

(a) shows the whole procedure consisting of a CV (before the CC pulse), CC,
relaxation 1, cycling, and relaxation 2 phases; (b) and (c) detail the current dis-
tribution in CC and the first part of the cycling phase (compare Figure 4.4).

A CV phase synchronised the cells” SoCs at 100 % until approximately 4.3 h. Afterwards, a CC
discharge pulse discharged the combination of cells until a target SoC of 50 %. During a relax-
ation phase, the existing SoC difference between the cells was equalised except for the justified
differences caused by hysteresis and entropy (compare Subsections 3.3.4 and 3.3.5). In the cy-
cling phase, the cells were charged and discharged 20 times with a cycle depth of 20 % per
cycle followed by a second relaxation phase. The CC, as well as the cycling phase, used a c-
rate of + 1 C.

With the knowledge from Chapter 5, the current distribution in Figure 6.2 (b) is large at the
beginning of CC discharging because of the impedance difference of the cells with different
temperatures. The current difference became smaller because it led to a difference in SoC,
which offsets the asymmetric current distribution. Nonlinearities of the OCV and SoC depend-
ent impedance parameters disrupted an exponential convergence of the cell currents. In the
cycling phase in diagram (c), similar phenomena come to pass.

The most asymmetric current distribution occurred at the beginning of a current pulse. That
was the case in the CC and cycling phases. Diagram (c) exhibits the highest current of the
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warm cell at approximately 9 h. At this time the current changed from -1 to +1 C. In further
cycles, the peak at this change in current direction was lower.

The subsequent analysis focused on the influence of the target SoC at the end of the CC phase,
the synchronisation SoC of 0 %, and the cell chemistry. Figure 6.3 analyses all of these in-
stances. It shows the maximum absolute c-rate in the CC and cycling phases. Four vertical
lines divide the x-axis from the start to end of the CC phases and from the start to end of the
cycling phase. The area between the start and end is relative to the length of the respective
phase. In diagrams (a) and (b), the synchronisation of the cells occurs at 0 % of SoC. After-
wards, the parallel connection was charged until the target SoCs of 10, 30, 50, 70, or 90 %. In
diagrams (c) and (d), the synchronisation occurs at 100 % of the SoC followed by a CC dis-
charge until the target SoCs. Figure 6.3 separates the current maxima of the cold and warm
cells of the parallel connection. The left-hand diagrams (a) and (c) show the maxima of the cold
cell and the right-hand diagrams (b) and (d) refer to the warm cell. The shape of the marker
differentiates between the target SoCs and the colour codes represent the cell types.
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Figure 6.3: ~ Maximum absolute c-rate during the CC and cycling phases. In (a) and (c) the
maximum absolute c-rate of the cold cell is shown. Diagram (b) and (d) refer to
the maximum absolute c-rate of the warm cell. The results of the diagram (a)
and (b) are synchronised at 0 %, whereas those of (c) and (d) are synchronised
at 100 % of the SoC.
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During the CC phase, the cold cell exhibited the highest values at the end of the phase, as
shown in diagrams (a) and (c). This agrees with the single measurement of Figure 6.2 diagram
(b). Especially in the charging case, Figure 6.3 diagram (a) indicates the highest peaks for all
measurements until a target SoC of 50 %, except for the Sony_FT measurement, at the end of
the CC phase. At other target SoCs where the OCVs have nonlinear areas, the maxima appear
at the beginning or in the middle of the CC phase.

In diagram (a), only the Sony_FT cells show a maximum c-rate of the cold cell larger than 1.1 C
in the CC or cycling phase. The maximum of the Sony_FT cell is 1.21 C at a CC charge from 0
to 90 % SoC. Overall, the short-term current overload in the diagram (a) is low compared with
the other cases.

Furthermore, diagram (c) shows c-rate maxima of the cold cell after 100 % synchronisation
SoC. In the CC phase, it is conspicuous that for all measurements that are discharged from 100
to 10 % of SoC, the maxima of the cold cell take over the larger part of the current at the end
of the CC phase. The red “0” marker in diagram (c) represents the highest current of the cold
cells. It is at the end of a CC discharge phase from 100 to 10 % of SoC of two Sony_FT cells. In
diagram (a), the highest current also appears after a long CC phase of a Sony_FT cell, in this
case from 0 to 90 % of SoC. Other cell types also show this behaviour, but it is not that pro-
nounced. The maximum in diagram (c) exclusive of the target SoC of 10 % is a c-rate of 1.05 C.

Diagrams (b) and (d) refer to the warm cell at 25 °C. As expected, the current maxima are
higher than those of the cold cell. In the CC phase, almost all maxima appear at the beginning
of the phase. Only at small DoDs (0 to 10 % in the diagram (b) or 100 to 90 % in the diagram
(d)) is the maximum reached in the middle of the phase using the Pan_PF and Sony_FT cells,
respectively. It is also remarkable that the order of the cells and their maxima in the CC phase
correlate with the impedance dependence of the impedances shown in Table 5.3. The LG_M]J1
cell has the smallest and the LG_HB2 cell has the highest maximum c-rates and temperature
dependence of the impedance.

During the cycling phase of the warm cell in diagrams (b) and (d), the maxima often appear at
the beginning or end of the phase. However, this trend is not distinct. There are several excep-
tions where the maximum appears in the middle of the phase. It was assumed that the change
of hysteresis leads to a growing or shrinking current difference during cycling.

Furthermore, the cycling at 10 or 90 % of SoC was not possible in some cases without passing
over the end-of-charge or end-of-discharge voltage, respectively. In these cases, no data are
available in Figure 6.3. Almost all cells with data of a target SoC of 10 % show the highest c-
rates in diagrams (b) and (d) during the cycling phase. Only the Sony_FT cell in the diagram
(b) is an exception. The explanation lays again in the strong nonlinearity of all OCVs at this
SoC, which leads to a strong asymmetric current distribution. The LG_HB2 cell exhibits a c-
rate up to 1.8 C, which means the warm cell takes 90 % of the total current at this time. Fur-
thermore, during cycling, the highest values appear in the LG_HB2 cell, which has the strong-
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est temperature dependence of the impedance. The cycling generates more asymmetric cur-
rent peaks than the pure charge or discharge, which could be caused by the immediate change
of the current direction from —1 C to 1 C and back.

The measured current peaks do not last longer than some minutes, sometimes less. These short
overcurrents have rarely been analysed in the literature, nor have the effects of pauses during
ageing. These are two crucial topics for further research in combination with current distribu-
tion.

6.1.2 SoC spread

Simulative analyses, as well as the CCCV measurements in Chapter 5, revealed double-digit
percentages of SoC differences in parallel connections caused by the drivers of asymmetric
current distribution. The 2p measurements based on real-world usage of batteries (load profile
of Figure 4.4) confirmed these results. To compare the SoC spread, Figure 6.4 plots the SoC
difference over the SoC of the 2p system. As a flat OCV curve compounds the spread, the
figure shows data of the Sony_FT LFP cell.

Diagram (a) compares the cycling in positive and negative directions. The two measurements
in the graph start at SoC = 1. During the CC discharge phase, the system’s SoC drops to 0.38.
The SoC difference at the end of the CC phase deviates because of the variation between the
measurements. In the following relaxation phase, the system’s SoC remains constant and an
equalisation current between the cells reduces the SoC difference in both cases from approxi-
mately 20 to 8 %. At this point, the hysteresis influence sets an SoC difference that cannot be
equivalised as described in Section 5.2. The relaxation phase takes 4 h, and during this time,
the cell current of the warm cell drops from 0.28 A to less than 1 mA.

Figure 6.5 shows the SoCs of the two cells of this measurement over time. The synchronisation
of the cells takes place in the fully charged state and after that, a discharge phase until the
target SoC of 40 % follows in the two measurements of the figure. It becomes clear that the SoC
difference before cycling is almost similar, with 7.7 % at the first measurement and 8.5 % at the
second measurement before cycling. After cycling, it differs by approximately 5 %. With the
knowledge of hysteresis, it seems likely that ending the cycling process form another direction
leads to other equilibrium voltages. In case of cycling in a positive direction, there is a dis-
charge of 20 % of SoC at the end, whereas in case of cycling in a negative direction, the cycling
ends with a charge phase of 20 %. A simulation of the hysteresis using the Preisach model
confirmed this theory. On the right axis is the voltage difference caused by hysteresis
AUpysteresis calculated with the Preisach model:

AUhysteresis = Uhysteresis,cell 1 Uhysteresis,cell 2 (5.1)

Negative AUy, values at the end of the relaxation processes at 96, 119, and 131 h show invar-
iable SoC differences. At the end of relaxation after the second cycling at 143 h, AUpysteresis iS
near 0 V. This results in no SoC difference at the end of the relaxation process, which explains
the unequal SoC spread at the end of the two measurements.
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Figure 6.4:  SoC spread of Sony_FT cells in a 2p connection. Diagram (a) shows the effect
of different cycling direction; diagram (b) shows the effect of different synchro-
nisation and therefore starting points; diagram (c) shows the effect of different
currents in the CC phase; and diagram (d) shows all measurements.

Diagram (b) in Figure 6.4 analyses two measurements that have the same target SoC of 42 %
but are synchronised with different SoCs: 0 and 100 %. Charging from 0 to 42 % of the SoC
creates a negative SoC difference, whereas discharging from 100 to 42 % creates a positive SoC
difference. Both measurements relax towards ASoC = 0 during the first relaxation phase. At
the end of the second relaxation phase, the SoC difference is reduced further. This is because
the direction of the last charging process is in the opposite direction to the measurement syn-
chronised at 100 % of SoC. The existing SoC spread at the end of the measurements is presum-
ably the result of the long-time hysteresis history from the CC phase, but this is not fully cer-
tified.

In Figure 6.4 diagram (c), the synchronisation point, target SoC, and cycling direction are sim-
ilar. The two measurements differ in the c-rate of the discharge current in the CC phase. Figure
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6.6 shows the cell SoCs of measurements at a low current between 0 and 68 h and the cell SoCs

of measurements at a high current from 68 to 92 h. The diagram only indicates the cells” SoCs.

From 1 to 31 h, a low c-rate and from 69 to 70 h a high c-rate discharge the cells to the target

SoC of 40 %. The influence of the c-rate on the CC current is also analysed in Figure 5.25 in

Subsection 5.4.2. In most cases, a higher c-rate leads to a larger SoC difference. Furthermore,

the SoC difference is influenced by the nonlinearity of the OCV at low c-rates. This influence

also becomes clear in Figure 6.4 and in the cells” SoCs in the discharge phase at low c-rates

from 1 to 31 h in Figure 6.6.
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Figure 6.5:  Cell SoCs of a warm and a cold Sony_FT cell in 2p connection over time. Posi-

tive or negative cycling influences the SoC difference after the second relaxation
phase due to coming from a different direction at the end of cycling.
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Figure 6.6:  Cell SoCs of a warm and a cold Sony_FT cell in a 2p connection over time. The

c-rate of the CC phase influences the SoC difference after the first relaxation

phase.
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The CC phase of the two measurements ends at different ASoC. In the case of a low c-rate, there
are low overvoltages that lead to low equalisation currents between the cells. Therefore, the
hysteresis value stays constant. At a high c-rate, the equalisation current leads to hysteresis
differences and the ASoC remains at a higher level. After the cycling at + 1 C in both measure-
ments, no difference in ASoC remains.

Diagram (d) in Figure 6.4 illustrates all measurements of this type in one plot. Detailed anal-
yses are not possible here. Nevertheless, in all measurements that were synchronised at 100 %
of the SoC, the SoC difference grew while the CC discharged until approximately 23 % of the
total SoC. At this point, the warm cell reached 12 % of the SoC, whereas the OCV of LFP cells
dropped at further discharge. In measurements that were synchronised at 0 % of the SoC, the
OCV of the warm cell rises strongly at high SoCs. From that point, the SoC difference de-
creases. The absolute SoC difference grew until the warm cell reached the SoC where the slope
of the OCV strongly grew. This is the case at approximately 84 % of the total SoC. After these
maxima, the total ASoC decreased at further charge and discharge.

Because of its steep SoC, the ASoC at NMC and NCA cells at the end of the CC phase were
lower than those of LFP cells. Figure 6.7 presents the SoC spreads of Sony_FT cells in the dia-
gram (a) and Sam_25R cells in diagram (b). ASoC values at the end of the CC phase that are
larger than zero were synchronised at 100 % of the SoC and had a CC discharge phase. Nega-
tive ASoC values indicated measurements where the synchronisation took place at 0 % of the
SoC. Those measurements have a CC charge phase. In the figure, it also becomes clear that
hysteresis is far more crucial in flat OCVs. When the relaxation phase before cycling begins,
the SoC difference vanishes almost completely in the Sam_25R cells. This is not the case in the
Sony_FT cells. ASoC of up to 20 % were possible in total SoCs of 45 to 60 % where the OCV
had its lowest slope (compare Figure 3.12 on page 45). The cycling phase generally reduced
the SoC difference. Furthermore, most of the measurements exhibited a lower ASoC after cy-
cling than they did before.

In this case, the SoC difference of Sam_25R cells was clearly lower and did not exceed 10 %.
Moreover, the three other cells LG_HB2, Pan_PF, and LG_M]J1 did not exhibit an SoC spread
as the LFP cells did. Therefore, these cells are not the focus of this chapter.

In terms of ageing, short-time SoC differences in NMC and NCA cells are not supposed to
have relevant effects; however, this can differ in LFP cells. Keil et al. demonstrated an SoC
dependence of calendric ageing [93]. Using Keil's results, a simple estimation of inhomogene-
ous ageing is possible. In a worst-case scenario, a 2p connection of LFP cells discharges to 74 %
of SoC, such as the experiment in the present work, and is stored for a period of 9 months at
40 °C. In this scenario, Figure 6.7 shows an ASoC after the first relaxation phase, and therefore
before cycling of 7 %. This means that one cell is at 70.5 and the other is at 77.5 %. Keil’s results
indicated that this would lead to a capacity decrease of 8 % and 9.5 %, respectively. One cell
degrades 19 % faster than the other in this scenario. With the knowledge that the SoC differ-
ence becomes larger with a higher c-rate, this could also become worse.
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Figure 6.7:  SoC differences of 2p cells (10 °C and 25 °C) at the end of the CC phase, before
and after cycling of Sony_FT cells in the diagram (a) and Sam_25R cells in di-
agram (b).

6.1.3 Charge throughput

Charge throughput is a major ageing factor. In some degradation simulations, the cycle depth
relativises this ageing parameter. This means that a low cycle depth causes less degradation
[228, 229].

Figure 6.8 analyses the charge throughput distribution in the 2p connection with a tempera-
ture difference of 15 °C. The graphs in the two left-side diagrams show measurements where
the cells were synchronised in a totally discharged state and then charged to 50 % of the SoC.
Diagram (a) shows the results |Q| of the cold cell in the CC, relaxation 1, cycling, and relaxation
2 phases on a logarithmic scale. This makes it clear that the charge throughput of the equiva-
lation current during the relaxation phases is not crucial for the total values. The fact that the
equalisation charge is lowest in the Sony_FT cells fits the observation that SoC differences are
only partially equalised because of flat OCV characteristics and hysteresis.

Diagram (b) normalises the charge throughput of the cold cell |Q| with the total charge of the
certain phase |Qpnase,tot |- Bars of the values in the relaxation phases are not reasonable because
all values are constantly 0.5. The charge that comes from one cell is the same that goes into the
other cell. In the cycling phase, the LG_HB2 cells exhibit the most asymmetric current distri-
bution. All cell types exhibit lower values of the charge throughput in the cold cell during
cycling compared with in the CC phase. Hence, the absence of a relaxation phase that would
lead to equivalation leads to more asymmetry in charge throughput.
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Figure 6.8:  Comparison of the charge throughput of different cell types in a 2p connection.
Diagram (a) shows the total charge throughput of the cold cell in different
phases of the load profile on a logarithmic scale. Diagram (b) normalises that
values of the total throughput in the CC and cycling phase.

In these measurements, the current difference is created by an impedance difference triggered
by a temperature difference. Furthermore, the temperature dependence of the cells is revealed
in the results. The order of asymmetry in the cycling phase in diagram (b) is the same order as

the temperature dependence of the impedance in Table 5.3 on page 83.

Diagram (c) shows all measurements of Sony_FT cells. There are results of different target
SoCs, synchronisation SoCs at 0 and 100 %, cycling in positive and negative directions, and
two different c-rates in the CC phase. The total charge throughput of the cells |Q| is normalised
by the total charge throughput of the two cells |Q¢,|. It becomes clear that the total normalised
charge throughput is almost independent of the variation factors: synchronisation SoC, cycling
direction, CC current, and target SoC. In all cases, a charge distribution of 3/2 between the
warm and cold cell was found.

In addition, the total charge throughput of the cells was higher than in the case of a symmetric
current distribution. This is because of the equalisation currents during the relaxation phases.
These currents would not stress the cells in a totally even system. The charge throughput dur-
ing the relaxation phases is less than 1 % of the total charge. This changes when the measure-
ments are confined to only the CC and first relaxation phase. In this case, the equalisation after
50 % DoD is between 3 and 14 % of the charge throughput of these phases when examining
the cold cell. Therefore, the relationship can become stronger for a load profile with more re-

laxation phases.

Ultimately, this increase in charge throughput in dynamic load has not been proven to lead to
an increase of ageing in the same order. Thus, at this point, further research is necessary.
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6.14 Power dissipation

High or low temperatures can harm battery cells [96]. A battery cell operating at ambient tem-
perature will not become colder but warmer because of losses in the cells. This subsection
concentrates on the irreversible heat because it causes the major part of the cell heating at cur-
rent rates of 1 C [230]. In further analyses, it could be interesting to investigate also the reversi-
ble heat. Using the cell parameter and measured cell current for the experiment, the power
dissipation can be calculated. Diagram (a) of Figure 6.9 shows the energy loss Ej s that comes
from the integrated power dissipation over the time in each phase of the measurement. In
diagram (b), the energy loss is divided by the total energy exchange of phase Ejpgse tot-

_ tend,phase a2 K L 2
Eloss - ftstart,phase RS lRS + Zk:l Rp.k lRp_k dt (6.2)
tend,phase .
E = [rendphase 7 i dt
phase,tot ftstart,phase nom (6'3)

Both diagrams refer to the measurements that were synchronised at 0 and charged to 50 % of
the SoC. The cycling phase started in a negative direction, and other measurements did not
show significant changes in results.
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Figure 6.9:  Comparison of energy losses of different cell types in a 2p connection (only ir-
reversible heat). Diagram (a) shows the total losses in different phases of the
load profile on a logarithmic scale; diagram (b) normalises values of the energy
of the CC and cycling phases.

In almost all cases, the warmer cell generated more losses. This is because of the higher current
and charge throughput despite lower impedance compared with the colder cell. The Sam_25R
cell was the only exception. As mentioned previously, losses heat the cells. Assuming the am-
bient temperature was equivalent to the temperature of the cells at the beginning of the exper-
iment, this means that the temperature of the warm cell rose more than that of the cold cell.
Hence, the temperature difference became larger. Under the assumption of linear impedance
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growth over temperature and linear heat emission, this would lead to positive feedback be-
cause the current distribution became more asymmetric through an increased impedance dif-
ference.

Furthermore, the asymmetric warming of cells is relevant to calendric ageing and safety. Keil
et al. and Ecker et al. identified temperature as one of the major drivers of calendric ageing [21,
102]. Brand et al. observed the risk of a thermal runaway at temperatures above 104 °C [231].

The differences in relaxation phases between the cold and warm cells are caused by the inner
relaxation processes in the cells, which depend on temperature. The fitting of these long-time
constants is challenging, and therefore the parameters are supposed to have strong uncertain-
ties. Because the losses during the relaxation phases are magnitudes below those in the CC
and cycling phases, this phenomenon is not analysed further. Especially with the low currents
during the relaxation phases, the reversible heat could have a significant and non-negligible
influence which should be analysed in further investigations.

6.1.5 Nonlinear OCV

The nonlinearity of the OCV can lead to pronounced asymmetries in the current distribution.
Simulation and measurement results in Subsection 5.4.2 also prove that this appears for in-
stance at the SoCs of the graphite steps. Thus, the peaks of an asymmetric current can be iden-
tified quite simply. However, in Subsection 5.4.2 it became clear that graphite steps with a
height in the range of 40 mV [155] only have a significant impact at low currents. When the
overvoltage becomes larger than the step height, the effect on current distribution decreases.
This is the case in cells with flat OCV curves such as the Sony_FT and with steep OCV curves
such as LG_HB2 cells. Figure 6.10 compares the effects of those cells.
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Figure 6.10:  Normalised measured current (i/iy,,) of a cold cell connected in parallel with a
warm cell at different charge or discharge currents. Diagram (a) shows Sony_FT
cells and diagram (b) shows LG_HB2 cells.
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At extremely low c-rates such as 0.01 C, the cold cell takes up to 84 % of the current. This does
not appear at 1 C at this SoC. However, Figure 6.10 also shows that in case of 1 C the distribu-
tion becomes strongly asymmetric at the end of the charge or discharge process. This is where
the OCV becomes nonlinear at the edges of the useable range of the electrode material. This is
a critical situation, especially in the charge direction.

The ageing mechanism of plating is supposed to be triggered at anode potentials below 0 V
[100, 221]. This is most critical at high SoCs because the OCV of the anode is lower than at low
SoCs. The anode potential is also driven by overvoltages. At low temperatures, the impedance
of the cells increases, and therefore the overvoltages increase. Because the overvoltages de-
pend on the current, high currents also lead to increased overvoltage. Therefore, three sup-
porting factors—high SoCs, low temperatures, and high currents—can increase the risk of
plating when charging a parallel connection of two cells with a temperature difference.

6.2 Ageing

In critical operations, the risk of lithium plating at the end of a charging process is supposed
to be the most important effect. This study performed an ageing experiment to prove this im-
pact. First, 12 Sony_FT cells were cycled separately (1p). A cell with LPF cathode material
showed strong nonlinearity at SoCs above 98 %, but also in Sam_25R and LG_M]J1 cells the
OCVs had a positive curvature at high SoCs. For the ageing experiment, Sony_FT cells are
used. The specific load profiles of the four groups of cells were from measurements in 2p con-
nections and a temperature difference of 15 °C. All details of the analyses were explained in
Section 4.3. The experiment included four groups, each with three cells; see Table 4.1 on page
64. The cells in group 1 and 2 were cycled with an CCCV reference load profile. The cells of
group 3 and 4 were loaded with a profile measured in a parallel connection with a temperature
difference (10 and 25 °C).

Figure 6.11 analyses the ageing in terms of capacity loss (a) and impedance growth (b). The
ageing of the cold cells is more rapid than that of the warm cells. Furthermore, the three cold
cells cycled with the load profile show an accelerated degradation at approximately 1500
equivalent full cycles (EFCs). The cells cycled in cold conditions using a CCCV profile as a
reference lived for significantly longer.

Lithium plating leads to a loss of active anode material, and therefore to power loss [26]. The
strong increase in impedance in Figure 6.11 (b) supports this theory. To verify the appearance
of lithium plating, two cells were opened in a discharged condition. The first cell was from
group 4. It was cycled in warm conditions with the load profile of a warm cell. It was not
supposed to show lithium plating. The second cell was from group 3 and was cycled under
cold conditions with the load profile of a cold cell. It showed the strongest degradation. Figure
6.12 and Figure 6.13 illustrate in each case one photo of the cathode and three photos of the
anode at different areas. The cathodes do not show any significant inhomogeneity.
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Figure 6.11: ~ Ageing behaviour of Sony_FT cells at different temperatures and different load
profiles in terms of capacity loss (a) and impedance growth (b)
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Figure 6.12: ~ Sony_FT cathode and anode at inner, middle, and outer positions cycled in
warm conditions. No indication of lithium plating is visible in any area.

Cathode Anode inner layer 1 Anode middle Anode outer layer

Figure 6.13:  Sony_FT cathode and anode at inner, middle, and outer positions cycled in cold
conditions. The inner and middle areas of the anode show a strong indication
of lithium plating.

Comparing the anodes, there was a significant difference at the inner and middle area of the
electrode. The parts of the cold cycled cell exhibited a metallic layer on the electrode. This is a
clear sign of lithium plating [151, 232]. The inner layer was affected the most. This can be ex-
plained by the position of the tabs inside the cell. The inner layer was near the tab and an

119



6 Harmful impacts and countermeasures

inhomogeneous current distribution inside the cell led to an excessive current near the tab
[150, 154].

6.3 Summary and influences on system design and operation strategies

In this chapter, the effects of asymmetric current distribution in parallel-connected lithium-ion
cells were analysed. Measurements on a parallel connection of two cells with different tem-
perature (10 and 25 °C) and a load profile represented typical battery usage. This means a CV
charging and discharging phase, respectively, a CC phase until a target SoC, a first relaxation
phase, and a cycling phase of + 20 % of SoC followed by a second relaxation phase. In this
scenario, the cell types, synchronised SoC (0 or 100 %), CC current, target SoC and cycling
direction were varied.

The evaluation of the SoC difference revealed that at the end of the first relaxation phase, SoC
differences of up to 17 % appeared. These high values occurred in the Sony_FT cell with an
LFP electrode material with a flat OCV. Cells with steeper slopes only showed SoC differences
below 5 % after relaxation. Sections 5.2 and 5.3 illustrated the effect of hysteresis and entropy
and how these phenomena can lead to significant SoC differences in cells with flat OCVs. The
experiments with different c-rates in the CC phase and different cycling directions supported
the assumption of the effects of hysteresis and entropy. Because calendric ageing [93] depends
on the SoC, the differences can influence ageing in long storage phases. Furthermore, the dif-
ference in charge level could influence the operation of the system, especially when the SoC is
brought to a steep area of the OCV.

The current in an electrochemical system is a factor of ageing and safety [21, 231]. Scaling up
the maximum cell current from the datasheet using the number of parallel-connected cells
would lead to overload in some cells because of asymmetric current distribution. Chapter 5
analysed the influencing factors of current distribution. The experiment of two parallel-con-
nected cells helped to find situations where the overload of one cell was highest. Nonlinearities
of the OCV —graphite steps for instance —led to a strong asymmetric current distribution at a
small total c-rate. When the overvoltage at the internal impedance was higher than the height
of the graphite step, this effect vanished [155]. Because low current does not lead to overload,
the nonlinearity caused by graphite steps does not cause accelerated ageing. Other nonlinear-
ities such as those at the end of charge or discharge can lead to an asymmetry that overloads
one cell. Furthermore, short-term overload emerged from situations where the current
changed.

In ageing experiments and simulations, the charge throughput is normally one of the most
important drivers of ageing. When the current distribution is not symmetrically distributed,
equalisation currents appear at relaxation phases where no external load is applied. This in-
creases the total charge throughput of the cells. The measurements showed that this equalisa-
tion after 50 % DoD was between 3 and 14 % of the total charge throughput of the cold cell. In
the warm cell, this was less because the total charge throughput was less. This would also
change with the ratio between charge and relaxation phases. At present and to the author’s
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best knowledge, no studies have analysed the influence of short-term low equalisation cur-
rents on ageing. Thus, no proven statements on the influence of safety and ageing are possible.

A simulation of the power dissipation in different phases of the experiment showed that the
major part of the dissipation occurred in the warmer cell. Consequently, the warmer cell be-
came even warmer when the ambient temperature was cell temperature, thereby generating
some kind of positive feedback. Only the Sam_25R cell represented an exception. In the 2p
connection of two Sam_25R cells, the colder cell generated slightly more heat than did the

warm cell. In this case, the temperature difference decreased.

The most obvious harmful operation is the charging of parallel-connected cells with tempera-
ture differences and LFP cathode material until the end of charge. In this constellation, the cold
cell takes the major part of the current at the end of the charging procedure. This is a critical
case because lithium plating increases at low temperatures, high SoCs, and high currents. All
these factors are given in this scenario. An ageing experiment demonstrated accelerated ageing
of cold cells under such conditions. Moreover, lithium plating was proven by opening the cells.

To prevent a harmful situation in the design of a storage system, the reasons for asymmetric
current distribution must be eliminated —this starts with the cells. Even if the variation in cell
parameters of new cells is low compared with other influencing factors, this will also make the
current distribution asymmetric. Depending on the system, the temperature dependence of
the cell’s impedance is critical. Either the system design must have a homogeneous tempera-
ture distribution, or the temperature dependence of the cell’s impedance should be as low as
possible. These two factors create asymmetry because of temperature inhomogeneity. When
temperature gradients cannot be prevented, they should go along a series connection and not
along a parallel connection, because all cells of a series connection carry the same current in-
dependent of different cell impedances.

The impedances of cables were not part of the present study; nevertheless, they create addi-
tional ohmic resistance, and therefore they have the same effect as a parameter variation of R;.
Rumpf et al. showed the effects of an asymmetric connection of cells and the influence on
current distribution in detail [144].

Furthermore, the analysis of Baumhofer et al. showed that the variation of cell parameters
increases with ageing [22]. In this paper, the cells aged individually and not in a parallel con-
nection. Several other studies have investigated the change of cell parameters during ageing
in a parallel connection [140, 146, 168, 169, 171, 188, 189]. For example, Pastor-Fernandez et al.
came to the conclusion that in a parallel connection, the cell parameters converge during the
degradation process [146]. Other authors such as Baumann et al. could not prove this theory
[189]. The present study supports the results of Baumann et al. Plenty of reasons exist for cur-
rent distribution and ageing. The experiments in this work confirmed that cell parameters do
not occur in all cases. Hence, the parameters possibly converge during ageing, but this does
not occur in every case. The constraints of convergence or divergence represent an interesting
field of research for future studies.
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In terms of operation strategies, especially the strong nonlinear areas of the OCV near 0 and
100 % of the SoC are important. They can influence the current distribution and cells that were
charged or discharged less to take over the major current. Particularly in the case of charging,
this can lead to lithium plating when the cold cell carries most of the load. An operation strat-
egy could be to prevent this effect by stopping the charging process earlier or reducing the

load current.
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Parallel connections of battery cells are necessary to fulfil the energy and power requirements
for large battery systems. With this, it is crucial to understand the current distribution in par-
allel-connected lithium-ion cells, especially because overcurrent increases the ageing of batter-
ies and can cause safety issues. The results of this study structured and compared the factors
that influence the current distribution in parallel-connected lithium-ion cells. Chapter 3 pre-
sented a flexible state-space simulation approach that was based on an EEC model. Validation
measurements proved the accuracy of single-cell voltage simulations as well as the simulation
of current distribution in the parallel connection.

Chapter 4 discussed the measurement of the current distribution at the cell and system levels.
Shunt-based current sensing of the developed test setup was presented. Each cell was in a
tempered copper shell, which allowed the cell temperature to be kept constant. A scaled com-
parison between cell and system level demonstrated that the effects at the cell level could be
transferred to the system level. Because of that finding, it was possible to perform all further
measurements at the cell level. Finally, an ageing experiment was described, which showed
the effect of asymmetric current distribution on the cyclic degradation of battery cells. Chap-
ters 5 and 6 focused on the main research questions of this thesis, which are restated as follows:

Research question 1: What are the influencing factors of current distribution in parallel-con-
nected lithium-ion battery cells?

From the EEC of parallel-connected cells, it became clear that the OCV, internal impedances
of the battery cells, and the external connection impedances influence the current distribution.
This study focused on the cells” internal reasons. Figure 5.1 on page 67 structured the most
relevant connections in the internal impedance and OCV, and showed how they lead to an
asymmetric current distribution. It became clear that many back-couplings exist that make it
difficult to analyse the single influence of the parameters, as shown in Figure 7.1:

. higher higher less .
higher _ener 5 . less over- higher
dissipation more heat tempera- internal
current g voltage current
losses ture impedance

Figure 7.1:  Example of back-couplings in the causal loop of the current distribution

Some influencing factors could not be controlled in measurements. In such cases, the simula-
tion model helped to investigate their effects. The ASoC comparison of different influencing
factors indicated that parameter variations in new cells are only relevant at very low frequen-
cies. The ageing of cells can lead to significant impedance differences that impact the current
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distribution. This study compared the effects on five different types of cells with different cath-
ode materials.

In flat OCV curves such as that of an LFP | graphite cell, the influence increased with imped-
ance differences caused by parameter variation, SoH, SoC, and temperature. Simulations with
hysteresis calculations resulted in up to 8 % ASoC after 50 % DoD at a c-rate of 1 C, a temper-
ature difference of 15 °C and LFP | graphite cells. Other cells with a steeper OCV only indi-
cated an ASoC of approximately 2 % under the same conditions. Entropy could cause up to
5.5 % ASoC in LFP | graphite cells and up to 0.8 % ASoC in NMC | graphite cells when two
parallel-connected cells had a temperature difference of 15 °C.

When there is a difference in cell capacity, the long-term relationship of the cell current with
the total current is similar to that of the cell capacity and total capacity [25]. The OCV influ-
enced the current distribution predominantly in its nonlinear areas. In the analysed cells, these
were either proportionally small steps in the middle of the SoC or strong nonlinearities at low
SoCs at high and low SoCs, respectively, using LFP | graphite cells. These small steps could
have a strong influence but only at low currents. When the overvoltage at the internal imped-
ance was much larger than the step height, then the step hardly had any influence on the dis-
tribution.

Research question 2: What are the impacts of asymmetric current distribution and how do they
lead to unsafe situations or accelerated ageing?

Asymmetric current distribution can lead to overcurrent, SoC differences, asymmetric charge
throughput, and power dissipation. Measurements with a load profile that represents a real-
istic usage of a battery system were used to analyse the appearance of critical and harmful
situations. The tempering of the 2p connection for these experiments was constant at 10 and
25 °C. Short-term current peaks of up to 90 % of the total current appeared at the beginning of
a current pulse. In the cycling phase when the current switched between - 1 and + 1 C, the
peaks were higher than at the beginning of the CC phase where the current started at 0 A. Cells
with a high temperature dependence of the impedance exhibited the highest maxima. At the
end of the long CC phases, the cold cell took the major current because of the nonlinearity of
the OCV. This effect was strongest in the LFP | graphite cells. The cold cell took up to 80 % of
the total current at the end of a long CC discharge phase.

During long-term CC phases at high currents, the SoCs of the cells diverged until the OCV
became strongly nonlinear at the limits of the usable SoC area. At low currents, the ASoC was
lower and slight nonlinearities of the OCV from graphite steps led to nonmonotonic progress
of the ASoC. During relaxation phases, an equalisation current lowered the ASoC but a gap
remained because of hysteresis and entropy phenomena. This gap was below 2 % of SoC in
cells with NMC or NCA cathode materials, but up to 20 % in cells with flat OCVs such as LFP
cathode material.

The charge throughput of the cells increased because of equalisation currents. At a CC dis-
charge of 50 % of DoD, the charge throughput increased from 3 to 14 % depending on the cell
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type compared with a symmetric distribution. The cold cell took 35-44 % of the total charge
throughput. Cells for which the impedance was highly dependent on temperature had a more
asymmetric distribution.

In terms of power dissipation, the warm cell generated more heat than the cold one because
of the higher current. Only one HP cell type with an NCA cathode resulted in slightly more
heat generation in the cold cell. This means that in most cases the temperature difference wors-
ened if the ambient temperature was assumed to be similar to the cell temperature at the be-

ginning of the experiment.

Small OCV nonlinearities did not lead to critical states because of overcurrent because they
were only relevant at low c-rates. Strong nonlinearities at the boundaries of the SoC could lead
to a transfer of the major current from the warm cell to the cold cell even at high currents. This
could lead to critical situations. For example, at the end of a charging process, the cold cell
fulfilled the three most important criteria of lithium plating: a high SoC, a low temperature,
and a high current. An ageing experiment on LFP | graphite cells confirmed that in this case,
the cold cells exhibited accelerated ageing. This effect could also explain the plating of pouch
cells at its edges, which was shown by Spingler et al. [233].

Research question 3: Which countermeasures can prevent these effects?

To prevent asymmetric current distribution, activities on different stages are possible. First,
the choice of the cells. The production caused variation lead to parameter variations which are
one reason for asymmetric current distribution. Less variation means more symmetric current
distribution. Further, a homogenous change of the cells impedance parameters while the age-
ing helps. An asymmetric distribution comes from OCV and impedance dependences like tem-
perature and SoC but also from the phenomena of voltage hysteresis and entropy. That means,
cells that show less variation over temperature or SoC respectively have less hysteresis and
entropy effects, provide more homogeneity in parallel connections. Especially the temperature
dependence of the internal impedance is an important parameter for cells that are used in
parallel connections and inhomogeneous temperature distribution. Therefore, a simple coun-
termeasure is to keep system and cell parameter as homogenous as possible. In term of the
OCV, a flat OCV is more influenced by asymmetric current than a steep one. The increase of
the ohmic part of the cell’s impedance leads to asymmetric current distribution. At the system
level, the wiring impedances and the connection conductivity also makes the ohmic resistance
of a branch grow and therefore it is supposed that they influence the current distribution in
the same way than Rs. The results of Rumpf et al. confirm this conjecture [144]. Hence, also the
system design should be as homogenous as possible. Also, the cooling should arrange similar
temperatures of the parallel-connected cells. In terms of current distribution, a temperature
gradient should better spread along series and not parallel connections.

In the ageing experiment of this study, the cells suffer at the end of the charging process were
the cold cell takes the major part of the total current. With the knowledge of current distribu-
tion, this can be prevented by the adoption of the load profile. A reduction of the total current
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at the end of the charge phase would solve the problem. The harmfulness of short-time over-
current is not totally understood in science. If there is a deterioration through these peaks, they
can be prevented by a reduction of the current rise rate. Further, the analysis of this study
confirms that OCV nonlinearities have an influence on current distribution but only the strong

nonlinearities at the edges of the SoC can lead to harmful overcurrent.
Outlook

One of the next steps in research could be to bring together current distribution within the
cells and current distribution in parallel-connected systems. To utilize the maximum power of
lithium-ion battery cells, two information are necessary. First, how is the current height at
every point in the cell and in the system? Second, detailed knowledge of the influence of cur-
rent on the ageing of cells is indispensable. Not only the effect of long-term CC cycling like in
many ageing experiments is important but also the effect of short-term current peaks. In
datasheets of battery cells often only one maximum charge current and one maximum dis-
charge current are given. That is not enough to utilize the limits of the cells best. More depend-
encies in terms of SoC, temperature, current length and maybe others are necessary.

This can help to solve the problems of fast charging. Researchers like von Liiders proposed
fast charge strategies that prevent lithium plating [232]. This and other similar approaches
have two problems. They only work properly, when the cell parameters stay constant which
is not the case while the ageing of the cells and when the current distribution is not totally
homogeneous. Optimised fast charging is only possible with a detailed knowledge of current
distribution within the cell and within the system, these strategies can be improved. Other-

wise, areas violate the criteria of lithium plating and age.

With new electrode material in mind, the effects of the OCV on the current distribution should
be considered. Especially lithium sulphur cells have an OCV that is not even monotonic. This
means parallel-connected cells or areas of the electrodes can have an SoC difference and there
is no force that equalises this state.
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Appendix

Analysis of a hybrid battery system

A usage of asymmetric current distribution in a way of a combination of HP and HE cells
seems not wise in most cases. Figure A 1 analyses a simple constellation using the analytical
calculation from chapter 3.1. A 1 C discharge current is applied to a 2p connection of an HP
and a HE cell. There are six combinations beginning with a strong HP and HE cell design
which means the resistance coefficient of the HP is A = 1.5 Ah- 0.010 Q = 0.015 AhQ and the
one of the HE cell is by 4 = 3.5 Ah- 0.040 Q = 0.140 AhQ and ending with A = 0.067 AhQ for
the HP and 4 = 0.086 AhQ for the HE cell. The capacities of the cells change equivalent. The
discharging starts at 100 % of SoC and the OCV is assumed linear with a slope of 0.01 V/%.
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Figure A1:  Current distribution of a system design consisting of an HP and a HE cell con-
nected in parallel and discharged from a fully charged state with and CC cur-
rent of 1 C calculated with the simple analytic model from chapter 3.1 (model
type: OCV;,,(SoC) + Zp).

In the beginning, the HP cell takes the major part of the current in all cases. Due to the rising
SoC and therefore OCV, the HE takes more and more of the current until an intersection point
at about 200 s. The time of the intersection point is independent of the current height. After
this intersection, the HE cell carries most of the load. This is against the idea of preventing the
HE cell from high current. Only in the first 200 s the HP cell relieves the HE cell. Hence, within
this time, a change of the current direction is necessary to further stress the HP cell more than
the HE cell. For all applications that do not use this window, this kind of hybrid cell combina-
tion does not bring advantages and it is needful to know that in this calculation, the effects of
nonlinear OCV, hysteresis, temperature influence and nonohmic impedances are not consid-
ered.
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