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Kurzfassung 
Fortschritte in der Lithium -Ionen-Batterietechnik erschließen neue Anwendungsfelder. Heute 
liefern sie die Energie für Autos, Schiffe, Züge und dienen dem Energieversorgungsnetz als 
Pufferspeicher. Für diese Anwendungen sind hunderte bis tausende Zellen nötig , die parallel 
und seriell verschaltet sind. Der Strom in den Parallelschaltungen teilt sich in Abhängigkeit  
der System- und Zellparameter auf. Diese Aufteilung ist nur homogen, wenn alle Parameter 
exakt gleich sind, was in der Realität nie der Fall ist. Die folglich in der Praxis asymmetrische 
Stromaufteilung kann zu  einer asymmetrischen Alterung oder zu einer sicherheitskritischen 
Überlastung einzelner Zellen führen.  

Diese Studie analysiert die Stromaufteilung in Parallelschaltungen aufgrund zellint erner Ein-
flussfaktoren simulativ und messtechnisch. Ein Zustandsraummodell , basierend auf einem 
Ersatzschaltbild berechnet die Stromaufteilung. Das Modell ist mit Parametern von fünf ver-
schiedenen Typen von kommerziell erhältlichen Rundzellen unterschiedli cher Zellchemie be-
datet. Es simuliert Zellspannung en und berechnet daraus die Stromaufteilung. Beides ist an-
hand von Messdaten validiert. Zusätzlich liefert e in Messaufbau Zellstrom messwerte von 
zwei parallel verschalteten und einzeln temperierten Batteriezellen. Der Aufbau minimiert 
Einflüsse 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 möglich ist.  

Eine asymmetrische Stromaufteilung wird durch Spannungsunterschiede in den Zellen er-
zeugt. Für 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 Impedanz unterschiede zu den 
wichtigsten Einflussfaktoren  auf die Stromverteilung  gehören. Die Temperaturabhängigkeit  
der Zellimpedanz ist somit eine entscheidende Größe, die über die Stromaufteilung entschei-
det. An Zellen mit flacher Ruhespannungskennlin ie können Hysterese und Entropie zu Lade-
zustandsunterschieden im zweistelligen Prozentbereich führen.  

Eine messtechnische Analyse mit einem realitätsnahen Lastprofil identifiziert kritische Be-
triebszustände. Vor allem bei Stromsprüngen kommt es zu einer stark asymmetrischen Strom-
aufteilung. Auch der  absolute Ladungsumsatz steigt durch Ausgleichsströme abhängig vom 
Lastprofil bis zu 14 %. Weiterhin beeinfluss t die Nichtlinearität der Ruhespannung d ie Strom-
aufteilung . Beim Ladevorgang zweier parallel geschalteter Zellen mit flacher Ruhespannungs-
kennlinie , die unterschiedlich temperiert sind, übernimmt die kältere Zelle am Ende des La-
devorgangs den größten Anteil des Gesamtstroms. Ein Alterungsexperiment beweist, dass 
diese Stromüberhöhung zu beschleunigter Alterung durch Lithium  Plating führt. Um negative 
Auswirkungen durch die asymmetrische Stromaufteilung zu verhindern , kann auf der Zell 
und Systemebene auf Homogenität der Parameter geachtet werden. Kritische Situationen, wie 
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die Effekte einer nichtlinearen Ruhespannungskennlin ie, können mittels Steuerung des Last-
profi ls abgefangen werden. Die Ergebnisse dieser Arbeit dienen der Entwicklung von intelli-
genten und zellschonenden Schnellladestrategien. 
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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 cell s 
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 vehicle s (HEVs), plug-in HEVs 
(PHEVs), 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 demand s are even higher.  

In the field of stationary storage systems, a new market has grow n 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 ho mes 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 buil t 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 manufacturer s (OEMs) 
use pouch or prismatic cells with capacities exceeding 20 Ah. Regardless, the number of cells 
in battery systems has grow n much more than the capacity of single cells. This is why the 
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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.  

 

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 modellin g, includ ing 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 witho ut influenc-
ing the current distribution. Further more, 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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5. Drivers of asymmetric current distribution

6. Impact and possible countermeasures

7. Conclusion and outlook
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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.  
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with CC. A h igh current lead s to filtering of the OCV slop e, 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.  

 

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 
OCV at high SoC is necessary, which lead s to a horizontal line in the DVA. The last row of 
diagrams, (k) to (o), 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 t he 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 OCV s 
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 material s. Zhu et al. described a procedure for  measuring hysteresis, which 
has already been discussed in the previous subsection. 
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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.  

 

Figure 4.1: Measuring setup of t he 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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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 distri bution 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 allow ed all further measure-
ments at the cell level. Furthermore, the good agreement between the two measurements al-
low ed the findings to be scaled up from the cell to system level.  

 

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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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.  

 

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 differ ed 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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